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Abstract: This study is a continuation of pilot research on the relationships between seismic activity
and changes in very low frequency (VLF) signals starting a few minutes or a few dozen minutes
before an earthquake. These changes are recorded in the time and frequency domains and their
duration can be influenced not only by the strongest earthquake but also by others that occur in a
short time interval. This suggests that there are differences in these changes in cases of individual
earthquakes and during the period of intense seismic activity (PISA). In a recent study, they were
validated in the time domain by comparing the amplitude noise reductions during the PISA and
before earthquakes that occurred in the analysed periods without intense seismic activity (PWISA).
Here, we analyse the changes in the VLF signal amplitude in the frequency domain during the PISA
and their differences are compared to the previously investigated relevant changes during PWISA.
We observe the signal emitted by the ICV transmitter in Italy and received in Serbia from 26 October
to 2 November 2016 when 907 earthquakes occurred in Central Italy. The study is based on analyses
of the Fourier amplitude Af obtained by applying the fast Fourier transform (FFT) to the values of
the ICV signal amplitude sampled at 0.1 s. The obtained results confirm the existence of one of the
potential earthquake precursors observed during PWISA: significantly smaller values of Ay for small
wave periods (they can be smaller than 10~3 dB) than under quiet conditions (the expected values are
larger than 102 dB). Exceptions were the values of Ar for wave periods between 1.4 s and 2 s from a
few days before the observed PISA to almost the end of that period. They were similar or higher than
the values expected under quiet conditions. The mentioned decrease lasted throughout the observed
longer period from 10 October to 10 November, with occasional normalisation. It was many times
longer than the decreases in Ar around the considered earthquakes during PWISA, which lasted up
to several hours. In addition, no significant wave excitations were recorded at discrete small values of
the wave periods during the PISA, as was the case for earthquakes during PWISA. These differences
indicate the potential possibility of predicting the PISA if the corresponding earthquake precursors
are recorded. Due to their importance for potential warning systems, they should be analysed in
more detail in future statistical studies.

Keywords: earthquake precursors; VLF signal; wave excitations/attenuations

1. Introduction

The decades-long efforts of researchers to find a mechanism for the detection of earthquake
precursors have been focused on the investigation of numerous phenomena [1-3]. These
include studies of changes in the ionosphere [4-14] and the electromagnetic signals used to
monitor it [15-18].

This paper analyses the characteristics of a very low frequency (VLF) radio sig-
nal used to monitor the lower ionosphere. As numerous studies show, there are sev-
eral different changes in the characteristics of VLF and low-frequency (LF) signals that
can occur before an earthquake. They are mostly detected a few days or weeks before
strong earthquakes [19-21], and are manifested in a significant increase/decrease in the
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signal amplitude/phase [22,23], in the shift of the terminator time during sunrise and
sunset [8,20,24,25] and in variations in the wavelet power spectrum [22,26]. These investi-
gations are mainly based on amplitude/phase processing of VLF/LF signals sampled with
a time interval of not less than 1 s.

In 2020, the first relevant research based on the analysis of VLF signal amplitudes
recorded with a time resolution of 0.1 s was published [27]. This improvement in resolution
led to the discovery of new potential earthquake precursors observed in the time and
frequency domains. In the time domain, the corresponding changes are manifested by
reductions in the amplitude and phase noises. In the frequency domain, the analysis
of the Fourier amplitude obtained by applying the fast Fourier transform (FFT) to the
time evolutions of the signal amplitude and phase shows its increases at discrete low
values of wave periods and its decreases at other, also low-value, wave periods. The first
investigations of these changes in signal characteristics have been published in several
studies [27-31]. One of the basic conclusions is that it is possible to connect several
earthquakes that occur in a short time interval in some localised area with one change in
the signal, i.e., that several events occur during one continuous disturbance. This has led to
the conclusion that the detection of the mentioned changes is influenced by the duration of
seismic activity. This has been confirmed in the case of the amplitude noise reduction in the
time domain in the analysis of the period of intense seismic activity (PISA) in Central Italy
when almost 1000 earthquakes were registered in a period of 10 days. Namely, the results
of the study presented in [29] show that one amplitude noise reduction that occurs before
one earthquake can continue without normalisation and without additional reductions
during the period of occurrence of other earthquakes.

The aim of this research is to examine the changes in the VLF signal amplitude during
the seismically active period in the frequency domain, which is a continuation of the
analysis of the corresponding changes in the time domain given in [29]. We observe the
amplitude characteristics of the ICV signal emitted in Italy and received at the Institute of
Physics Belgrade in Belgrade, Serbia. The focus of the analysis is on the eight-day period
from 26 October to 2 November 2016. Here, we use the same methods as those described in
the studies of earthquakes that occurred during periods without intense seismic activity
(PWISA) [27,30]. In addition, the daily values of the parameters relevant to the study
during a one-month interval (10 October—10 November 2016) are presented in order to
determine the beginnings and endings of the observed changes. Detailed analyses are also
conducted for 3 October 2010 and 25 October 2016, which are taken as reference days in the
analyses of the considered changes.

This paper is organized as follows. Section 2 describes the events that took place in the
observed period and the signal whose characteristics are analysed. The signal processing
is explained in Section 3, and the obtained results and their discussion are presented in
Section 4. The conclusions of this study are set out in Section 5.

2. Observations

According to the data provided on the Euro-Mediterranean Seismological Centre
website [32], earthquakes in Central Italy were registered every day (except on 18 October
2016) during a one-month interval from 10 October to 10 November 2016. The total
number of earthquakes and the number of earthquakes with a minimum magnitude of
four (hereafter referred to as stronger earthquakes) that occurred in that time interval are
given in the upper and lower panels of Figure 1, respectively. Here, we note that the
magnitudes on the mentioned website are given in the moment magnitude [33], body-
wave magnitude [34], and Richter [35] scales. As in the previous relevant studies, here,
we considered earthquakes with a minimum magnitude of four on any of these scales
and used M as a common term for all given magnitudes. The obtained time evolutions
indicated that the total number of earthquakes increased sharply on 26 October. On that
day, six earthquakes of minimum magnitude four were recorded, including earthquakes of
magnitudes Mw 5.5 and Mw 6.1. For these reasons, 26 October was the beginning of the
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period that was the focus of this study. The highest seismic activity was on 30 October with
268 earthquakes, including 14 stronger earthquakes with a maximum magnitude of Mw
6.5. The calming of the ground tremors in Central Italy after that maximum was slower
than its intensification, but the recorded magnitudes were not large. It can be assumed
that the series of earthquakes with M > 4 ended on 3 October. Namely, only one such
earthquake occurred in the following week (on 7 November). Based on this and the fact
that the analysed signal was bad during a significant part of 3 October, 2 November was set
as the end of the period in which the data that were the focus of this study were recorded.
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Figure 1. The total number of earthquakes (upper panel) and earthquakes with minimum magnitude
of 4 (bottom panel) that occurred in the period from 10 October to 10 November 2016. The displayed
data are taken from the Euro-Mediterranean Seismological Centre website [32]. The boxed part
indicates the time period considered in detail in this study.

In this study, we used a VLF signal that monitors the low ionosphere to investigate
earthquake precursors. The importance of this technique in research of sudden events such
as earthquakes lies in the continuous observation of a large area. Namely, it is based on the
operation of numerous transmitters and receivers of VLF signals that are distributed all
over the world. In addition, the time resolution of the recorded data can be of the order of
milliseconds. This ensures (a) the ability to detect short-term changes that last less than
15, and (b) the analysis of somewhat longer changes (lasting several seconds or minutes)
that require a lot of data during the disturbance period. Otherwise, the receivers can record
the electrical or magnetic component of VLF and LF signals, depending on whether the
antenna is electrical or magnetic. Some of them record both the amplitude and the phase of
the signal, while others record only one of these signal parameters.

As in previous analyses of excitations and attenuations of small-period waves in the
time intervals around the considered earthquakes [27,29,30], we examined the changes
in the amplitude characteristics of the VLF signal emitted by the ICV transmitter located
in Isola di Tavolara, Sardinia, Italy (40.92 N, 9.73 E) and received by the Absolute Phase
and Amplitude Logger (AbsPAL) receiver in Belgrade, Serbia (44.8 N, 20.4 E). The ICV
transmitter emits at 20.27 kHz with a power of 20 kW. The used receiver (located at the
Institute of Physics Belgrade) has an electrical antenna and records both the amplitude
and the phase of VLE/LF signals. It can monitor five signals simultaneously and provides
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two data sets with time sampling resolutions of 0.1 s and 1 min. In this study, we used
the first data set. The route of this signal and the epicentres of all earthquakes that were
recorded in its vicinity during the observed time interval are shown in Figure 2. The
locations of the epicentres show that they were dominantly concentrated in a localized
area in Central Italy. The classification of the considered earthquakes according to their
magnitudes is visualised by the different colours of the dots representing the locations
of their epicentres (see explanation in the caption of Figure 2). It indicates that only two
stronger earthquakes did not occur in Central Italy (they were registered in Bosnia and
Herzegovina and Southern Italy). The characteristics of all shown stronger earthquakes are
given in Table 1, where the two highlighted in grey are mentioned.
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Figure 2. Map of the observed area around the path of the signal transmitted by the ICV transmitter
located in Italy and received in Belgrade, Serbia. The epicentres of the earthquakes of magnitudes

M<3,3<M<4,4<M<5,5<M<6,and M > 6 that occurred in the period from 26 October to
2 November 2016 are represented by black, cyan, blue, green, and red dots, respectively.

Table 1. List of the considered earthquakes with magnitudes M > 4. Data for dates, times, epicentres
(latitudes and longitudes), magnitudes, and the corresponding scale (the symbols Mw, mb, and ML
denote the moment magnitude [33], body-wave magnitude [34] and Richter [35] scales, respectively)
are given in [32].

No Date Time (UT) Latitude (°)  Latitude (°) Magnitude
DAY 1
1 26 October 2016 17:10:36 42.88 13.13 Mw 5.5
2 26 October 2016 19:16:57 42.88 13.16 ML 4.3
3 26 October 2016 19:18:07 4292 13.13 Mw 6.1
4 26 October 2016 21:24:51 42.87 13.08 mb 4.1
5 26 October 2016 21:42:02 42.86 13.13 Mw 4.7
6 26 October 2016 23:52:32 42.82 13.14 mb 4.0
DAY 2
7 27 October 2016 00:21:32 42.96 13.06 mb 4.2
8 27 October 2016 03:19:27 42.84 13.15 mb 4.4
9 27 October 2016 03:50:24 42.99 13.13 Mw 4.2
10 27 October 2016 08:21:46 42.87 13.10 Mw 4.4
11 27 October 2016 17:22:23 42.84 13.10 ML 4.2
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Table 1. Cont.

No Date Time (UT) Latitude (°)  Latitude (°)  Magnitude
DAY 3
DAY 4
12 29 October 2016 11:58:07 0.09 15.79 ML 4.3
13 29 October 2016 16:24:33 42.81 13.10 mb 4.4
DAY 5
14 30 October 2016 06:40:18 42.84 13.11 Mw 6.5
15 30 October 2016 06:55:40 42.74 13.17 ML 4.1
16 30 October 2016 07:00:40 42.88 13.05 ML 4.1
17 30 October 2016 07:05:56 42.79 13.16 ML 4.1
18 30 October 2016 07:13:06 42.73 13.16 ML 4.5
19 30 October 2016 07:07:54 42.70 13.17 mb 4.2
20 30 October 2016 07:34:47 42.92 13.13 ML 4.0
21 30 October 2016 08:35:58 42.83 13.08 mb 4.6
22 30 October 2016 10:19:26 42.82 13.14 ML 4.1
23 30 October 2016 11:21:09 43.06 13.08 ML 4.1
24 30 October 2016 11:58:17 42.84 13.06 ML 4.0
25 30 October 2016 12:07:00 42.84 13.08 ML 4.6
26 30 October 2016 13:34:54 42.80 13.17 ML 4.6
27 30 October 2016 18:21:09 42.79 13.15 ML 4.2
DAY 6
28 31 October 2016 03:27:40 42.77 13.09 mb 4.3
29 31 October 2016 07:05:45 42.83 13.17 Mw 4.2
30 31 October 2016 09:38:13 43.26 17.88 ML 4.2
DAY 7
31 1 November 2016 07:56:39 43.00 13.16 Mw 4.9
DAY 8
32 2 November 2016 19:37:52 42.89 13.11 ML 4.0

3. Data Processing

The investigation of the excitations and attenuations of small-period waves by pro-
cessing the amplitude of the VLF signal in this study is based on the procedures applied in
previous relevant studies [27,28,30]. For this reason, we only list the main features of these
procedures in this section. In addition, Figure 3 provides a flowchart that visually explains
the processing steps.
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Figure 3. A flowchart explaining the processing steps in this study: (a) determination of the considered
time period using the Euro-Mediterranean Seismological Centre [32], (b) determination of the input
VLF data and corresponding data preprocessing, (c) time- to frequency-domain conversion using
the fast Fourier transform (FFT), and (d) data analysis. Data analysis relates to time dependencies of
(i) the Fourier amplitude Af for all values of wave periods T, (ii) Ap for wave periods around values
of T, for which wave excitations are visible around the time of earthquakes that occurred during
PWISA, (iii) mean values Ay, of Ap, and (iv) daily mean values Aggy, of Apym in the window
time intervals (WTIs) in the domain of T for which higher values are observed compared to the
surrounding ones.

3.1. Input Data

The input data were the values of the ICV signal amplitude recorded by the AbsPAL
receiver in Belgrade, Serbia. The time resolution of these data was 0.1 s.

Bearing in mind that not all values of the input data are relevant due to artificial
influences (e.g., the signal was not broadcast in certain periods) or due to the dominant
influence of other natural phenomena such as sunrise and sunset on their variations,
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the data were preprocessed before the analysis in the frequency domain. It consisted in
eliminating the data (i.e., replacing them with NaN values) recorded in the periods:

e In which the amplitude values were too low (this indicated the absence of ICV signal
detection). This process was carried out for all shown analyses.

¢ Around the amplitude minima that are characteristic during sunrise and sunset. These
data were only eliminated in cases where the increase in Ar was significant and only
in determining the mean daily values of the considered parameters.

3.2. Frequency Domain

The analysis in the frequency domain is made possible by applying the FFT to the
input data recorded in the time domain. As in previous studies, the FFT was applied to
window time intervals (WTIs) of 20 min, 1 h, and 3 h. In this study, the WTIs were shifted
by steps of:

e Ten minutes in all three cases in 3D representations of the Ag(T, tys) dependence;
e  Twenty minutes for analyses based on determining mean values in 20 min intervals

(so all recorded data were included in the analysis, and due to the non-overlapping

WTIs, a single value was included in the mean value representing only one WTI).

As in the mentioned earlier relevant studies, the Fourier amplitude Ag was represented
as a function of the wave period T, which corresponds to the reciprocal value of the
frequency f obtained directly by applying the FFT to the input data (T = 1/ f). A minimum
value of T of 0.2 s was determined as twice the time resolution of the recorded data, and
its maximum values depended on the observed WTIs and were half of their values, i.e.,
10 min, 30 min, and 90 min.

We emphasise at this point that although we observe dependencies on T, we use the
term “frequency domain” in this, as well as in previous relevant studies, because it is the
most common term found in the relevant literature and because of the very simple and
well-known relationship between these two physical quantities.

3.3. Data Analysis

The data analysis in this study can be divided into four parts:

*  Visualisation of the changes in Ar with WTIs which are represented by the times
of their beginnings t. for all values of T. The error in the determination of f
is equal to the time resolution of the recorded data (0.1 s). Bearing in mind that
it is significantly smaller than the value of ¢y, it can be considered approximately
negligible. This also applies to other analyses in which this parameter is used. In the
case of an error in the determination of T, there are two cases that depend on the values
of T. This explanation is given in [30] and is based on the fact that by applying the FFT
to data recorded at equidistant time intervals, equidistant values of f are obtained.
Given that T = 1/ f, the distance between neighbouring values of T increases with
it. The distance for small values of T can be calculated as AT = Af/f? = T?Af
where Af = 1/WTI and has values of 8.3333 x 10~* Hz, 2.7778 x 10~* Hz, and
9.2593 x 10> Hz for WTIs of 20 min, 1 h, and 3 h, respectively. The error for the
higher periods is determined by the absolute difference between a certain value of
T and the first larger discrete value of this parameter. In this study, only a visual
analysis was performed for higher values of T, so that error was only determined in the
first way.

*  Analysis of Ay in WTIs starting at t,,s for wave periods around values of T, for
which wave excitations are visible around the time of earthquakes that occurred
during PWISA. We performed analyses for all values of T, that are specified in [30]:
0.2000s, 0.2333 s, 0.3500 s, 0.4677 s, 0.7001 s, and 1.400 s. In order to take into account
the possibility of more significant changes in very close periods, we considered the
maximum value Ay, of Ag values for the considered T, and for 5 of its closest larger
and smaller values in WTI starting at t.s:
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Af(tws) = max{Af(Te(ie — 5 :ie +5),tws) }, 1)

where i. is the ordinal position assigned to the element that represents T, in the data
array for T. Taking into account the analysis of the error in the determination of T
in the previous point and the fact that this analysis is relevant for WTI = 20 min, it
can be approximately assumed that in this case, AT, = 5 x 8.3333¢ T2 s, where T, is
expressed in s.

*  Analysis of the mean values Apy,,, of Ar in WTIs starting at t,ys in the domain of
T for which higher values are observed compared to the surrounding ones. This
parameter was calculated as follows:

N .
Ame(tws) = %(ZJWS), (2)
where N is the total number of Ag values in the considered WTI for the chosen T
domain, and i is the ordinal position of a particular value in this array.
e Analysis of the time evolution of daily averaged values Agqy, 0of Apym in the domain
of T for which higher values are observed compared to the surrounding ones. This
parameter was calculated by the following expression:

_ Y21 Ar())
Ardm = —5 €)

where D is the total number of relevant Ar values in the considered day, and j is the
ordinal position of a particular value in this array. We emphasise here that incorrect
data were not considered in the respective analyses, so that D was not the same for all
days. The analyses were performed both for its absolute values in the considered T
domain and for its corresponding relative values r in relation to the reference domain

with Fourier amplitude A%} :

o Ade ) (4)

P = et
Ade

In this way, we analysed the localisation of the observed differences, which is signifi-
cant because, as seen in Section 4, in some cases, it is clearly visible, while in others, it
is not. From this, we can conclude that the corresponding changes in the value of Ag
over time have different causes.

The time evolutions of the mentioned parameters related to Ar were also compared
with the corresponding time evolutions of the relevant noise amplitude (denoted as Anoise
when referring to a particular WTI, and Apgisedm = Z]gl Anoise(j) / D when referring to a
particular day). The determination of Apg;ge is explained in detail in [36] and used in [30]
and the relevant references therein.

4. Results and Discussion

The investigation of the ICV signal amplitude changes in the frequency domain, which
can possibly be linked to processes in the lithosphere during the PISA in Central Italy from
26 October to 2 November 2016, was carried out in two phases. To distinguish the periodic
changes that occurred during the day, we first performed an analysis for a quiet period
(Section 4.1). Then, we studied the results of the FFT application on the signal amplitude
values recorded on the analysed days. In these analyses, Ar and the corresponding pa-
rameters are shown (a) for whole days, for all values of T (the dependences Ag(T, tws)
are shown in 3D graphs), for the selected values around T, for which wave excitations
were observed in the periods around the considered earthquakes that occurred during
PIWSA [30] (we present time evolutions of Af and Afrym), and (b) for a one-month period
that included the eight-day period as well as the periods before and after (we present time
evolutions of Aggm)-
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In the presented analyses, we excluded the intervals in which the recorded amplitude
values were visibly disturbed by unnatural influences (e.g., the time periods in which no
signal was emitted). In the analyses covering a period of one month, we also omitted the
intervals during sunrises and sunsets in which the amplitude noise was increased. In this
way, the influence of these factors on the analyses in the frequency domain was avoided,
which is important as they are not always clearly visible on the presented graphs.

4.1. Quiet Conditions

In this analysis, the determination of the characteristics of the considered VLF signal
under quiet conditions was complex. Namely, the seismic activity in Central Italy was
intensified aver a long time period. Therefore, it was not possible to single out an entire
day immediately before or after the eight-day interval analysed in this study during which
there were no earthquakes. For this reason, the analysis of the reference periods which are
intended to show the periodic changes in A was carried out for two days:

*  On 3 October 2010, when the conditions were quiet and not a single earthquake
was recorded.

*  On 25 October 2016 (the day before the analysed period), during which the amplitude
noise was stable with values around 2 dB except for a short period during the afternoon
when an earthquake of magnitude ML 3.9 occurred in Central Italy [29].

It is important to emphasise here that both selected days were in October, as was the
beginning of the observed eight-day period. In this way, possible seasonal variations in the
amplitude characteristics in the frequency domain were avoided.

4.1.1. First Reference Day: 3 October 2010
The dependence Ag(T, tws) during 3 October 2010 is shown in Figure 4.

WTI = 20 min WTI = 20 min

A ()

WTI=1h WTI=3h

Figure 4. Fourier amplitude Ag of waves with period T obtained by applying the FFT to the ICV
signal amplitude recorded on 3 October 2010 with window time intervals (WTIs) of 20 min (upper
panels), 1 h (bottom left panel), and 3 h (bottom right panel) starting at tws.
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In the upper left panel, which shows the time evolution of Ay (obtained by applying
the FFT to data in WTIs of 20 min) up to T = 5 s, no significant changes can be seen. In
other words, the potential changes in these domains cannot be periodic daily changes. In
the other three panels (upper left panel for WTI = 20 min, and lower left (WTI =1 h) and
right (WTI = 3 h) panels), periodic changes are visible for T greater than about 2 min. They
are manifested by increases in the Af values during the sunrise and sunset periods with
the highest values before 5 UT as well as after 15 UT and towards the end of a day.

The lack of changes for T < 5 s is consistent with the results in the quiet period
from 19:00 UT on 3 November 2009 to 4:00 UT on 4 November 2009 [30]. Moreover, the
mentioned variations for T longer than a few minutes are consistent with those obtained in
the corresponding analyses related to the time periods around the analysed earthquake
near Kraljevo (3 November 2010) [27] and the earthquakes near Kraljevo (4 November),
in the Tyrrhenian Sea and in the Western Mediterranean Sea [30]. We emphasise here
that although these are periods in which earthquakes with a magnitude greater than four
occurred, no additional changes due to seismic activity were observed for the mentioned
wave periods.

4.1.2. Second Reference Day: 25 October 2016

The dependencies of Ap(T, tys) during 25 October 2016 are shown in Figure 5. Com-
paring the obtained graphs with the corresponding ones from the previous figure, it can
be noticed that the descriptions of the observed variations are very similar, except for the
reduction in Af in the afternoon, when the noise amplitude is also reduced (as already
mentioned, this reduction can be associated with an earthquake in Central Italy). The only
significant difference is the higher Ag values in the T domain between about 1.4sand 2 s
compared to the values for the other T values during the day.

WTI = 20 min WTI = 20 min

2
s & T (min)

WTI=1h WTI=3h

5
e 8 T (min)

Figure 5. Fourier amplitude Ar of waves with period T obtained by applying the FFT to the ICV
signal amplitude recorded on 25 November 2016 with window time intervals (WTIs) of 20 min (upper
panels), 1 h (bottom left panel), and 3 h (bottom right panel) starting at tws.
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4.1.3. Comparisons of the Time Evolutions of Ap for Narrow Domains of T during the
Observed Reference Days

In previous analyses of earthquakes that occurred during PWISA, wave excitations
were observed at discrete T, values. In addition, higher values of Ar were observed in the
domain of T values between 1.4 s and 2 s on the second reference day (Section 4.1.2). To
analyse the expected values of Ar under quiet conditions for these specific T, we compared
their time evolutions for the considered two days, and their shapes with those of the
amplitude noise Apoise during the corresponding time periods. The following parameters
are shown in Figure 6:

e Upper panels: Maximum Ap values for each ts for six sets of 11 discrete T values
determined around the values 0.2000 s, 0.2333 s, 0.3500 s, 0.4677 s, 0.7001 s, and 1.400 s,
respectively (these values and their five closest lower and higher values). Based on the
explanation in Section 3, AT s for the given T in these analyses are 0.0002 s, 0.0003 s,
0.0006 s, 0.001 s, 0.003 s, and 0.009 s, respectively.

*  Middle panels: mean A values for T between 1.4 s to 2 s for each tys.

*  Bottom panels: the time evolutions of Apgise given in [29].

Upper panels:. T =0.2000s, T=0.2333s, T=0.3500s, T=04677s, T=0.7001s, T=1.400s
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Figure 6. Time evolutions of the maximum values of the Fourier amplitude A, for the observed wave
periods T and the five closest high and low values (upper panels), the mean values of the Fourier
amplitude Apyy, for the wave periods T in the domain 1.4-2 s (middle panels), and the amplitude
noise Appise (bottom panels) in each window time interval (WTI) starting at t.s for the reference
days 3 October 2010 (left panels) and 25 October 2016 (right panels).

In the upper left panel, it can be seen that all displayed dependencies for the first
reference day vary around very similar values throughout the day. This indicates that
there is no significant influence of solar radiation and its changes on the observed values
of A}, Apwm and Apise. In this case, all values of Ay are approximately within one order
of magnitude. Comparing the values of Apgise in the lower panels shows that its value
is slightly lower for the second reference day. A more significant difference for the two
observed days is visible in the upper panels. Namely, during the second day, a decrease
in Ay, is visible for all T, except for T, = 1.4 s. This difference increases with a decrease
in T, and is more than 10 times greater for Te = 0.2 s. In the case of Arym, higher values
are observed for the second reference day. In other words, these comparisons for a quiet
day outside the PISA and quiet parts of a day just before the PISA show a decrease in Af
values for the considered T < 1 s and their increase for the T domain from 1.4 s to 2 s for
the second considered day.

In the analysis of the second day, it is interesting to note that the reduction in Apgise
in the afternoon is followed by a decrease in Af, for all observed values of Te, except for
its lowest value (0.2 s) where an increase in Ay, is observed (this corresponds to the wave
excitation at this wave period). This is important to emphasise because this reduction in
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the amplitude noise can be related to the earthquake that occurred during its duration.
However, the wave excitation at this T, in periods around earthquakes that occurred during
PWISA were only registered for one event in the amplitude and phase analyses, which is
why they could not be associated with seismic activity based on previous analyses.

In addition, it can be seen that the effects of sunrise and sunset during the second
reference day, which are seen as peaks in the time evolution of Apise, cause increases in A},
for lower values of T,, while no pronounced changes are seen for the highest observed Te
and for the domain of T from 1.4sto2s.

4.2. Seismic Active Period

As in previous relevant studies [27,28,30] and in Section 4.1, the analysis of ICV signal
amplitude characteristics in the frequency domain was performed by applying the FFT
to data sets recorded with a time resolution of 0.1 s, and to WTIs of 20 min, 1 h, and 3 h.
The time evolutions of the processed signal amplitude during the observed days (from
26 October to 2 November 2016) are given in [29].

Bearing in mind that each displayed data point refers to the entire considered WTI,
the accuracy of determining the time of occurrence of changes depends on its duration,
and it was the best for WTI = 20 min and worst for WTI = 3 h. For this reason and due
to the fact that the maximum relevant values of T are equal to half of the time interval to
which the FFT is applied, the analysis of the changes was performed separately for three
domains of T. These domains were between 0.2 s and 10 min (small wave periods), 10 min
and 30 min (medium wave periods), and 30 min and 90 min (large wave periods), where
Ar was obtained by applying the FFT to WTIs of 20 min, 1 h, and 3 h, respectively.

In the following analyses, the incorrect values were discarded as follows:

¢ The data in the period 9:00 UT-12:20 UT on 31 October were not processed in all
analyses, as no ICV signal was detected in that period. This can be seen from the time
evolution of its amplitude which is shown in [29]. For the same reason, the data from
parts of several days that were considered for examining the beginnings and ends of
multi-day changes were removed.

* In the case of an increased Ap, the recorded data in the periods of sunrise and sunset
were not taken into account in the analyses of the daily values of Apym and Anoige-

In this way, the influence of changes in the signal characteristics due to clearly visible
artificial influences and other phenomena that occurred at sunrise and sunset was avoided.
In the time periods relevant to the second case, Ap was displayed in 3D graphics to
visualise the effects of changes in incident radiation in the morning and evening. This is
also interesting because in previous studies, no differences were visible for small values of
T in these periods of the day compared to others.

4.2.1. Small Wave Periods

Based on the results of previous studies and the changes presented in Section 4.1, it
can be concluded that analysing wave changes in the small-wave-period domain is the
most important. In this domain, we analysed the following:

e  The existence of wave excitations at T, of 0.2333 s, 0.3500 s, 0.4677 s, 0.7001 s, and
1.400 s, which were visible in the cases of the previously analysed earthquakes that
occurred during PWISA;

*  Values of Apym for the domain T from 1.4 s to 2 s, which were higher than other close
values of T on almost all days from 26 October to 1 November;

*  Attenuations of the waves at low wave periods.

Analyses of 3D graphs: The 3D graphs obtained by applying the FFT to the WTI of
20 min are shown in Figure 7 in two parts for each day, as the A values for lower and
higher values of T were very different. The threshold value was T = 5s. Low values are
shown on the left, and higher values on the right.
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Figure 7. Cont.
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Figure 7. Dependencies of the Fourier amplitude Ar on the wave period T and the start time tws of
the window time intervals (WTIs) from 26 October to 2 November 2016. The results of applying the
fast Fourier transform to the WTI of 20 min for T <5sand T > 5 s are shown in the left and right
panels, respectively.
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Before analysing the wave excitations and attenuations, it is important to note the
following changes compared to the results of the analyses of the reference days in Section 4.1
and the studies presented in [27,30]:

*  With the exception of time intervals of a few hours on 26, 29, and 31 October and on
1 November, the Ay values for 2s < T < 5 s were significantly lower than the values
given for the reference days in Figures 4 and 5. During the isolated intervals, Angise
was approximately equal to the values recorded on quiet days (see [29] and Figure 8).

e Although it is not noticeable on the 3D graphs due to the significantly smaller values
of Ap compared to their maximum, the values of this parameter for a small T were
about an order of magnitude smaller than the values recorded on the first reference
day (3 October 2010), which was also true for the values recorded on 25 October 2016
(the second reference day). This can be clearly seen in Figure 8.

e When the Ar values were small in the periods of sunrise and sunset, smaller increases
in Ag were observed for T < 5 s in the short term.

From the 3D graphs presented in Figure 7, it can be seen that there are no long-
term pronounced increases in Ag at discrete values of T, including those for which wave
excitations with onset prior to the observed earthquakes were visible in previous studies.
Although short increases in Ar compared to its surrounding values were observed on all
days, the obtained values were lower than those observed on quiet days.

Higher values of Af in the domain of T from 1.4 s to 2 s compared to the others for
T < 5 s were observed on all days from 26 October to 1 November with shorter interrup-
tions on 26, 27, and 30 October. However, these higher values were only approximately
comparable to those obtained on quiet days , except in short-term periods when significant
increases were visible. These increases were observed on all days except 30 October and
are analysed in more detail in the description of Figure 8.

On the last observed day, the Ar values were very low throughout the day, with the
exception of shorter intervals for the isolated domain T (around 9 UT and 17 UT). In the
second case, Ar reached the highest values in the observed eight-day interval (about 1 dB).

In addition to the mentioned variations, a shift of higher Ay values from the mentioned
domain to the domain of T values from about 0.4 s to about 1 s was observed. In the
observed time interval, this change was only registered on 30 October. The largest number
of earthquake occurred on that day (268, see Figure 1). However, they occurred throughout
the day and it is not possible to establish a connection between the aforementioned changes
and the occurrence of an earthquake. On the other hand, the time evolutions of the
signal amplitude and its noise indicated a sharp decrease in the value of both these signal
parameters (amplitude noise reduction of Type 3) in the period of the shift of higher Ay
values to smaller wave periods. The ends of the mentioned changes in all three parameters
were towards the end of that day when the higher values of Af returned to the original
domain of T with higher values.

The comparison of time evolutions of Ag for small wave periods for T > 5 s (right
panels in Figure 7) with corresponding graphs for reference days (upper right panels in
Figures 4 and 5) shows that there are no significant changes that can be associated with
the PISA. Namely, the largest increases in A for these values of T were before 5 UT, after
15 UT, and toward the end of a day or around midnight, which was already registered
during the two observed days in Section 4.1. The only changes could be observed on
1 November, when the latter two mentioned increases were not observed due to lower
values of Af in that period of the day than in other cases, but they coudl not be associated
with seismic activity.
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Figure 8. Time evolutions of the maximum values of the Fourier amplitude Ay, for the observed wave
periods T, and the five closest higher and lower values (upper panels), the mean values of the Fourier
amplitude Agy, for the wave periods T in the domain 1.4-2 s (middle panels), and the amplitude
noise Anpise (bottom panels) in each window time interval (WTI) starting at t for the period from
26 October to 3 November 2016. The shown blue, green, and red vertical lines indicate the times of the

earthquakes with magnitudes between 4 and 5, between 5 and 6, and greater than 6, respectively.
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Analyses of A}, for the wave periods T. and Afy, between 1.4 s and 2 s. To visualise
and compare the described changes in the Fourier amplitude more clearly and to compare
the changes in the frequency and time domains, we show the relevant dependencies in
Figure 8. The time evolutions of Ay for T, and the mean values Agym of Af for T in
the domain 1.4-2 s are presented in the upper and middle panels, respectively. The time
evolution of Apeise is given in the lower panels, where the times of the earthquakes in
Central Italy given in Table 1 are marked with vertical lines. The values for A; and Agym
are determined using the procedure explained in Section 3, while the procedure for the
determination of Apise is developed in [36] and explained in earlier studies (see [30] and
references therein).

As one can see in the middle panels of Figure 8, significant short-term increases
in the Apym values were observed on all days except 30 October. Their maxima were
sometimes preceded by the maxima of Ay, at all T (except in some cases for its maximum
value). However, due to the occurrence during the larger values of Apgise and due to the
end before the shown times of stronger earthquakes, these wave excitations had different
characteristics than those recorded in previous studies at T, (they lasted throughout the
reduction in the signal amplitude noise and end after the considered earthquake). Moreover,
there was no regularity in their occurrence with respect to the occurrence of stronger
earthquakes, which is why they are probably the consequence of other phenomena.

The analysis of the shapes of the displayed dependencies indicated that there were
no wave excitations at low periods T and in the observed domain T from 0.4 s to 2 s in
the periods around the stronger shown earthquakes. At the same time, it can be seen that
these shapes were more similar to the shape of the time evolution of Apgise. In addition, if
we compare their values with the relevant values obtained for the reference days, we can
conclude that they are more similar to the reference day that preceded the observed PISA.
This is very important because it opens the question of whether the PISA can be predicted
on the basis of these parameters (or whether long-term seismic activity can be expected
after the first strong earthquake). This possibility should be examined in the analyses of
the beginnings of a statistically significant number of PISAs.

Long-term analysis of Agq,, for T between 1.4 s and 2 s. As already mentioned,
seismic activity was present in Central Italy before and after the observed PISA. In addition,
the analysis of the amplitude noise in [29] in October 2016 (end of 24 October) showed
that its values were below 2 dB, which differed from the expected state in quiet conditions.
Only two multi-hour periods were observed in this interval (approximately from 3 UT to
8 UT on 13 October and from 6 UT to 11 UT on 15 October), which can be provisionally
considered as quiet periods.

In this study, we investigated the daily mean values of Apyp, in the T domain from
1.4 sto 2 s, denoted as Aggm, in @ one-month time interval from 10 October to 10 November
2016. In addition to analysing the absolute values of this parameter, we give their ratio
(r = Apdm/ A;ﬁfm) to the corresponding values of A{f;m in the reference domain T, which
was taken from 2.4 s to 3 s (no deviations in Af in this domain from the corresponding
values for the surrounding values of T were recorded). The obtained results are shown in
Figure 9, where the bottom panel shows the daily mean averaged values of the amplitude
noise (this time evolution was added to compare the changes in the time and frequency
domains). In contrast to the analysis in [29], all shown values were determined only for
intervals in which their values were not influenced by other known factors (see Section 4).

In the upper panel of this figure, the variations in Ay, with the maximum value
of 0.4517 dB (17 October) can be seen. Bearing in mind that the corresponding value for
3 October 2010 and the first half of 25 October 2016 (when no earthquakes were recorded)
were 0.0929 dB and 0.1236 dB, respectively, it can be concluded that Agq,,, was smaller than
the expected values during quiet conditions in the entire considered period. The smallest
values were found at the beginning and at the end of the observed interval, when larger
relevant values were obtained for the reference T domain (seen in the middle panel (r < 1)).
The peak values were visible throughout the entire observed interval, so they could not
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be associated with the PISA. On the other hand, higher values of Apg4,, were obtained
in relation to AX! during the entire considered PISA (more significant deviations were
obtained on 6 out of 8 days), which was not the case in the periods before and after. Namely,
the relevant increase was only visible on 13 and 23 October, while the considered values
were similar for other days (r was approximately one). If we compare the upper and middle
panels with the bottom one where the values of Apgiseqm are given, we can see similar
shapes of the changes in Aggy, in the frequency domain with the specified parameter in the
time domain. Looking at the variations in 7, it can be concluded that the changes in the

time domain are more visible at the lower observed values of T.
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Figure 9. Time evolutions of the daily average values of Ay, in the T domain from 1.4sto2s,
denoted as Apgqp, (upper panel), its ratio (r) to the corresponding values of Af;’if,m in the reference
domain T, ranging from 2.4 s to 3 s (middle panel), and the daily mean amplitude noise A gisedm
(bottom panel) for the period from 10 October to 10 November 2016.

The mentioned changes before and during the PISA are potential precursors of this
period in the frequency domain. Their differences from the changes recorded before the
earthquake during PWISA are very significant as they can indicate long-term earthquake
hazards. As in previous relevant studies, these assumptions should be tested in statistical
analyses. Analysing other independent data is also necessary to explain the detected
changes. Namely, VLF signals spread between transmitters and receivers located several
hundred or thousand kilometres apart in the Earth-ionosphere waveguide, which is over
70 km high during the daytime and over 80 km high during the nighttime. As the amplitude
and phase values recorded by a receiver provide information about the integral changes of
a signal in this entire space, it is not possible to spatially localise the cause of the detected
changes using these measurements alone.

4.2.2. Medium and Large Wave Periods

To analyse medium (10-30 min) and long (30-90 min) wave periods, we used the results
of the FFT application on WTIs of 1 h and 3 h, which are shown in Figures 10 and 11. The
conclusions from comparing these graphs with the corresponding graphs in Figures 4 and 5 are
the same as those mentioned in Section 4.2.1 for 5s < T < 10 min. In other words, no changes
that can be associated with seismic activity were observed in these T domains compared to the
reference days.
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Figure 10. Dependencies of the Fourier amplitude Ar on the wave period T and the start time tys of

the window time intervals (WTIs) of 1 h from 26 October to 2 November 2016.
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Figure 11. Dependencies of the Fourier amplitude Ap on the wave period T and the start time fys of

the window time intervals (WTIs) of 3 h from 26 October to 2 November 2016.
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We point out here that the upper limit of T of the domain in which Af values are lower
than expected in a quiet period is several minutes or in the domain of medium wave periods.
Its exact determination is not possible due to the long time period of the aforementioned
reduction and variability in Af, and also due to the fact that the determination of this
parameter is approximately possible even for short time intervals of a few dozens of
minutes.

4.3. Analysis of the Reliability of the Relationship between Recorded Signal Changes and Seismic
Activity and Possible Influences of Other Phenomena

Changes in VLF signals used to monitor the ionosphere can be the result of numerous
influences from processes and phenomena both from space and from the Earth’s layers.
They relate to meteorological and geomagnetic conditions (influences of changes in the
atmosphere on VLF signals are shown in numerous papers, see, e.g., [37] and references
therein), as well as to extraterrestrial radiation (changes in the VLF signal are most strongly
influenced by solar X-ray flares [38-43], and the possibility of a multi-hour influence of
gamma ray bursts on these signals has also been confirmed [44]).

In some cases, changes in VLF signals caused by different phenomena have the same
or very similar characteristics. In addition, the detection of some phenomena depends on a
large number of parameters, leading to differences in their characteristics. Therefore, statis-
tical studies are necessary to confirm certain correlations. In the case of earthquakes, this
confirmation is very complex because the perturbations are local, and there are numerous
parameters that can influence detection. They relate to:

¢  Earthquake characteristics (characteristics of the location where it occurred, the depth
at which it occurred, its magnitude);

*  The occurrence of other earthquakes (near the epicentre of the observed earthquake or
at distant locations that are also near the propagation path of the observed signal) and
their characteristics;

*  The epicentre position in relation to the propagation path of the observed signal (their
mutual distance, the epicentre position in relation to the considered transmitter and receiver);

*  The state of the atmosphere during the analysed period;

*  Characteristics of the observed signal, including parameters relevant to the observed
transmitters and receivers.

For these reasons, research into the relationship between changes in the VLF signal
and seismic activity should be divided into the following phases:

¢ Phase I: diagnostics of changes that can be regarded as potential precursor of an
earthquake given the defined characteristics of the recorded parameters.

*  Phase II: determining the parameters that characterise these changes based on the
smaller number of earthquakes in the case of PWISA, or the smaller number of PISAs,
and the appropriate criteria to distinguish them from other potentially similar changes
caused by other phenomena.

e Phase III: analysis of these parameters and criteria using a statistically significant
number of appropriate samples for one signal.

¢  Phase IV: appropriate statistical analyses for several transmitters and receivers, which
should (a) verify the results obtained in the previous phase and reveal possible dif-
ferences for different signals and receivers and (b) provide detailed analyses of the
observed changes in space.

The development of suitable warning systems can begin only after the potential
confirmation of the observed connections, the definition of relevant parameters and criteria
for different conditions in the mentioned phases, and the development of software for the
automatic detection of defined changes.

Relevant studies on VLF signal changes a few minutes or dozens of minutes before an
earthquake are recent (the first paper was published in 2020) and can be considered as pilot
studies. In the case of the earthquake precursor analyses during PWISA, there are studies
relevant for Phase I and II, and investigations for Phase III are ongoing. In the case of the PISA,
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the studies in Phase I are still ongoing. Our plan is to continue this research in all remaining
phases, which includes not only analysing the data but also forming a new network of relevant
receivers and involving other researchers and/or groups in further work.

It is important to emphasise that there were no significant impacts of other natural
phenomena during the observed period. This analysis is given in [29] and refers to the
influence of meteorological and geomagnetic conditions. These checks were carried out on
the basis of the data presented in [45-47]. In addition, technical problems during reception
were excluded in the aforementioned study.

5. Conclusions

This study presented an analysis of the VLF signal amplitude in the frequency domain
during a period of intense seismic activity in Central Italy, where 907 earthquakes were
registered from 26 October to 2 November 2016. The presented research was carried out
within the framework of the investigation of new potential earthquake precursors, which
manifest themselves in changes in VLF signal amplitude and phase characteristics in the
time (reduction of amplitude/phase noise) and frequency (excitation and attenuation of
waves at small periods) domains. In general, the contribution of this investigation to the
relevant studies on earthquake precursors is the result of the improvement of the observed
data time resolution from the usual several dozens of seconds or minutes to 0.1 s. This
made it possible to see the following:

* A reduction in the VLF signal amplitude and phase noises;
*  The detection of excitations and attenuations of waves at small wave periods, which
can be less than 1 s.

These were not observed with the previously used data. These changes started only
a few minutes or a few dozens of minutes before an earthquake, which is a significantly
more accurate prediction than other methods that detect changes a few days before an
earthquake. In addition, the existence of differences in the observed changes indicated the
potential possibility of predicting long-term earthquake hazards.

In this study, relevant analyses in the frequency domain related to the seismically
active period were presented for the first time. They represented a continuation of the
research given for the time domain, in which the changes before earthquakes in that period
were already shown in the form of long-term reductions in the amplitude noise.

The results presented in this study were obtained by processing the amplitude values
of the signal emitted by the ICV transmitter in Italy and received in Belgrade, Serbia. They
showed changes in the observed amplitude characteristics compared to quiet conditions
and differences compared to changes observed in periods around earthquakes that did not
occur during the period of intensive seismic activity in the localized area. The conclusions
of the presented research are as follows:

* Changes in the observed period relative to quiet conditions were visible for small
values of the considered wave periods. This is consistent with previous analyses of
earthquakes that did not occur under the considered seismic conditions.

*  Reduced values of the Fourier amplitude (indicating wave attenuation) were visible
in a longer time interval (a longer time interval was observed from 10 October to
10 November). Therefore, it was not possible to determine whether this change was
related to seismic activity or caused by some other influence.

*  Inthe domain of wave periods from 1.4 s to 2 s, higher values of the Fourier amplitude
(close to the values expected in quiet conditions) were observed compared to its values
for near wave periods. This increase was evident during and just before the observed
period, indicating the possibility of a link with seismic activity.

e Wave excitations at discrete values of wave periods below 1.5 s, found in previous
studies associated with earthquakes that did not occur during intense seismic activity,
were not registered.
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Even if there is no correlation with seismic activity, it is interesting that the Fourier
amplitude for wave periods of less than 5 s increased in the periods around the minimum
signal amplitude during sunrise and sunset. These values were much smaller than those
recorded during quiet days, which is why the corresponding changes were not observed
under quiet conditions.

Since the changes compared to quiet conditions were noticeable and different from
those observed in the analyses of earthquakes that did not occur during periods of intense
seismic activity, this study indicates the possibility of predicting relevant hazardous periods.

The main limitation of this study is the fact that only one period of intense seismic
activity was considered. For this reason, it is necessary to perform the presented analyses
for a larger number of these periods in order to obtain statistically significant conclusions
and to be able to make a more reliable comparison with changes in VLF signal amplitude
characteristics before earthquakes that occur during and outside of these periods. To study
the possibility of defining the relevant parameters related to the reduction in the Fourier
amplitude and the occurrence of their higher values in certain domains of the wave periods
is of utmost importance for the prediction of the duration of the earthquake hazard. For this
reason, it is important to point out that it is necessary to include the relevant databases of
as many groups as possible in this investigation in order to collect a statistically significant
number of these periods.
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