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Abstract

This paper reports characteristic pre seismic electromagnetic disturbances in the MHz range detected prior to
seven significant earthquakes of M| 2 5.0 which occurred in Greece between 2009 and 2015. The whole data set was
investigated through Rescaled Range (R/S) analysis and wavelet based spectral fractal analysis. The long-memory
trends hidden in the analysed signals were investigated via the Hurst exponent (H). The R/S method indicated that in
the majority of the segments of the investigated signals, the H - exponents were in the range 0.7-0.9. Several exponents
were above 0.9. This is associated with persistency. In several segments, the Hurst exponent exhibited small variance.
Noteworthy fluctuations were also found. In many cases the H - time fluctuations were independent of the time evolution
of the associated electromagnetic signals. The spectral fractal method, being more suited for this purpose, highlighted
the characteristic signals’ epochs, governed by long-lasting fractal organisation. The calculated Hurst exponents in the
characteristic long-lasting fractal epochs were associated with medium anti-persistent behaviour or with continuous
switching between anti-persistency and persistency. The H - exponents of the random fractal organised segments
were mainly persistent. From the data presented in this paper, it is deduced that the R/S method provides additional
information on the estimation of the Hurst exponent when combined with the spectral fractal method. Both techniques

should be employed in sequential steps to enhance the precursory value of the results.
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Introduction

Earthquakes are natural phenomena which are sometimes so
devastating that can be compared to tsunamis and volcanic eruptions
in regards to their negative impacts on social safety and the economy.
What makes strong earthquakes more dangerous and disastrous, is not
that they are inevitable when certain geophysical conditions are met,
but that they are still extremely hard to predict [1]. Because of this,
it is still a significant goal of the earthquake scientific community to
discover credible seismic precursors. However, despite the tremendous
cumulative efforts in both the laboratory and the geophysical scales, the
problem of earthquake prediction still remains elusive. Nevertheless,
certain precursors have been recorded before specific earthquakes that
provide scientific evidence of patterns that can be utilised as alarms
of anticipating seismic events [1-7]. In anticipation of an earthquake
rupture, certain preliminary activity can be expected if the observation
is made in the near vicinity of a causative fracture [8]. The pre-seismic
earthquake sequence consists of successive, magnitude-increasing
events that become denser in time and space in an orderly fashion
up until the main earthquake occurrence. Five expectation phases are
usually considered. The first is the foundation stage which refers to the
generation of maps with all the potential regional sites, where the highest
in magnitude and repetition rate seismic events are recorded. Four
ensuing stages, not strictly distinct, realise the earthquake prediction;
they differ in the time interval that triggers an alarm and are categorized
as precursors of long-term (up to 10 years), intermediate-term (1 year),
short-term (approximately 36 days to 3.6 days) and immediate term
(approximately 9 hours or less) types. Such separation into stages is
dictated by the character of the process that leads to a strong earthquake
and by the needs of earthquake preparedness; the latter comprises a
range of safety measures for each stage of prediction [9]. In another
approach, according to [10] the prediction of earthquakes can be

classified into three different groups, the long-term (time-scale of 10 to
100 years), the intermediate-term (time-scale of 1 to 10 years) and the
short-term. Note that even in short-term prediction there is no one-to-
one correspondence between abnormalities in the recordings and the
seismic activity [1,2,11]. Albeit considerably more troublesome than
the long-term and the intermediate-term predictions, the short-term
prediction of earthquakes on a time-scale of hours, days or weeks, is
considered to be of utmost importance for residents of high seismicity
territories.

The short-term pre-seismic precursors that emerge due to the
changes in the electromagnetic (EM) field of the geo-atmospheric
environment are promising tools for earthquake prediction. Different
studies have demonstrated that pre-seismic EM disturbances are
detectable in a wide frequency band extending from few Hz to several
MH?z. Regardless of the investigative endeavours; the preparation and
evolution of earthquakes is not fully deciphered yet. A critical reason
is that there is limited knowledge of the breaking mechanisms of the
crust [11-13] as every seismic event is case specific and happens in an
extensive scale. Considering that the crack of heterogeneous materials
is not adequately depicted yet [12], it can be comprehended why the
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determination of the beginning of an earthquake sequence is still
constrained [11-27,29-34]. As per [12] one ought to expect that the
preliminary procedures of earthquakes have different aspects, which
might be witnessed before the final rupture at land, geochemical,
hydrological and natural scales [12]. While each of these phenomena
has been observed prior to certain earthquakes, such observations have
been random in nature [1,35]. Finally, it is essential to note that ultra-
low (ULF), low (LF), high (HF) and very high frequency (VHF) EM
irregularities have been observed over periods extending from a couple
of days to a couple of hours preceding destructive land earthquakes
or strong and shallow undersea earthquakes [11-23,25-27,29-34].
This paper concentrates on significant, short-term disturbances of
natural EM radiation in the MHz frequency range. These were almost
continuously recorded by a group of telemetry EM radiation stations
that operates in Greece [36]. Special consideration was given to parts
recorded up to one month before noteworthy earthquakes occurred
in Greece. The principal aspect under investigation is to determine if
fractal and long-memory trends exist in fragmented parts of these EM
irregularities and assessing these, henceforth, as credible forerunners
of general fracture. As analysed later, these trends are investigated
through the time evolution of the Hurst exponent of pre-seismic EM
time-series. The Hurst exponent is calculated through the Rescaled
Range (R/S) method [37,38] and through fractal analysis based on the
wavelet power spectral density (PSD).

Critical information derived from data spanning years 2009-2015
is presented in this paper. The investigation includes some significant
undersea earthquakes and moreover, some noteworthy seismic events
at shallow depths. The precursory value of all the results is discussed.

Materials and Methods

Experimental methods

Earthquakes analysed: Greece is a country prone to earthquakes
because it is bounded by the regions of convergence of the Eurasian
and African plates and the western termination zone of the North
Anatolian Fault (Figure 1). The country is dominated by extensional
seismicity structures and numerous active faults (http:// gredass.unife.
it/) of complex active stress field (http://www.cprm.gov.br/331GC/
1344073.html). The seismicity structures evoked several earthquakes of
M | > 5.0 during the last century.

Table 1 presents collectively the data of the earthquakes analysed.
The epicentres, the coordinates and the dates of these earthquakes
are given. The corresponding events are shown in Figure 2. As can be
observed from Figures 1 and 2, the earthquakes 2, 3 and 4 occurred
within the Hellenic Trench and especially earthquake 3 occurred
within the outer non-volcanic arc. Earthquake 1 occurred in the area
between the Aegean and the Anatolian Plates and earthquake 7 in
the area between the Aegean and the Eurasian Plates. The remaining
earthquakes, viz., the earthquakes 5 and 6 occurred in the Aegean
Plate which is the main plate that covers Greece. Under this view, the
earthquakes of this study were distributed along Greece. In addition, as
can be observed both from

Table 1 and Figure 2, the seismic events which were used in this
study had depths from 2 Km to 97 km, namely they were shallow, as
well as, mid and deep undersea earthquakes. It is important to note
also that, the selected seismic events had local magnitudes M L2
5.0 (Table 1). The criterion for choosing these earthquakes was that
the risk of such earthquakes can be excessive for human life. The
numbering of the earthquakes in this table will be used hereafter as
a reference for the analysed earthquakes.

Instrumentation: As mentioned, the earthquakes were analysed
through MHz EM time-series. The MHz EM signals were continuously
monitored by a telemetric network, which consists of 12 stations [36].
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Figure 1: Plates bounding Greece.

. Latitude Longitude Depth Magnitude
Event Date (Y/M/D) Location (ON) (0E) (km) (ML)
1 2014-05-24 222KmSSWol 559 | 254 28 6.3
Samothraki
2 2000-07-01 '112KkmSSE 445 054 3o 508
of Iraklion
3 20140829 O9AKMWol ' aper ' 2367 o7 5.7
Milos
4 2015-04-17 ST2KMSSWof o056 2674 40 5.4
Karpathos
5 | 2009-05-24 SOOKMNNW 00 0n7a 23 5.1
of Kilkis
6  2014-0822 O208KkmSof ' a90) 2346 20 5
Poliyiros
7 2009-01-08 'SOOKMNNW 00 2074 2 5
of Florina

Table 1: List of earthquake events which were analyzed in this study. (The
numbering is in descending order of local magnitudes).

Figure 2: Locations of the analysed earthquakes. The colour index is
identical to the one employed by the National Observatory of Athens, Institute
of Geodynamics.
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These stations were recently updated and are located in the following
seismic regions: (1) Ithomi (O), Peloponnese, (2) Valsamata (F),
Kefalonia Island, (3) Ioannina (J), (4) Kozani (K), (5) Komotini (T), (6)
Kalloni (M), Lesvos Island, (7) Rhodes (A), Rhodes Island, (8) Neapolis
(E), Crete Island,(9) Vamos (V), Crete Island, (10) Corfu (P), Corfu
Island, (11) Ileia (I), Peloponnese and (12) Atalanti (H). Stations 1,
2,9, 10 and 11 are located along the Hellenic Trench. Stations 5, 6,
7 are located in the vicinity of the Anatolian Plate and stations 3, 4,
8 are located in the wider area of the Aegean Sea Plate. Each station
comprises (1) bipolar antennas synchronized at 41 and 46 MHz; (2)
novel acquisition data-loggers [39] and (3) telemetry equipment (e.g.
RF modem-wired or cordless internet).

Significance of the analysed earthquakes: Following the EM
radiation literature and according to reviews of Petraki et al., Hayakawa
and Hobara, Shrivastava [1,10,40] and Uyeda et al. [41] the short term
earthquake precursors related to EM effects are promising tools for the
prediction of earthquakes. Hayakawa and Hobara [10] reported that
several seismogenic phenomena have already been found from direct
current (DC), in the ULF up to the VHF range. In other words, it is
well accepted that EM precursory phenomena are detected prior to
earthquakes in a wide frequency range [11,13,42-44]. In general, most
of the EM precursors are in the ULF and LF range [42,45-49]. On the
contrary, since 1980, a number of scientific papers have been published,
which use MHz EM precursors to predict earthquakes [20,21,29,31,50-
53]. As it will be shown later, this study utilises pre earthquake MHz
EM signals that were analysed through the R/S and wavelet PSD fractal
methods [2,4,6,7,54]. More specifically, 7 seismic events distributed
alongside the seismic plates surrounding Greece, were analysed
using the predictive ability of the MHz EM radiation and in specific
the radiation at 41MHz and 46 MHz. This HF (41 and 46 MHz)
radiation has advantages over ULF and LF emissions. Electric dipole
and magnetic antennas that detect ULF EM radiation are installed at
small depth underground so the recordings are often noisy. It should
also be noted that the maintenance of these antennas is very costly
because of their position under the ground surface (Nomicos-VAN,
personal communication). On the other hand, as reported by [1], LF
emissions in the kHz range have been used in certain cases (Kozani-
Grevena, Athina and L'Aquila earthquakes) as earthquake precursors
but their detection was rather sporadic. Despite the amount of research
and the conflicting related argumentation and analysis e.g. the recent
publications [11-13,55-58] and the references therein, the restricted
number of detected LF pre-seismic kHz bursts still bounds the analysis
and, more or less, confines the predictive power of the kHz radiation.
On the other hand, the MHz recordings collected from aboveground
antennas, exhibit low EM noise and high predicting ability [6,7,31,54]
as proved from more than 15 signals in the MHz range published
so far. In the following sections, further analysis and argumentation
will be given regarding the enhanced predictability of the MHz EM
precursors, especially when assessed with combined techniques that
may detect hidden long-memory patterns in EM signals.

Mathematical aspects

Hurst exponent: The Hurst exponent (H) is a mathematical
quantity which can indicate if a signal contains hidden long-memory
patterns, namely long-range dependencies in time or space [37,38].
The Hurst exponent can be used to determine if the related physical
phenomenon is a temporal fractal and can estimate the smoothness of
the related time-series [59]. The H exponent was introduced initially
for hydrology [37,38]. Apart from that, it has been also used in climate
dynamics [60], plasma turbulence [61], astronomy and astrophysics

[62], pre-epileptic seizures [59,63], economy [64], traffic traces [65],
ULF geomagnetic fields [42,43] and pre-seismic activity [3,6,7,13]. If the
Hurst exponent is between 0.5 < H < 1, the related time-series exhibits
long-lasting positive autocorrelation. This implies that a high present
value will be possibly followed by a high future value and this tendency
will last for long time-periods in future (persistency) [13,24,27-31]. If
H is between 0 < H < 0.5, the time-series exhibits long-term switching
between high and low values.

This means that a low present value will be followed by a high future
value, while a high present value will be followed by a low future value.
This low-high switching will continue into the future for many samples
(anti-persistency) [13,24,29,31]. An exponent of H =0.5 is associated
with completely uncorrelated time-series.

Hurst exponent estimation through Rescaled-Range analysis:
The R/S analysis is implemented with the aid of two parameters, namely
the range, R, and the standard deviation, S, of the data. According to the
R/S method, a natural record X(n) = x(1),x(2),...,x(n) in time bins n(n
=1,2,...,N) over a period of N time-units, is utilised at first to calculate
the overall average, X according to the formula [4,6,7,37]:

1 ¢
Xy =— n 1
: N;() (1
This average is then used to calculate a new variable, y(n, N), where:
y (n,N) =Y (x(i)-x,) (2
i=1

The variable y(n, N) is called accumulated departure of the natural
record in time [4,6,7,37].

From the accumulated departure y(n, N), the range R(n) is
calculated according to the equation [4,6,7,13,37,59,66,67]:

R(n):]rrizv?vy(n, N)—ln,}mNy(n, N), (3)
R(n) is the distance between the minimum and maximum value of
y(n, N).

From the natural time-series, X(n), the standard deviation, S(n), is
calculated by:

S(n) a/%Zu(n)—xN)z (4)

The R/S ratio is expected to have a power-law dependence on the
bin size

R(1) _ (5)

Where Histhe Hurst exponentand Cisa constant of proportionality.

The logarithmic transformation of equation (5) is a linear equation

R(n)

log| ——= |=1log(C)+ H.log(n) (6)
§(n)

From which the Hurst exponent H can be calculated through a
least-square fit.

To apply the R/S method the following steps were followed [4]:

i. The signal was divided in segments-windows of certain size
(number of samples).

ii. In each segment, the least square fit was applied to the

R(n)

log[] —log(n) linear representation of equation (8). Successive

S(n)
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representations were considered those exhibiting squares of Spearman’s
correlation coefficient above 0.95.

iii. The window was slid for one sample and steps (i)-(ii) were
repeated until the end of the signal.

From the above, the time evolution of the Hurst exponent was
derived for every signal under investigation.

Hurst exponent estimation through spectral fractal analysis: The
complex processes of the preparation of earthquakes evolve naturally in
time and space and are associated with characteristic fractal structures
[2,3,6,7,11,13,42,43] and references cited in these publications. It is
normal to expect that these fractal structures will influence signals
derived from the focal area and its vicinity.

The power spectral density, S(f), is the usual method to give helpful
information about the intrinsic memory of the system that generates
the earthquake [2,3,6,7,13]. Although the power spectrum is only the
lowest order statistical measure of the deviations of the random density
field from homogenedity, it directly reflects the physical scales of the 1/f
processes that govern the structure formation [13].

In the event that a recorded time-series, A (i t), is a temporal fractal,
the power spectral density (PSD) is expected to follow a power law, i.e.,
S (f) = a. f*, where f is the frequency of the employed transform; for
this study, the continuous wavelet transform with base function the
Morlet wavelet is employed with f being the central frequency of the
Fourier transform that best matches each Morlet scale. The spectral
amplification is a measure of the strength of each spectral component
in the power spectral density law. On the other hand, the spectral
scaling exponent b quantifies the power of the correlations in time or
space. The effectiveness of the power-law fit is assessed by the square
of the Spearman's correlation coefficient [2,3,6,7]. The most important
part, however, is to find and identify noteworthy changes in the scaling
exponent prior or during seismic events.

To implement the analysis of fractals on the basis of wavelet-based
PSD (hereafter abbreviated as spectral fractal analysis) the following
steps were followed:

(i) The MHz EM signals were divided in segments (windows): 1024
samples per segment.

These segmentations were expected to reveal the fractal
characteristics of the signals [2,3,6,7,13,54].

(ii) In each segmented portion of the signal the PSD using the
Morlet wavelet was calculated and a power-law of the form of S (f) = a
fwas investigated.

(iii) A least square fit was implemented to the log(S (f)) - log (f)
transformation of the PSD.

Among the various segments, the successive ones were those with a
square of the Spearman's correlation coefficient above 0.95.

(iv) In the successive power-law representations found of step (iii),
the Hurst exponents were calculated from the PSD b - values according
to the formula pairs [13,29,31]

B=2H+1&H=05.(b-1) )

For the time-series parts following the fractional Brownian motion
(fBm) class (1< b < 3) and by the formula pairs [12,18,69]

B=2H-1©H=05.(b-1) (8)

For the time-series parts following the fractional Gaussian noise
(fGn) class (-1<b < 1).

Note that this implementation is similar to the one described in
section 2.2.2. This was done to allow for the direct comparison between
the Hurst exponents derived from the R/S analysis with the ones
derived from the spectral fractal analysis method and relations (7) and
(8) specifically.

Class separation through the R/S and spectral fractal methods: To
safely estimate the Hurst exponent in fragmented parts of an EM signal
or in its entity, it is important to incorporate the different perspectives
that are formulated by the different techniques for the calculation
of H. The joined utilisation of different techniques strengthens the
identification of the data segments that exhibit long-memory trends.
For the correct identification, it is essential to label with reliability the
long-memory portions of a time-series, both, through the direct H
-calculating technique (R/S) and through the indirect one, namely the
spectral fractal analysis. The correct labelling facilitates the precursory
marking of the EM segments that can be utilised afterwards for the
classification of the long-lasting pre-earthquake signs and also for the
right assessment of these. For this situation [68,69] two classes are
required, as already implied: (a) The class I segments which comprise
the EM time-series sections that can be classified as of noteworthy
precursory value (viz., the prominent successive parts, r* < 0.95,
following the fBm class, 1< b < 3); (b) The class II segments which
consist of EM time-series portions that can be deemed as insignificant
or of no earthquake precursory value at all (viz. the segments that do
not follow the prominent fBm class, r* < 0.95and 1<b 3, or are not fBm
atall, -1 <b < 1). Obviously, the Class IT segments are the complement
of the Class I ones [68]. According to several publications, the two long-
memory analysis methods that was described in the sections 2.2.2 and
2.2.3, have been evaluated as of having high discrimination significance
and for this reason, they were employed here. The problem at hand
is to efficiently determine the Class I segments employing both of the
long term identifying methods. At first, R/S analysis was employed as a
standalone method to search the signal for segments where the Hurst
exponent increased significantly. This was based on the findings of
previous publications of the reporting team [4,68], where this increase
has been characterised as a sign of long-memory and, thus, of high
precursory value. Then, both methods were utilised in combination, so
as to feed the outcomes of the R/S method with additional information
from the spectral fractal method and to correctly mark the prominent
(successive fBm) segments against the non-successive fBm or non-fBm
segments.

It is important to mention here that, according to the opinion of
the authors of this paper, the R/S analysis is a more targeted method
for the calculation of the Hurst exponent since it was designed and
introduced by [37] precisely for the calculation of this type of exponent.
It should be noted though that the discrimination in the fBm and the
fGn segments is achieved in principle by the spectral fractal method
since it is this method that accounts for the 1/f power-law behaviour
of a signal.

Results and Discussion

Figures 4-18 present some characteristic outcomes of the R/S
analysis and the spectral fractal method. All the EM signals of these
figures were of the MHz range (41 MHz or 46 MHz) and extended
one month before the earthquakes of Table 1 and Figure 2. All of
these figures present the time evolution of the Hurst exponent within
the one-month window of study together with the time series of the
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Figure 3: The telemetric network employed for the MHz radiation recordings.
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Figure 4: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 5, Table 1, Komotini station (T), JDs 114-122, 2009, 41 MHz. Time
in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation
coefficient).

associated square of the Spearman’s correlation coefficient (please see and 3. The days in the presented legends refer to the days of the Julian’s
also sections 2.2.2 and 2.2.3). The identifiers of the earthquakes are calendar for each indicated year. In the figure caption, JD refers to the
given in Table 1 and the topography is shown in shown in Figures 2 term Julian day.
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Figure 5: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 5, Table 1, Komotini station, JDs 114-122, 2009, 46 MHz. Time

in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation
coefficient).
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Figure 6: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 7, Table 1, loannina station, JDs 127-150, 2009, 41 MHz. Time
in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation
coefficient.
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Year: 2009 Start day: 127 End day: 150
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Figure 7: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 7, Table 1, loannina station, JDs 127-150, 2009, 46 MHz. Time
in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation
coefficient).
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Figure 8: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQs: 3 and 6, Table 1, Neapoli station, JDs 214-243, 2014, 41 MHz.
Time in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s
correlation coefficient).
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Figure 9: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQs: 3 and 6, Table 1, Neapoli station, JDs 214-243, 2014, 46 MHz.
Time in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s

correlation coefficient).
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Figure 10: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 1, Table 1, Mytilene station, JDs 114-139, 2014, 41 MHz. Time
in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation

coefficient).
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Figure 11: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 1, Table 1, Mytilene station, JDs 114-139, 2014, 46 MHz. Time
in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation
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Figure 12: Box and whiskers plot of the time evolution of the Hurst exponent. (Calculation through R/S analysis, EQ: 1, Table 1, Mytilene station, JDs 114-139, 2014,
41 MHz).
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Figure 13: Time evolution of H for fBm segments identified through the spectral fractal method according to the equations (8). (EQ: 2, Table 1, Neapoli station,

JDs 152-182, 2009, 41 MHz. Time in seconds. From top to bottom: the evolution of the Hurst exponent, the time-series of the square of the associated Spearman’s

correlation coefficient and the EM signal. The blue points indicate successive (r? > 0.95) fBm segments. The red points refer to the remaining segments. In the legends
the mean and the standard deviation of the Hurst exponent and the square of the Spearman’s correlation coefficient is given, as well as the number of the successive

fractal segments).
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Figure 14: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 2, Table 1, Neapoli station, JDs 152-182, 2009, 41 MHz. Time
in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation

coefficient. The EM signal is identical to the one of Figure 13).

J Earth Sci Clim Change
ISSN: 2157-7617 JESCC, an open access journal Volume 7'+ Issue 7 - 1000359



Citation: Nikolopoulos D, Cantzos D, Petraki E, Yannakopoulos PH, Nomicos C (2016) Traces of Long-Memory in Pre-Seismic MHz Electromagnetic
Time Series-Part 1: Investigation Through the R/S Analysis and Time-Evolving Spectral Fractals. J Earth Sci Clim Change 7: 359. doi:
10.4172/2157-7617.1000359

Page 11 of 17

<H>=0.089445+-0.48954
T T

0.5 1 1.5 2 2.5 3 3.5
x 10°

9783+-0.015699,74132 accepted values

x 10°
1000 . . !
800
T
600
400 | | | | | | |
0.5 1 1.5 2 25 3 3.5
time x 106

Figure 15: Time evolution of H for fBm segments identified through the spectral fractal method according to the equations (8). (EQ: 2, Table 1, Neapoli station,
JDs 152-182, 2009, 46 MHz. Time in seconds. From top to bottom: the evolution of the Hurst exponent, the time-series of the square of the associated Spearman’s
correlation coefficient and the EM signal. The blue points indicate successive (r? > 0.95) fBm segments. The red points refer to the remaining segments. In the legends
the mean and the standard deviation of the Hurst exponent and the square of the Spearman’s correlation coefficient is given, as well as the number of the successive
fractal segments).
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Figure 16: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 2, Table 1, Neapoli station, JDs 152-182, 2009, 46 MHz. Time
in seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation
coefficient. The EM signal is identical to the one of Figure 15).
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Figure 18: Time evolution of Hurst exponent. (Calculation through sliding-window R/S analysis, EQ: 2, Table 1, Vamos station, JDs 152-182, 2009, 41 MHz. Time in
seconds (a.u.). From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated Spearman’s correlation

coefficient. The EM signal is identical to the one of Figure 17).
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In reference to the Figures 4-18 the following issues are of
significance:

(a) Persistent Hurst exponents were calculated through the R/S
analysis for the pre earthquake MHz EM disturbances. The great
majority of the calculated H -exponents was in the range 0.7-0.9.
Several exponents were above 0.9. This is characteristically shown in
the Box and Whiskers plot of Figure 12.

(b) There were several cases where the time-evolution of the Hurst
exponent did not follow the one of the EM disturbances. Characteristic
cases are shown in Figures 7, 9 and 10. Figure 10 shows this behaviour
more characteristically.

(¢) In numerous cases, the detected MHz EM disturbances were
associated with an increase of the associated Hurst exponent. For
example, this can be observed between 0.3 x 10° - 0.5 x 10° s and 0.9
x 10° -1.0 x 10° s in Figure 11. Another characteristic case is shown
in Figure 8. In this figure, the Hurst exponents follow, more or less,
the EM disturbances after 1.0 x 10° s. The most characteristic case is
shown in Figure 6. Note, that an increase in the Hurst exponent has
been characterised as a pre-seismic sign of some value.

(d) As was systematically observed by the several outcomes of the
R/S analysis similar to those of the Figures 1-11 and the Figures 14, 16
and 18, the time profile of the Hurst exponent exhibits small variance
when derived by the R/S analysis method. A very characteristic example
case is the one of Figure 10. On the other hand, there were also cases
where the Hurst exponent evolution of one-month duration presented
noteworthy fluctuations. Such are the cases shown in Figures 4, 7 and 8.

(e) The persistent behaviour of the Hurst exponent is identified
through the R/S analysis, regardless of the corresponding output of
the spectral fractal method. This is characteristically shown in Figure
13 versus Figure 14, in Figure 15 versus Figure 16 and in Figure 17
versus Figure 18. More specifically, as Figures 13, 15 and 17 indicate,
the spectral fractal method outlined either a medium anti-persistent
behaviour of the EM signal or a rather continuous switching between
anti-persistency and persistency. As can be observed from the Figures
13,15 and 17, all these effects are associated with significant fluctuations.
Note, that there are many successive (r*> 0.95) fBm Class I segments
according to the spectral fractal method. Especially, in Figure 17, the
profile is mainly fBm. Note also, that the identification of many class I
fBm areas prior to earthquakes.

It has been identified as a pre-seismic sign of noteworthy value
[5,68]. Despite these findings, the associated Hurst profiles (Figures 14,
16 and 17) are persistent. This persistent behaviour is declared even
in the cases with not-successive (r* < 0.95) segments and/or not fBm
( be(l1- 3)) Class II segments (red segments of Figures 13, 15and 17).
The issue is related to comment (a) above and is also of importance.

(f) Some H -values derived by the R/S analysis were above 1. This
definitely contradicts the theory. To the opinion of the authors, this
was due to the statistical errors in estimations of the H - values. Indeed,
in order to calculate the Hurst exponent, a least square fit is applied
in the log (R) versus log (S) diagram (see also section 2.2.3). In the +
99% estimation of the corresponding slope, the H -values above 1 were
mainly of statistical nature. The statistical errors were not presented
in Figures 4-11, as well as, in Figures 13, 15 and 17 to avoid plotting
inconsistencies.

The comments (a) and (f) tend to disagree with some findings of
the related literature regarding the MHz EM disturbances [11-13,23]
and references in these publications. According to these publications,

the MHz disturbances show anti-persistent behaviour opposed to the
kHz radiation which exhibits persistent fBm profiles (see for example,
the reference 23 and the references therein). The persistent behaviour
of the kHz radiation has been interpreted, in these publications, as a
footprint for the inevitable occurrence of an earthquake. However,
related publications mention that there is no one-to one correspondence
between earthquakes and anomalies and hence, it is essential to
anticipate more related kHz data, regarding the full clarification of
this issue. It is also important to note that some interpretations for the
Hurst exponent in the above publications were based on the spectral
fractal analysis of the signals and the association of H with b according
to equations (7) and (8). As indicated in the Figures 13, 15 and 17,
the spectral fractal method tends to produce anti-persistent behaviour.
Indeed, if one calculates Hurst exponents from the wavelet spectral
fractal analysis method then for certain segments, anti-persistent H
-profiles are calculated, as this was characteristically shown in Figures
13 versus 14, Figures 15 versus 16 and Figures 17 versus 18. The Hurst
exponents of this paper that were calculated by the spectral fractal
method, provided similar Hurst exponents for the MHz radiation
prior to earthquakes as those already identified by other papers on pre-
seismic EM radiation and also by papers on pre-earthquake time series
of radon concentration in soil [2,3,6,7]. It is very significant to note
that a very recent report of the authors [68] indicated that, despite the
discrepancies in the H -estimations between the spectral fractal method
and the R/S analysis, both methods can be combined very efficiently
through Support Vector Machine (SVM) classifiers to detect successive
fBm segments in MHz EM signals. Two characteristic results are
presented in Figures 19 and 20 especially when viewed under the
perspective of the corresponding Figures 15 and 17. Indeed, as can be
observed from Figures 19 and 20, the time evolution of the successive
(r?* 2 0.95) fractal fGn segments (-1 < b < 1) is persistent.

From another viewpoint, the deviations in the estimation of H
values between the two methods employed in this paper could be due
to the fact that in actual situations, there are many processes that act
on various scales [2,12,42] and for this reason, the relations b = 2.H +
1 and b = 2.H - 1 potentially do not hold. In general, it may be argued
that the H -values calculated from the spectral fractal b-values through
equations (7) and (8) are considerably lower and present higher
variance. For this reason, the use of the R/S or spectral fractal methods
in the estimation of the Hurst exponent should be taken into careful
consideration.

From the MHz EM data presented in this paper it becomes evident
that the R/S method provides additional information on the estimation
of the Hurst exponent when combined with the spectral fractal
method. Note that the combined application of both spectral fractal
analysis and R/S methods should in principle be applied on the same
segments. What is significant however that is the R/S analysis departs
from a different mathematical basis as compared to the spectral fractal
method. Note that, importantly, the R/S method is considered as the
standard method for the calculation of the Hurst exponent. The insight
of these new aspects is more characteristically

Supported by two example data, namely those of Figures 21 and
22. These figures (Figures 21 and 22) present a significant new finding;
the successive fractal fBm segments of the pre-earthquake MHz signals
produce significantly higher Hurst exponents as compared to the ones
of the successive fGn segments. What is very important is that this
behaviour was systematically validated by several different earthquake
data. It is possible that this behaviour allowed the accurate classification
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Figure 19: Time evolution of H for f{Gn segments identified through the spectral fractal method according to the equations (8). (EQ: 2, Table 1, Neapoli station, JDs
152-182, 2009, 46 MHz. Time in seconds. From top to bottom: the EM signal, the evolution of the Hurst exponent and the timeseries of the square of the associated

Spearman’s correlation coefficient. The EM signal is identical to the one of Figures 13 and 14).
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Figure 20: Time evolution of H for f{Gn segments identified through the spectral fractal method according to the equations (8). (EQ: 2, Table 1, Vamos station, JDs
152-182, 2009, 41 MHz. Time in seconds. From top to bottom: the EM signal, the evolution of the Hurst exponent and the time-series of the square of the associated

Spearman’s correlation coefficient. The EM signal is identical to the one of Figures 17 and 18).
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segments).

H(b)

0.6} E

1
0 0.5 1 1.5 2 2.5
x 104
Figure 22: Time evolution of Hurst exponent. (EQ: 4, Table 1, Neapoli station,

JDs 76-105, 2015, 41 MHz. Segments not -fBm (-1 < b < 1) and/or segments
not-successive (red).

of successive fBm versus not successive fBm segments of EM pre-
seismic signals in the above-mentioned recent publication of [68].

According to the data of Figures 21 and 22, the discussion of [68]
and the presented data of this research, it can be supported that the R/S
analysis is a very powerful method to trace significant pre-earthquake
patterns hidden in pre-seismic time-series, as an increase in H-values
of precursory successive (r* > 0.95) fBm (-1< b < 3) segments. This
has been supported also in a very recent publication of the author and
colleagues [4].

Conclusions

This paper presented the analysis of MHz pre-earthquake signals in
terms of the evolution of the Hurst exponent calculated though the R/S
analysis and the spectral fractal method. The R/S analysis estimated the

Hurst exponent directly while the spectral fractal method, indirectly.
From the results presented, several important issues can be summarised:

(1) All the investigated signals exhibited characteristic epochs with
fractal organisation (successive fBm segments). In some cases these
epochs were continuous and in other cases scattered. Signals with
scattered or continuous such epochs have been identified as precursory.
Signals with no such epochs have been associated with low seismicity
periods.

(2) According to the R/S method several successive fBm segments
exhibited persistency. Switching between persistency and anti-
persistency was also found. Although several references suggested
that the MHz EM precursors show only anti-persistent behaviour,
the findings of this research supported a different view. The EM
MHz disturbances can be either anti-persistent or persistent. The
R/S analysis provided mainly persistent behaviour. It is significant
that the switching between persistency and anti-persistency has been
characterised as a pre-earthquake pattern.

(3) The investigated earthquakes were associated with Hurst
warnings up to one month prior to each event. The main batch of the
investigated MHz signals gave alarms usually 2-3 weeks and 1 week
prior to the earthquake event according to the spectral fractal method.
It was concluded that to identify pre-earthquake signs of enhanced
significant value, the following steps should be followed:

(a) Employ spectral fractal methods for identifying the successive
fBm segments, because these are considered to be associated with long-
memory dynamics. These methods can also screen the random fGn
segments. Note, that despite the fact that this method is indirect for the
estimation of the Hurst exponent, it is the most robust method for the
identification of the fBm segments which are of noteworthy precursory
value.

(b) After the first screening with spectral fractal analysis, a second
screening is applied to identify the segments which are well away from
randomness. According to the view of the author this is implemented
for successive fBm segments with b > 1.5 or H>0.25. Other investigators
suggest that this is implemented for successive fBm segments with b >
20orH>0.5.

(c) A third screening is the application of the R/S analysis, on the
same segments of (a). If the strong fBm (high b -exponent) segments
are associated with an increase in H - values from the R/S analysis, then
the precursory value is enhanced.

The final conclusion of this research is that, more or less, both
techniques should be employed in steps, where the power-law spectral
fractal analysis is the most significant technique to trace long memory
patterns of 1/f processes as those in earthquake preparation, while the
R/S method is the direct and more robust method for the estimation of
the Hurst exponent.
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