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Abstract: The earthquake alert of the early warning systems is based on the delay that the S waves have in
reference to the P waves and on the interpretation of the P waves’ specific parameters. One of the most used
parameters for estimating the moment magnitude of an earthquake is the characteristic period measured in the
first 3 seconds of the appearance of the P wave. The typical method determines the characteristic period in the
time domain, based on the velocity wave and the displacement wave. In the present work, we present a method
for estimating the frequency of the characteristic period. This method includes zero padding of the P wave
sequence, conversion of the extended sequence from the time domain to the frequency domain, the
identification of local frequency maxima and the calculation of the weighted average of the frequency based
on the identified maxima. Tests conducted on synthetic signals, as well as standard deviation evaluation tests
for simultaneous recordings on several stations, reveal better performance to the usual method.
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1. Introduction

An earthquake occurs when a fault in the Earth's crust slips, a phenomenon that arise very often.
Large earthquakes emerge similarly as small earthquakes, but continue to grow as long as the force
applied to the fault is greater than its resistance. Each one-unit increase in magnitude is associated
with a rupture approximately 5 times longer (for example, a 5Mw earthquake is caused by a slip on
a fault about 2 kilometers long, while a 6Mw earthquake is caused by a slip on a fault about 10
kilometers long).

Earthquakes repeatedly rupture a given part of a fault, hence the concept of a seismic cycle. This
basic cycle should not be interpreted as a typical recurrence of time, but as a slipping behavior, where
time scale ranges from regular earthquakes to slow slips events. It is acknowledged that a seismic
cycle comprises six main stages: (1) Over years, small and medium active faults with increased
friction break continuously, resulting in a uniform rate of seismicity. (2) Asperities on the fault surface
become locked, resulting in stress accumulation and decreasing seismic activity. (3) Days before the
largest earthquake in a sequence (main-shock), important asperities progressively break along some
sections (the foreshock stage). (4) Over a scale of hours, accumulated stresses overcome friction and
blockages in the main asperities, causing the largest magnitude earthquake of the cycle. (5) Stress
relaxation occurs and many aftershocks of smaller magnitude are generated over several weeks or
months; this stops when new asperities become locked. (6) Lastly, the system returns to the initial,
long-term, state [1]. Following the seismic cycle, where six energy transition phases are succeeding,
results that the occurrence of an earthquake can be assessed using entropy. The first three phases
(inter-seismic period) are characterized by low entropy and the last two phases (post-seismic period)
are characterized by progressively decreasing entropy, returning to the initial state. The highest
entropy value is found during the main-shock, in phase 4, as the rupture process triggers earthquakes
with magnitudes of all sizes in a disordered way. The seismic studies are founded on various
meanings of the entropy concept, depending on the scientific perspective: in statistical physics,
entropy is related to the numbers of microscopic configurations of a thermodynamic system,
specified by macroscopic variables. In statistical mechanics, entropy, observed as a macroscopic
disorder, is a measure of the number of microstates in which a system can be arranged (the higher
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the number of microstates, the higher the entropy [2]). In information science, entropy is defined as
the sheer amount of information needed to specify the full set of microstates of the system [3].
However, entropy is used along with other physical quantities to describe quantitatively the chaotic
and non-linear behavior of earthquakes, of any size and in any environment [4]. Pursuant to the
premise of seismic cycles, stress builds up for an extended period over a large portion of a fault and
then is released suddenly in a large earthquake [5], so the probability of a particular portion of a fault
rupturing twice in quick succession should be low and large earthquakes might be quasi periodic [6].

The intense ground motions caused by an earthquake pose a major hazard to the population
living in the vicinity of the epicenter and can cause substantial damage to roads, buildings and other
infrastructures. Among natural disasters, earthquakes account for about a fifth of economic losses
and are responsible for an average of about 20,000 deaths per year.

At the moment it is impossible to accurately foresee the moment or the place of a destructive
earthquake occurrence. Estimation for anticipating near the event can be computed with early
warning systems (EEW - Earthquake Early Warning). If the rupture expansion process of a large
earthquake is predictable and if it produces observable signatures different from that of smaller
events are fundamental questions related to the potential for earthquake early warning and
probabilistic forecasting [7]. The densification and technological evolution of seismic monitoring
networks, as well as the exponential growth of computing resources, provide the opportunity to
explore seismic sources at new time and frequency scales, significantly improving the level of
detection. Despite the noticeable advances of early warning systems, they must be refined from the
point of view of maximizing the warning time and minimizing the number of false alarms [8].

Beside the moment and location, the predictability of an earthquake size is equally important.
To determine how different the earthquake rupture and radiated seismic waves of different-sized
earthquakes are, is a classic issue in seismology [7]. The initial waveforms of large earthquakes are
complex, but the very beginnings can be similar to those of small events. There was confirmed in [9,
10] that closely located earthquakes share quite similar initial waveforms, despite their magnitude,
most waveforms being indistinguishable during the first 0.07 s. This evidence appoints that, from a
practical perspective, the onset of a seismic waveform is not a sufficient input for the efficient
operation of the EEW systems, for any size and location of earthquakes, and that there is a need to
include in detection algorithm design for specific estimation methods. EEW systems can trigger
anticipative alarms because the onset of the earthquake is achieved by non-destructive primary P
waves and continues with destructive secondary S waves. Since P waves have a higher travel speed,
they will reach their destination first and can be a source of information regarding the destructive
waves that will reach their destination later. Although the speed of movement of P and S waves
(elastic waves) varies depending on the composition of the soil, the ratio between the two speeds
remains relatively constant, with P waves moving approximately 1.7 times faster than S waves. The
earthquake warning of EEW systems is based on the delay that S waves have related to P waves. This
delay increases with the distance from the epicenter of the earthquake. For example, at 200 km from
the epicenter, the S wave arrives about 20 seconds behind the P wave. The warning based on the P
wave is used to allow the movement of people to the safety point of the building, or for the automatic
activation of some control devices (stopping the gas supply, stopping the electricity supply,
unlocking access doors, slowing down the speed of trains, etc.). The relatively short time between the
warning (P wave) and the destructive start of the earthquake (S wave) does not allow occupants
leaving the building. All inhabitants should have established in advance, a maximum safety place
inside to take shelter in case of an earthquake.

The concept of EEW was first introduced by J.D. Cooper in 1868 [11], proposing the installation
of seismic sensors that would transmit an electrical signal when an earthquake occurs, but the
practical implementation was achieved barely in 1960, within a high-speed train derailment
avoidance system in Japan [12].

After several decades of development, EEW systems are currently operational and provide alerts
to population (Japan, Taiwan, Mexico, South Korea), institutions or limited users (India, Romania,
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Turkey, and the West Coast of the United States), or are under development or testing (Italy, Chile,
Costa Rica, EI Salvador, Nicaragua, Switzerland, Israel, Beijing and the Fujian region of China) [13].

Within an EEW system, the following sequences may exist between the occurrence of an
earthquake and the triggering of an alarm [14]:

e  earthquake detection, based on the STA/LTA ratio (Short Term Average / Long Term Average);

e estimating the distance to the place of earthquake’s occurrence, based on the difference between
the arrival time of the P wave and the arrival time of the S wave, knowing the propagation speed
ratio;

e  estimation of the Mw magnitude, based on specific parameters of the P wave;

e estimating the intensity of the earthquake for a place of interest (target site), or PGA (Peak
Ground Acceleration);

e  alarm decision.

The core of the algorithm is the estimation of the earthquake’s magnitude. The assessment is
made using the displacement waveform and must contain as much of the low frequency component
of the frequency spectrum as possible to avoid magnitude saturation [15].

Among the first P wave parameters used for magnitude estimation is the predominant period
defined as the period corresponding to the maximum amplitude in the frequency spectrum of the
displacement [16, 17]. An approach to the predominant period, based on the velocity wave, is
presented in [18] and is known as the tp method. Since this method contained numerous limitations
related to the sampling frequency and the signal processing, an improved version was proposed in
[19], where the predominant period is continuously calculated and its maximum value (tp max) is to
be determined. Another magnitude estimation parameter is the characteristic period tc. It refers to
both the velocity wave and the displacement wave, being much more stable than tp max [20]. In
current studies, the characteristic period is the most ordinarily used parameter for magnitude
estimation with regard to the Pd (peak of the displacement wave) [21, 22] or alongside other
geophysical parameters, as input data of neural networks [23, 24].

EEW systems are not proper accurately; there is the possibility of providing results that can lead
to false alarms. Choosing a small alarm threshold (estimated Mw) can trigger the alarm even though
the earthquakes are small, and choosing a large alarm threshold can omit triggering an alarm in case
of a large earthquake [25].

2. Methods

To define the characteristic period, were used the ground displacement wave (vertical
component) u(t) and the velocity u(t), for which the ratio r, defined as follows, was calculated:

J,0 w3 (t)de
T =

- 1
IIOLE W

where the integration is over the time interval (0, to) after the onset of the P wave. Typically, to is set
to 3 seconds. Using Parseval's theorem, according to which states that the energy of an aperiodic
signal or the power of a periodic signal in the time domain is equal to the energy or power in the
frequency domain, there results:

I Ol
Iy 1a(H12df
where fis the frequency, #i(f) is the frequency spectrum of the displacement wave u(t), and (f?) is the

average of f2 weighted by 11(f) |2
The period being the inverse of the frequency, it can be written as the characteristic period to be:

4%(f?) ()
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Although the characteristic period of the P wave is calculated based on the ratio 7, as can be seen
in (3), the characteristic period can also be expressed based on the frequency spectrum of the
displacement. More precisely, the squared characteristic frequency is the average of the squared
frequencies weighted by the square of the amplitudes in the frequency spectrum:

_ AR A A A
A2+ A2+ -+ A%

fe? (4)

where Ai...An are the amplitudes of the spectral components, and fi....f» are the frequencies of the

spectral components. These values of the spectral components are obtained by applying FFT (Fast

Fourier Transform) to the displacement sequence in the time domain (FFT is a common tool used to

differentiate seismic signals from ambient ones or those produced by explosions, because the

generated spectra can be thus distinguished). At some point, the FFT analysis technique can lead to
pitfalls like:

- Sampling may lead to the appearance of the aliasing effect (refers to an effect that causes
different signals to become indistinguishable or doubles of each other because a sample rate
below the Nyquist rate for a particular signal or too high frequencies present in the signal for a
particular sample rate);

- Limiting the acquisition time may cause signal losses or spectral leakage;

- The discrete frequencies in the calculated spectrum may determine the resolution bias error, or
"picket fence effect” [26] (when frequency information is only accurate at specific intervals (bins),
centered between sample locations).

To remove the errors introduced by the picket fence effect, two methods are available: zero
padding [27] and FFT interpolation (IpFFT) [28]. For the presented method, zero padding is the
solution used to reduce the distance between bins in frequency, by increasing the sequence of the
investigated signal by adding zeros to its end, before the FFT is applied. The extension of the seismic
signal with null samples will not negatively influence the application of the method because it is only
desired to obtain a specific length of the signal, the studies proving that this is a viable alternative
method that improves the readability of the signal frequency [29, 30]. The increased length of the
signal has the consequence of decreasing the width between consecutive spectral lines, thus a finer
frequency resolution.

Structurally, as can be seen in Figure 1, the method of calculating the characteristic period in the
frequency spectrum includes the following steps: from the earthquake displacement waveform (a),
are extracted the first 3 seconds of the signal (b), the retrieved sequence is padded with zeros (c) and
FFT is applied in order to obtain the frequency spectrum (d). At the level of the frequency spectrum,
the local maxima (e) are identified, through which the weighted average of the characteristic
frequency is calculated (eq. 4), and implicitly its inverse.

In order to test the proposed method, a comparative study was carried out between the classic
method, from the time domain that uses the ratio between speed and displacement (M1), the method
from the frequency domain based on eq.4 for calculating the characteristic frequency (M2) and the
proposed method (M3). The test signals on the basis of which the characteristic frequency and the
characteristic period were calculated, are signals synthesized by summing sinusoidal signals with
imposed frequencies and amplitudes. The reference frequency, against which the absolute error was
calculated, was obtained using the signal synthesis values (the amplitudes and frequencies of the
sinusoidal signals summed to obtain the test signals). The framework of signals acquisition is similar
to the physical one used in the acquisition of the seismic signals: sampling frequency 200 Hz,
acquisition time 3 seconds, total number of acquired points 600.
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Figure 1. Attainment of the characteristic period of the seismic P wave estimation in the frequency

domain.

3. Results

Herein was developed a method for calculating the characteristic period of the P wave of
earthquakes based on the frequency spectrum of the displacement wave. Three types of validation
tests were carried out, one with signals containing a single spectral component (a pure sinusoidal
signal), one with signals with two spectral components and one with three spectral components,
having different values of frequencies and amplitudes.

Testing with a signal having single spectral component (Figure 2). A set of sinusoidal signals
of 3 units amplitude was used, for which the frequency was varied between 0.3 Hz and 20 Hz, the
range covering the area of interest for EEW systems. The variation step was 0.1 Hz. For each signal,
the characteristic frequency and the characteristic period were calculated by the three methods (the
time-domain classic method M1, the frequency-domain method M2 and the proposed method M3)
and the absolute errors compared to the reference were determined. The column of graphs on the left
in Fig. 2 shows the absolute errors for the characteristic frequency and the column on the right for the
characteristic period, for the three methods M1, M2 and M3.
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Figure 2. The absolute error graph of the three compared methods, in frequency-domain (left) and
time-domain (right) calculation, for singular spectrum signal.

It can be observed that for all methods the errors increase with the decrease of the frequency and
implicitly with the increase of the period. The M2 method presents almost double absolute errors
compared to the classical method M1, while the proposed method M3 presents errors reduced to at
least one third compared to the classical method.

Testing with a signal having two spectral components (Fig. 3.a). There was used a set of
synthetic signals from a sinusoidal signal of 8 units amplitude and 0.9 Hz frequency and a
sinusoidal signal of 3 units amplitude, for which the frequency was varied between 0.3 Hz and 20
Hz. For each signal, the characteristic frequency and the characteristic period were determined by
the three methods, then were calculated the absolute errors compared to the reference (parameters
imposed on the signal synthesis) and plotted in Fig. 3.a. It can be observed within this test as well,
for all methods, the errors increase with decreasing frequency and increasing period. The M2 method
presents almost double errors compared to the classical method M1, while the proposed method M3
presents errors reduced to at least one third compared to the classical method.

Testing with a signal having three spectral components (Fig. 3.b). There was used a set of
synthetic signals from a sinusoidal signal of 8 units amplitude and 0.9 Hz frequency, a sinusoidal
signal of 2.7 units amplitude and 1.3 Hz frequency and a sinusoidal signal of 3 units amplitude, for
which the frequency was varied between 0.3 Hz and 20 Hz. Similarly, the frequencies and
characteristic periods were calculated by the three methods. Comparing the absolute errors from
Fig.3.a with Fig.3.b in the corresponding domain, it is found that there is no change in the ratio
between the errors of the three methods with the increase in the number of harmonics. This fact
asserts the proposed method leads to a reduced standard deviation compared to the classical method,
also for multicomponent waveforms.
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Figure 3. The absolute error graph of the three compared methods, in frequency-domain (left) and

time-domain (right) calculation, for multicomponent signal — two spectra (a), three spectra (b).

Standard deviation evaluation. A comparison was made between the classical method and the
proposed method, subjected to the dispersion of the values of the characteristic period of an
earthquake, when several stations that simultaneously record an event are taken into account. Thus,
for a given earthquake, characterized by the seismic waves recorded at N different stations, the
average value of the characteristic period and the standard deviation were calculated. This reasoning
was applied on the vertical waves of 3 earthquakes occurred 2023, having the main parameters render
in Table 1, whose records at 200 Hz were taken from the (ESM Database [31]).
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Table 1. Standard deviation of the seismic characteristic period calculated with time-domain
method (M1) and proposed method (M3).
No. of Classic method (M1) Proposed method (M3)
0.0
Magnitude  Dmax ) Standard Standard
Event /Date stations Mean [s] L. Mean [s] L.
[Mw] [km] _ deviation [s] . deviation [s]
(N) T, T,
s(Tc) s(Te)
20230621_0000149/
- 4.1 11 7 31 +0.1 2 +0.11
21.06.2023 3 03 +013 028 +0
20230606_0000145/
4.7 293 13 0.63 +0.28 0.52 +0.15
06.06.2023
20230214_0000139/
55 269 24 0.98 +0.31 1.11 +0.22
14.02.2023

Dmax represents the distance between the epicenter and the farthest station from which the
recording of the considered earthquake was used. N is the number of stations from which records of
a certain earthquake were taken. The average characteristic period was calculated with:

_ Xt

Tc N

And the standard deviation with:
N T —T.. 2
ey - DN )
N-1
Results from the Table 1 turn out that using the proposed method (M3) leads to a smaller
dispersion for each earthquake, compared to the classic method (M1).

4. Discussion

Testing the proposed method, to determine the characteristic period by calculating the
characteristic frequency from the frequency spectrum of the signal, was carried out in two ways: by
simulation and by calculation on real P-wave signals obtained from earthquake recordings.

Testing the Method by Simulation

Synthesized signals with precisely known frequency/period were used for testing. For these
signals, the frequency/period was calculated using:

- the classical method M1 from the time domain, that uses the ratio between speed and
displacement,

- the method M2 based on eq. (4) - which derives directly from the classical method, by
correspondence in frequency,

- the proposed method M3.

Method M1 provides results in time and M2 and M3 provide results in frequency. In order to
make comparisons from the point of view of absolute errors both as characteristic period and as
characteristic frequency, the characteristic period obtained by M1 was converted into characteristic
frequency and the characteristic frequencies obtained by M2 and M3 into characteristic periods.

Tests were carried out with pure sinusoidal signals and with sinusoidal signals with harmonics
and the graphs of the absolute errors obtained for the three methods were plotted. The following are
observed:

e ¢ switching to the frequency domain (M2) does not provide better results compared to the
classical method,;

e e the application of the M3 method leads to the reduction of relative errors for all test variants
with synthesized signals regardless of the number of harmonics or the frequency values of the
harmonics.

e e because P wave sequences are limited to 3 seconds, signals with frequencies below 0.3Hz or
periods of more than 3s will contain less than one period of the useful signal.
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Thus, for all methods, the errors increase at low frequencies and implicitly at long periods and
represent the area where saturation occurs for large earthquakes.

Testing the Method with Real P Waves

Since the work refers to a method of estimating the characteristic period of the P wave of
earthquakes, the testing with real P waves was carried out only from the point of view of estimating
the period and validating the simulation testing. Forecasting the magnitude based on the P wave is
dependent on the soil structure in the direction of earthquake propagation, from the epicenter to the
seismic station where the wave is recorded, being a geophysical dependence. For the test, 44 seismic
recordings from different stations were used, recordings belonging to three earthquakes. For each
recording, the characteristic period was determined by M1 and M3. The periods were grouped by the
three earthquake events and the average value and standard deviation were calculated for each.
Analyzing the obtained data, it can be seen that the proposed method leads to smaller standard
deviations than those obtained by the classical method. Also, the average of the period obtained by
M1 falls within the range of variation of the average obtained before M3 for all three earthquakes, as
well as the average of the period obtained by M3 also falls within the range of variation of the average
obtained by M1.

5. Conclusions

Most earthquake early warning systems use to predict the event magnitude and the peak ground
acceleration parameters attained from the initial P waves, recorded at close seismic stations.
Commonly the peak amplitudes of displacement, along with the characteristic period and the integral
of squared velocity are used to compute through specific algorithms the level of the danger and the
necessity for EEWS to trigger the emergency alarm. Estimating the characteristic period tc involves
inputs as velocity and acceleration from multiple P-waves similarly recorded in several seismic
stations. As tc ascends with earthquake’s magnitude and it’s independent on the distance between
the earthquake epicenter and an observation station up to a few hundred kilometers away, settle that
it's a key factor in EWS regional seismic prediction.

The proposed method, for calculating the characteristic period of the seismic P wave in the
frequency domain, has a lower standard deviation than the classical method. Tests carried out
through synthetic signals, with a single tone or with harmonic content, reveal that the determination
errors of the characteristic period are smaller when using this method. Statistical tests to evaluate the
standard deviation in which earthquake records from several stations were interpreted also revealed
a superior behavior of the proposed method. In this context we consider that this method can be used
with good results in magnitude prediction applications based on the characteristic period of the initial
wave.
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