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Abstract

This paper is devoted to a method of short-term earthquake (EQ) prediction in Kamchatka,
Russia. Properties of low-frequency magnetic fields are the basics of the method, and we
used two seismo-electromagnetic phenomena in the EQ prediction: 1. seismo-ionospheric
depression in the frequency range of 0.01-0.1 Hz (ULF depression), 2. seismo-atmospheric
radiation in the frequency range of 1-30 Hz (ULF/ELF radiation). It is now generally
accepted that gas eruption before an EQ causes these ULF/ELF phenomena. We propose a
hypothesis that gas emanates from the area in the bottom of Kuril-Kamchatka or Aleutian
trenches closest to the epicenter of a forthcoming EQ. The three parameters of an EQ are
(i) when (time), (ii) where (position) a next EQ is coming with (iii) how big (magnitude)
in the short-term EQ prediction. Position of the source of atmospheric radiation gives an
estimate of the epicenter location. Then, we estimate the local magnitude in consequence
of its statistical dependence on ULF depression and epicenter distance. Date of a com-
ing EQ is determined by the statistical dependence of delays of EQs relative to the dates
of their precursors. The result of application of this method to real magnetic field data is
illustrated by official prediction processes during a period of March—-May 2016. Limits and
possible errors of the method as well as methods to enhance the reliability of the prediction
are discussed.

Keywords Earthquake (EQ) prediction - Seismo-electromagnetic phenomena - EQ
preparation process - Lithosphere—atmosphere—ionosphere coupling - Subduction zone -
Gas emanation

1 Introduction

The main purpose of this article is to show a possibility of estimating main parameters of
a forthcoming earthquake (EQ) and try to answer the “eternal” question about the possibil-
ity of short-term prediction of EQs (Geller et al. 1997; Gufeld et al. 2011). This question
was brought about many years ago after multiple abortive attempts to realize EQ predic-
tion. During first years of investigations, these failures are caused by misconception that
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prediction is possible to provide only by means of seismic methods. However, during the
course of time, a concept about seismic processes was changed and some doubts occurred
concerning such a possibility. It became clearly necessary to use other phenomena: level
of water table, temperature, gas consistency, animal behavior, moving of the Earth sur-
face and different effects in electric and magnetic fields (Varotsos and Alexopoulos 1984;
Varotsos et al. 1986; Molchanov and Hayakawa 2008; Hayakawa 2015). The last idea
on electromagnetic phenomena gained recognition, especially because the possibility of
using seismic electric signals (SES) for EQ prediction was shown (Varotsos and Lazaridou
1991; Varotsos et al. 1993, 2003), and ultra-low frequency (ULF) seismo-magnetic emis-
sions were discovered for the Loma Prieta (Fraser-Smith et al. 1990), Spitak (Kopytenko
et al. 1990; Molchanov et al. 1992), Guam (Hayakawa et al. 1996) EQs. However, most
efforts on ULF radiation to replicate these results were not so successful in spite of fur-
ther works (e.g., Hattori 2013). This is the reason why Japanese and Russian specialists
founded in 1999 a complex geophysical observatory Karymshina in the Kamchatka penin-
sula (Uyeda et al. 2002). Because we observe low industrial interferences and a rather high
level of seismic activity there, this observatory creates good conditions for the observa-
tion of different seismo-electromagnetic phenomena. For this aim, as one of many devices,
we have installed a three-component induction magnetometer in the frequency band of
0.003-30 Hz.

After 5 years of investigations, we have found two important and interesting phenom-
ena, which could be applied for short-term EQ prediction. The first of them is a phenome-
non of seismo-ionospheric depression (decreasing) of ULF magnetic field at the frequency
0.01-0.1 Hz (Schekotov et al. 2006). The second is ULF/ELF radiation at the frequency
of 1-30 Hz (Schekotov et al. 2007). We have then assumed that the cause of ULF depres-
sion is ionospheric inhomogeneity (perturbation) (as is conventionally observed by subi-
onospheric VLF propagation Hayakawa et al. 2010) and the origin of ULF/ELF radiation
is electric discharges in the atmosphere (Schekotov et al. 2013) and both phenomena are
caused by acoustic gravity waves excited by gas eruption. We also used here an index of
local seismicity, which depends both on the magnitude of EQ and on its epicenter distance.
Based on four-year statistics, we have shown the proportionality of this index to the maxi-
mal preceding EQ depression. We have shown the locality and stationarity of both phe-
nomena and their reliability for decisive EQ prediction problem.

Here, we describe our method of predicting main parameters of EQs in Kamchatka
based on those phenomena and data obtained in the last experiment covering an interval
from December 2014 to September 2017. We should note that our data acquisition system
did not work every year approximately from the beginning of May till November when
night temperature was positive, probably because it may be caused by galvanic processes
in some connector(s) (sensors and cables lying underground from June 1999). Based on
the data during the first period until March 2016, we were accumulating the statistics of
dependence of local seismicity index on maximum value of preceding ULF depression.

‘We should make some assumptions to determine the epicenter position of a forthcoming
EQ and its magnitude. For this purpose, it has been hypothesized that gases are lifting from
the area in the bottom of Kuril-Kamchatka or Aleutian trench closest to the epicenter of
a forthcoming EQ and then they are coming out onto the ocean surface. The forthcoming
EQ should occur somewhere in this area opposite to the direction of peninsula or Com-
mander Islands. We also assumed that the source of atmospheric ULF/ELF radiation and
the position of ionospheric inhomogeneity, which cause ULF depression, are located above
this same region. Then, we have considered all EQs occurred, which had reliable well-sep-
arated precursors. Thereafter we computed distributions of delays of dates of main shocks
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behind dates of maximum of observed precursors depending on local magnitude. They
give us information on a probable time interval of a forthcoming EQ.

Design of the experiment, procedures of data processing and procedure of EQ predic-
tion will be presented in the second section. Then, in the third section, we will exhibit
examples of the EQ prediction based on a few events, which occurred from March to May
2016. The fourth section is devoted to the discussion of this method and considerations
concerning a possibility to enhance the prediction accuracy.

2 Data collection and processing
2.1 Design of the experiment

We study a possibility of EQ prediction in the observatory Karimshina (Kamchatka, Rus-
sia, geographic latitude 52.83° N, longitude 158.13° E) from the year of 2000 until present.
There are two stages of investigations. First one till about the year of 2005 was devoted to
looking for different types of electromagnetic precursors. As a result, we have found two
most reliable ones and studied their properties. During the last stage from December 2013
until present, we focus on the investigation of prediction methods utilizing those phenom-
ena we found. We began an official prediction of Kamchatka EQs from March 2016.

This Kamchatka region has two advantages—high seismic activity and low level of
industrial interferences. Figure 1 displays a map of this region with EQs occurred from
December 2014 to September 2017 and whose local magnitude exceeded 5.0. A black
rectangular and a rhomb depict Petropavlovsk-Kamchatsky and the observatory Karim-
shina here accordingly. Kuril-Kamchatka and Aleutian trenches are the boundaries

m| Magnitude, M

OE
160.0°E 170

Fig. 1 Map of Kamchatka region with EQs with M; >5 occurred during 12/01/2014-09/30/2017. They are

marked by color circles, and their color depends on the focus depth and the diameter depends on the magni-
tude. Thick gray lines show the axes of Kuril-Kamchatka and Aleutian trenches
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of two zones of subduction, and the gray thick lines show their axes. The color bar
in the right bottom of the map shows the correspondence of the EQ depth. Panel on
the right with yellow circles reflects the correspondence between the diameter of cir-
cles and EQ local magnitudes. As is seen in Fig. 1, most of EQ epicenters lie between
the Kuril-Kamchatka trench and coast of peninsula and Kuril Islands and along Com-
mander Islands in the Northeast. Deepest EQs occur under the surface peninsula and in
the Sea of Okhotsk.

Magnetic field variations are measured by means of the three-component induction
magnetometer at frequencies of 0.003—40 Hz, with noise level 0.16F~! pT/Hz™""? and
conversion function 0.4 F Hz*V/nT in the frequency band F=0.003-4 Hz and 1.6 V/
nT in the band F=4-40 Hz. The sensors H and D for horizontal field components are
oriented along the magnetic meridian and transversally to it, and the Z sensor is vertical.
They are enclosed in a concrete box with dry sand to suppress seismic, wind, acous-
tic interferences and to decrease weather influence. The parameters of all sensors are
identical with deviations less than 3% in absolute values of the conversion function and
2° in phase. These discrepancies can be corrected with the help of calibration circuits.
Figure 2 illustrates the block diagram of data collection and processing procedure. The
signal is fed to the data acquisition system (DAS) GSR-24 with the sampling rate of
100 Hz (in 24 bits) (http://www.seismicsystems.net/products/digitizers.html).

Then, data are transmitted through Wi-Fi channel to a computer at the observatory,
which realizes their temporary storage. Then, once a day they are fed through Internet
to the computer of Kamchatka Branch of Geophysical Survey, RAS located in Petropav-
lovsk-Kamchatsky. This applied equipment provides us with a possibility to collect and
store a large volume of data, to realize their preliminary analysis and to provide daily
access to them through FTP server. Final processing of these data is carried out in Insti-
tute of Physics of the Earth, RAS in Moscow. Copies of results of processing are sent
back to an FTP server at Kamchatka. The conclusion about a seismic danger for Kam-
chatka region is sent to the commission on EQ prediction in Kamchatka Branch of Geo-
physical Survey RAS. This procedure is taken every week or more often, depending
on the local seismic activity. This conclusion consists of the description of temporal
evolution of magnetic field variations with graphical illustrations and estimation of the
magnitude, location and time of a forthcoming EQ.

PETROPAVLOVSK-
OBSERVATORY  KARIMSHINA / % KAMCHATSKY MOsCcow

r A

wifi | transmittin, receiving
D DAS -<—\~>— center € center
z data buffer data buffer
~70m ~400 m
H fe e GSR-24 data set archive

Fig.2 Block diagram of data collection and processing procedure. Left rectangular is a box with sensors,
next one—data acquisition system housing in a small shelter. Then, the signal through Wi-Fi transmitting
in the computer which is located in the building of the observatory and then transmitting in Petropavlovsk-
Kamchatsky where obtained data are stored, preliminarily processed and put on an ftp server which pro-
vide 2-directional real-time access. Then, they are transmitted to Moscow for providing their processing and
analysis result

@ Springer


http://www.seismicsystems.net/products/digitizers.html

Natural Hazards (2020) 100:735-755 739

2.2 Estimation of local seismicity

We estimate the local seismicity by an index Kj g,

1 00475ML

Kg=—
LS ™ 10(R + 100)

)]
where R is the distance from the observational point to epicenter (in km) and M; is local
EQ magnitude. Molchanov and Hayakawa (2008) introduced the similar index to study
seism-acoustic emissions. In this index, they take into account the attenuation of seismic
waves in Earth’s crust, even though it is not needed in our case because low-frequency
waves propagate in the Earth—ionosphere waveguide with very small damping.

Figure 3 illustrates the evolution of local seismicity during the same period as shown in
Fig. 1. This representation gives a possibility to compare EQs in time domain, which shows
intervals with different degrees of seismic activity.

The most important property of K; ¢ consists in its relation with characteristics of magnetic
field before an EQ, which leads to a possibility to predict the magnitude of a forthcoming EQ.
We will consider it in details in Sect. 2.4

Hereinafter, we will use the notations R” . , R and R’ for minimum, mean and
min mean max

maximum distances of the radiation source, K] for estimation of the local seismicity index
through radiation characteristics and MEr for the notation of predicted local EQ magnitude.

2.3 Estimation the position of epicenters

Earlier, we established that the azimuth of source of ELF radiation rarely coincides with that
of the epicenter of a forthcoming EQ and does not give any information concerning the posi-
tion of epicenters (Schekotov et al. 2008). So here, we utilize a new approach to estimate the
position of EQ epicenters. The main assumption of this method is concerned with the position
of the source of radiation. We have hypothesized that the cause of radiation is acoustic grav-
ity waves, which are generated by eruption of gases from an EQ source. That is, they come
out in the ocean along the boundaries of tectonic plates in Kuril-Kamchatka and Aleutian
trenches, and then they reach the surface of ocean and lead to the generation of acoustic and
gravity waves, which cause the charge separation in the atmosphere, resulting in intra- and
inter-cloud electric discharges and observed radiation. Position of its source can be determined
as an intersection of main lobes of azimuthal distribution of radiation and axes of trenches.

The azimuth « of the radiation source is determined as the angle between the north direc-
tion and perpendicular to the main axis of the ellipse of polarization.

a=180-6 )

Fig.3 Evolution of seismic activity for the interval of 12/01/2014-09/30/2017 represented by the index of
local seismic activity K g

@ Springer



740 Natural Hazards (2020) 100:735-755

Here 0 is the angle, which the major axis of the ellipse makes with the direction of the D
field component. It is calculated through the instantaneous amplitudes A;,, A, and phases
@y, @, (Fowler, et al. 1967) of the complex signal, which are obtained from the original sig-
nals by means of Hilbert transform. Previously original signals of the field components are
filtered in the frequency range of 2-5 Hertz.

24,4,
tan (26) = o cos (¢, — ¢,) 3)
d~

Figure 4 illustrates the procedure of estimation of EQ epicenter position. The azimuthal
distribution is represented in the form of circular histogram with 5° resolution, which is
placed on the map in azimuthal equidistant projection. Center of the map coincides with
the location of observatory Karimshina (KRM). Concentric circles display the distance
from the observatory with a step of 100 km. A ring located at the edge of the panel reflects
the cumulative azimuthal distribution observed during the previous week. Degree of black-
ness of its parts is proportional to the flux of pulses from this direction.

Black dashed lines show the boundaries of maximum flux of radiation, which is deter-
mined by azimuths of impulse fluxes exceeding a half of cumulative maximum value. We
think that regions of radiation sources are located in intersections of largest radiation and
axes of trenches. Thick green lines mark locations of these regions. The blue arrow displays
the distance R between the observatory KRM and middle point of the nearest zone

direction

Fig.4 Map of region with azimuthal distributions of radiation observed on a particular day of April 11,
2016. Thick green lines display probable sources of radiation. A blue arrow depicts the mean distance to the
nearest one. Red arrows illustrate the direction to a possible position of epicenters. R = —mean distance to
the source of radiation
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of radiation. Just the same, we determine R and R:’nin as distances until the distant and
nearby boundaries. They are equal to, R . ~280km, R}~ 330kmand R =~ 380 km.
The equidistant circles were used for estimating these values. Just the same, we can esti-
mate distances for the second green line on the Aleutian trench.

Red arrows show probable directions to the epicenters of a forthcoming EQ. A single
site of observation is not able to provide always a well-defined answer concerning the
direction to the epicenter. In the presented case, it may be the region of peninsula Kam-
chatka or Aleutian’s islands. Moreover, this method cannot determine an exact position
of a forthcoming EQ. It can define only latitudes where it can occur. Inasmuch as most of
EQs occur in~200 km zone between the coast and axis of trench (e.g., see Fig. 1), we can
estimate probable epicenter locations of future events. The nearest boundary of green line
determines one of latitude boundaries. In this case, it is equal to~53° N. Another bound-
ary is the latitude of the point located at distance ~200 km perpendicular to the farther
boundary in green line. It is equal to~54.5° N. Mean latitude ~ 53.75° N and as a result,
predicted latitudes: Lat”"=53.75+0.75° N. Just the same, we could estimate latitudes for
probable Aleutian EQs and their probable minimum, mean and maximum distances until
the epicenter of a coming EQ. They are approximately equal to appropriate distances to the
region of radiation source. It is right for nearest events but may lead to noticeable errors for
large distances from trenches.

2.4 Prediction of local magnitude

The main purpose of this section is to show how to predict value of the local magnitude
M, using characteristics of low-frequency magnetic field. A relatively new phenomenon
of seismo-ionospheric ULF depression provides us with a possibility to predict M, on
the basis of statistical dependence of ULF depression on local seismicity K; ¢(Schekotov
et al. 2006). This phenomenon consists in reduction in magnetic field variations at frequen-
cies <1 Hz during a few days—weeks before an EQ.

Here, we consider daily and hourly ULF depressions. Daily ULF depression is deter-
mined as a maximum of all hourly depressions. Hourly depression is equal to the maxi-
mum of inverse value of element-wise multiplication of the frequency vector and one-hour
averaged spectral density. They are calculated for both components as follows:

1
P = (73, @

Dep =max< ! > 5
b f(Pdd>t f ©)

where P, and P, are power spectral densities of H and D components, and f—vector of
central frequencies of spectral components.
The procedure of calculation of ULF depressions is as follows:

1. Decreasing the sampling frequency of initial signal from 100 to 1 Hz
Division of daily files on 47 hourly samples with overlapping of 30 min

3. Calculation of power spectral densities for these samples with resolution~0.002 Hz
using Welch method
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4. Flattening (decreasing of slope) spectra by multiplying spectral components into their
middle frequencies

5. Calculation of the hourly maximum depression by determining its maximum frequency
component [Egs. (4) and (5)]

6. Determining maximum daily depression as a maximum of 47 hourly maximum values.

Figure 5 illustrates the signal evolution (middle panel), hourly and daily maximum
depressions (bottom panel) in conjunction with the evolution of local seismicity (top
panel). Minimum field variations (2nd panel) and therefore maximum values of depression
(gray bars on the bottom panel) are observed usually around local midnight (~13.5 h UT).
The value of maximum daily ULF depression and its date are shown as well, because we
will use them to estimate the magnitude and time of the coming EQ. We declare an alarm
and begin waiting for a new EQ after the date with maximum daily depression.

Figure 6 displays the statistical relation between maximum of ULF depression and local
seismicity for 26 events. We use a linear interpolation for the approximation of this depend-
ence. The red line shows the mean value of this relationship. Three pairs of dashed lines show
boundaries of 70%, 80% and 90% confidence intervals. The ordinates of color circles in the

KARIMSHINA, 06.04.2016 - 14.04.2016
100 1 i i i i i i
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Fig.5 Top panel exhibits the evolution of local seismicity, next panel shows magnetic field variations and
bottom panel illustrates the evolution of maximum hourly values of ULF depression depicted by gray bars
and maximum daily values displayed by black bars
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Fig.6 Statistical dependence of local seismicity index on maximum ULF depression. A red line refers to
the mean value, and three pairs of dashed lines show boundaries of 70%, 80% and 90% confidence intervals.

Their intersections with a vertical dashed line are equal to minimum KLS in’ mean K{S mean and maximum
K[ g max values of local seismicity index calculated through parameters oF fadiation. This line begins from

the value equal to Depyax on the horizontal axis

top panel exhibit values of index of local seismicity K ¢ of observed EQs with respect to the
max value of preceding daily ULF depression Deppax (€.g., see Fig. 5). Their dimension
and color depend on the magnitude and depth of hypocenter, respectively, and two plots on
the right illustrate these relations. Possible minimum, mean and maximum values of Kfs are
shown for considered EQs with M; =6.2 occurred on 14 April 2016.

An expression for estimation of predicted local magnitude Mir obtained through the low-
frequency radiation is derived from Eq. (1) using K7 ; and R":

M = (log 10(K[)) + 1 +1og 10 (100 + R"))/0.75 (6)
where Kj ¢ and R" are the following vectors (see Figs. 4 and 6):
Kr

ro_ r r
KLS - [KLS min KLS mean = LS Max (7)
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R = [Rrrnax R:nean R:nin] (8)

We use the inverse order of distances in the vector R” on the assumption that minimum

and maximum values of K], correspond vice versa with maximum and minimum distances

from the observatory to the region of radiation source. As for the considered EQ, after sub-

stitution of these values in Eq. (6) and after rounding the result down to one decimal place,

we obtain the estimation of M} =[5.6 5.9 6.2] or M} =5.9+0.3 with probability 80% and
Mﬁrz 5.9+ 0.4 with probability 90%.

2.5 Detection of the radiation

After having examined different characteristics devoted to the detection of ULF/ELF radi-
ation, we have proposed a new combined characteristic parameter AS in order to detect
seismo-atmospheric ULF/ELF radiation (Schekotov et al. 2007; Schekotov and Hayakawa
2017), which is given by Eq. (9):

]
ASpy, = — 94 )
EwW rms(tan f)

A success in the application of this parameter ASgy, is partly because a majority of
nearby EQs take place east of our station. In order to detect radiation from all directions,
we added a similar characteristic ASyg for the orthogonal direction:

Pay

P
ASwe = — T (10)
Sis rms (tan f)

The numerator contains the ratio of two horizontal spectral components P, (NS compo-
nent of magnetic field) and P,; (EW component). The denominator is the root-mean-square
(rms) of the deviation of signal ellipticity. Equation 11 gives the expression of f:

Im(P, — P
5 = Laresin Par = Pra) (11)

3 3 12
[(Phh —Py) +4Pthdd]

Here P, and P,, are cross-power spectral densities, and Im means imaginary part. Sche-
kotov et al. (2007) have found an enhancement in the spectral ratio of P,/P,; and a reduc-
tion in the standard deviation of ellipticity before an EQ, and the parameter introduced by
Eq. (9) is proved to be most sensitive and reproducible to seismic shock. The ellipticity or
the ratio of minor axis to major axis is defined by tan . The sense of polarization is char-
acterized by the sign of f; when f > 0, the polarization is right hand (RH), and f<0 means
the left-hand (LH) polarization. The linear polarization is expressed by g =0 (Fowler et al.
1967).

The field power spectral densities P,;,, P,, and their cross-power spectral densities P,;,
P, are calculated by using Fourier transform with frequency resolution of about 0.1 Hz.
Spectral components in a frequency range from 0.1 to 30 Hz are taken into account. They
are averaged over one-Hz intervals, so that we have 30 spectral components in the present
analysis.

Thus, the sequence of processing for both components is as follows:

@ Springer



Natural Hazards (2020) 100:735-755 745

We divide the daily file into 3-hour intervals.

For every interval, we calculate spectral densities and find a maximal spectral component
of AS(f). Gray bars reflect 3-hour maxima in Fig. 7

3. We find daily the maximum value of AS among all 3-hour values. Black bars depict
daily maxima (see Fig. 7)

0N =

We also observe the pulse flux density in the bandpass of 3—-5 Hz. It is calculated as a
number of pulses per hour with peak power exceeding about 3-5 times the mean power of
total signal. We consider only separated pulses with interval > 1 s. Figure 7 exhibits the
evolution of both components of AS and pulse flux density in conjunction with local seis-
micity. We declare an alarm and begin waiting for a new EQ after the date with maximum
daily AS.

2.6 Estimation of the occurrence time

The estimation of time of a forthcoming EQ is determined by statistical dependencies of
their delays relative to the dates of maximum values of precursors—depression and AS.
Top panels of Fig. 8 exhibit such dependence of probability (frequency of occurrence) of
EQs depending on the delay time of EQ relative to the maximum of ULF depression (left)
and maximum of AS (right). It is visible that most of events occur during 2—-10 days after
the maximum of precursors. However, we do not take into account the dependence delay
on expected magnitude. This is considered on bottom panels. Left panel illustrates the

KARIMSHINA, 06/04/2016 -14/04/2016
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Fig.7 Top panel illustrates the evolution of local seismicity represented by K;s-index. Next two panels
show the evolutions of maximum 3 hours and daily AS for both components of magnetic field. Bottom
panel exhibits 3 hours and daily evolution of pulse flux density. For last three panels, gray bars refer to
3-hour values and black ones, daily values
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Fig.8 Top panels exhibit the probability of EQ occurrence depending on the time after the date of Depyax
(left) and ASax (right). Bottom panels display dependences of these delays on local magnitudes M|

dependence on magnitude of lead time, the delay of an EQ behind the date of maximum
depression. Right panels refer to the maximum AS. We do not observe here a very clear
tendency of growth of delay with a growth in EQ magnitude. Rather weak statistics in most
degree is explained by impossibility to reliably separate some precursors of different events

using one point of observation.

2.7 Procedure of the prediction

The procedure of the prediction should provide the following information:

Information about the EQ date,

RAREEE S
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Warning about a forthcoming EQ,
Estimation of the epicenter position,
Estimation of the EQ magnitude,

Documentary notification of the special commission about a seismic danger,
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6. Identification of a coming EQ with predicted parameters.

Procedure of the EQ prediction is based on the data represented in three main figures.
One of them is daily updated figure like Fig. 9, which reflects the evolution of magnetic
field characteristics and seismicity during the last 2 weeks. Another figure (Fig. 6) illus-
trates the statistical dependence of K; g on maximum ULF depression. New events continu-
ally replenish its information. Third figure (Fig. 8) shows statistical dependencies of EQ
dates behind dates of precursors. Let us illustrate this algorithm of the prediction by an
example of EQ occurred on 14 April 2016 with local magnitude M| =6.2. Four steps of the
prediction for this EQ are considered in previous sections. All these data and their repre-
sentation on panels are described in previous sections.

Warning about a forthcoming EQ will be issued after passing the maximum of ULF
depression (see Fig. 4 in Sect. 2.4) or AS (see Fig. 7 in Sect. 2.6) exceeding some threshold
level (depicted by red dashed lines). This is the condition to declare an alarm, so that we
should watch closely changes of magnetic field characteristics. We pay more attention to
both components of ULF depression than AS because the latter is found to be a less sensi-
tive detector of seismic events.

During the few nearest days, we should determine the position of the source of ULF/
ELF radiation and its distance from the point of observation as described in Sect. 2.3. In
our case, we obtained distance R"=280+50 km and predicted an interval of possible lati-
tudes of the epicenter: Lat? =53.75+0.75° N.

The next step consists in the estimation of expected magnitude. Firstly, we determine

.. . . g . .
values of indices of local seismicity KLS min’ K{ g e and K s max for maximum value
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Fig.9 Evolutions of characteristics of magnetic field and seismicity during 2 weeks. Top rectangular panel
displays the evolution of local seismicity; next two rectangular panels show the evolution of ULF depres-
sion for both field components. Then, fourth and fifth panels illustrate the evolution of AS for both compo-
nents, and bottom panel shows the evolution of pulse flux density. Right round panels show the evolutions
of azimuthal distribution and seismicity placed on the map of region. Each round panel is based on the data
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of depression and chosen confidence interval. Then, we can calculate the probable value
of local magnitude as described in Sect. 2.4. We obtained the predicted local magnitude
M{"=5.9 £0.3 with probability 80%.

Lastly, we finish the forecast by estimating a waiting interval. It is determined from
Fig. 8 in Sect. 2.6, which lies from 2 days to 2 months for an EQ with M; ~6.

On the next stage, we should give the official information about a seismic danger
in the special commission. It sums up predictions obtained from different sources and
gives the conclusion.

The necessity of identification of the predicted EQ needs to exclude possible mis-
takes caused by overlapping of precursors of other events. An observing index of local
seismicity K¢ lying in the predicted interval is one of evidences to expect an EQ. It

should satisfy the condition: K£ s min<KLS<K£S max- Other sign of reliability is the

position of epicenter of the observed event. It should be located in the prediction limits.
Figure 10 illustrates such coincidence for an EQ which occurred on April 14 with
K; g~=12 and latitude of the epicenter Lat=153.66° N. Moreover, its magnitude M; =6.2
was also found to lie in the predicted limits.

An EQ occurred four days after the maximum ULF depression, on April 14, 2016,
with local magnitude M; =6.2 at the latitude Lat=53.66° N. It is coincident with our
prediction quite well. Figure 10 shows the temporal evolution of the same characteris-
tics as in the previous figure, but during 2 weeks before the date of predicted EQ. Posi-
tion of its epicenter is depicted by the largest circle placed in E-N direction from the
point of observation KRM.
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3 Results

Here, we show results of the prediction for an interval from March 1 to May 10, 2016, and
this was our first attempt in this experiment. It became possible when we understood that
cumulated statistics (similar to Fig. 6) gives a possibility to estimate the magnitude of a
forthcoming EQ with satisfactory accuracy. Last date of this interval was conditioned by a
growth in inner interferences. This seasonal effect happens every year with growth of air
temperature and probable increasing galvanic processes in connectors.

Figure 11 displays the evolution of seismicity. Top panel illustrates its evolution by the
index of local seismicity K; . We marked magnitudes of sufficiently successful predicted
EQs by red color, while other ones by blue color. Bottom panel illustrates the same, but in
a spatial domain. EQs and their magnitudes and dates are shown on the map of region. Size
of circles is proportional to the local magnitude, and their color depends on the depth of
hypocenter. These relationships are depicted in the right of bottom panel.

Table 1 illustrates a comparison of characteristics of occurred EQs and predicted values
of local magnitudes and latitudes. The first column refers to the sequence number of EQs,
second column—their dates, third and fourth columns display real latitudes “Lat” and pre-
dicted latitudes “Lat”.” Next two columns refer to longitudes “Lon” and depths of hypo-
centers. Then, two columns display real magnitudes “M;” and predicted local magnitudes
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Fig. 11 Top panel shows the evolution of seismicity in time domain. Map on the bottom panel illustrates
EQ epicenter positions by circles and their dates. It also shows EQ magnitudes by dimension of circles and
their depth by color
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“MEr.” Next column “Dist” shows the distance from the observatory and next column
is “Result,” which displays success in prediction. The last column “Comment” explains
causes of not prediction—foreshocks, small events. We see that local magnitudes of four
strongest main shocks have been well predicted. Predicted latitudes in a pair of cases (they
are underlined) have unimportant errors for the first and the fourth events.

4 Discussion and conclusion

We have demonstrated a method of the short-term EQ prediction, or predicting three
parameters of Kamchatka EQs. It provides us with the estimation of latitude and local
magnitude of a forthcoming event. Moreover, it has an additional indicator AS of a com-
ing EQ. Statistical dependence of delay of the forthcoming EQ behind the maxima of ULF
depression and AS gives a possibility to determine the rough date of the forthcoming event.
Consider all these properties separately.

Procedure of the prediction of EQ epicenter latitude was described in Sect. 2.3. It is
based on the hypothesis that gases emanate from the preparation zone of EQ implicitly
cause atmospheric radiation, which move along the boundary of continental and oceanic
plates, reach the bottom of trench and lift in the surface of ocean. Here, they excite acoustic
gravity waves. Last ones in the process of propagation modify the characteristics of atmos-
phere and lower ionosphere. Radon can also be another candidate of the atmospheric radia-
tion (Pulinets et al. 2015). The most important consequence of that hypothesis is that the
source of radiation is located in the atmosphere above axes of trenches, and this length can
be determined by an intersection of main lobe of radiation with the axis of trench. Earlier
we, without considerable success, tried to determine the EQ epicenter by assuming that the
source of radiation is located in the region too (Schekotov et al. 2008). Figure 12 illustrates
the correctness of our assumptions concerning the relative position of the sources of radia-
tion and epicenter. It displays eight maps with color circles, which indicate epicenter posi-
tions, depth (by color) and magnitude of EQs (by dimension), azimuthal distributions of
radiation and positions of radiation sources, which are marked by thick green lines. Dashed
lines depict boundaries of main lobes of radiation. Blue arrows show possible ways of gas
emanation. It is visible that EQ epicenters are located in the direction of continent and
approximately perpendicular to the radiation sources and accordingly axes of trenches. It is
not always so for distant EQs (e.g., Fig. 12b, d).

We do not consider all possible positions of EQ epicenters for calculating distances
based on the position of radiation source, because most of EQ epicenters lie in~300 km
width strip between Kuril-Kamchatka trench and peninsula coast. It does not create notice-
able errors even when we assume that the boundaries of epicenter distances are approxi-
mately equal to the distances to the boundaries of radiation source. Zone of nearest Aleu-
tian EQs is well known too and does not cause any problems in calculations.

Unfortunately, it is impossible to determine the exact position of the epicenter and depth
of the focus and it is one of imperfections of our method. Although it seems that the shapes
of precursors are visibly different for deep and shallow EQs, these dependences need a
further careful study. Another method of determination of EQ focus position has been
described as well as its application to the examples of two strong EQs (Kopytenko et al.
2006). It could be useful in addition to our method.

The algorithm for estimation of the local magnitude of a forthcoming EQ is considered
in Sect. 2.4, which is based on the statistical dependence of local seismicity index K; g for
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Fig. 12 Positions of EQ epicenters and sources of radiation depending on azimuthal distributions. Color
circles indicate EQ epicenter positions. Their diameter and color depend on depth and magnitude. Two
panels in right bottom angle display these relationships. Thick green lines mark sources of radiation. The
dashed lines display azimuthal boundaries of maximum radiation

a forthcoming EQ on the preceding maximum value of ULF depression observed in either
of two field components at frequencies 0.01-0.05 Hz. We found this phenomenon about
10 years ago (Schekotov et al. 2006) and have been working on this during these days
(Schekotov and Hayakawa 2017). Here, we assume that the distance from the observatory
to the EQ epicenter is approximately equal to that to the source of radiation (see Fig. 4).
They roughly coincide with EQs, which are close to the trench and at latitudes, but noticea-
bly differ in latitudes close to the latitude of the point of observation for events distant from
the source of radiation. In other cases, there can appear considerable errors. Another possi-
ble source of errors is geomagnetic field. “Tail” of geomagnetic disturbances can decrease
the value of ULF depression and value of the predicted magnitude, but it may happen only
during very strong geomagnetic storms. In any case, it would be useful to add our observa-
tions with the use of geomagnetic field data.

We have considered AS as an indicator of EQ preparation process in Sect. 2.5, even
though we do not know the origin of this phenomenon. One hypothesis consists in the
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occurrence of ionospheric irregularity, which modifies the structure of background field.
This irregularity can change the orientation of polarization ellipse and decrease its disper-
sion (Schekotov et al. 2007). Two components of AS make it possible to approximately
estimate the position of this irregularity. It is reasonable to assume that its position is
located under the region where gas is an outcome from the ocean. A source of ionospheric
radiation should be located somewhere here too; however, a growth in AS can be observed
without atmospheric radiation. Then, the value of AS does not connect with parameters of
a forthcoming EQ. Errors of AS can occur due to natural emissions and industrial interfer-
ences at frequencies from units to tens Hertz. They can result in a growth in AS and as
consequence become a cause of false alarms.

A possibility of rough estimation of occurrence time for a forthcoming EQ has been
shown in Sect. 2.6. It does not coincide with our first astonishing and strange results
obtained during the years of 2000-2004. At that time, we have shown based on rather good
statistics that the mean delay of EQ date relative to preceding maxima of depression and
AS was equal to about 3 days (Schekotov et al. 2006, 2007). Now, we see tailing of their
distributions from a few days to a few months (see Fig. 8), which is probably connected
with the evolution of local tectonics.

Results of an experiment on the EQ prediction described in Sect. 3 give some insight
on possibilities of our method. We can conclude that most successfully we predict local
magnitude and latitude of the epicenter and very approximately the time of future events.

Some errors in estimating EQ parameters can be caused by impossibility unambigu-
ously to separate precursors of different events. In some cases, it would be easier to make
full use of a few points of observation, and it is one of the most important steps in the
future of this method.

We see that only this single method cannot give full-fledged prediction. It would be
reasonable to expand this experiment using the collaboration with other promising tools,
including method of EQ prediction based on seismic electric signals (Varotsos et al.
1993),VLF method (Hayakawa et al. 2010, Hayakawa 2011; Rozhnoi et al. 2013), remote
sensing data from satellites (Pulinets et al. 2016), high frequency seismic noise (Saltykov
et al. 2008) etc.
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