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Abstract. After a large magnitude earthquake event, the direct estimation of its
Seismic Source Spectrum (SSS) is important to estimate the energy content of
the seismic source in broad-band frequency range. This direct knowledge of the
SSS, except for the fact that can directly provide information about the Moment
Magnitude of the earthquake, constitutes also, in frequency domain, that infor-
mation, which is required to the Fourier Amplitude Spectra (FAS) simulation of
the real-input seismic motion, in several target sites close to the source for which
no earthquake recordings exist. In this study, the computation of the SSS of an
earthquake is based on a single-station analysis algorithm by applying the spec-
tral factorization method on the coda wave part of a seismic record. An applica-
tion of this algo-rithm is implemented here for the Mw = 6.1 Cephalonia Island
earthquake of 26/01/2014. The corresponding SSS, computed for several stations
away from the source, are compared with the average SSS retrieved by standard
applied method. The comparison results strongly encourage application and de-
velopment of this SSS computation approach.

Keywords: Seismic Source Spectrum, Coda waves, Near-field motion estima-
tion

1 Introduction

Simulation of seismic ground motion or its Fourier Amplitude Spectrum (FAS) at
specific sites close to a seismic fault, is significant in understanding the amount of en-
ergy that affected the nearby constructions. Realistic simulation is directly related to
the knowledge of fault rupture, or in other words of its Source Time Function (STF).
In most of large magnitude earthquakes (M > 6.0), the STF estimation is achieved
through relevant time-consuming processes (e.g. the method of Empirical Green’s
Functions, [1], [2], [3]) that requires selection and combination of several earthquake
records quite close to the seismic source, so as to converge to a single-accepted STF
solution. In other cases, the STF estimation is impossible to be extracted, since not
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enough number of earthquake records exist close to the seismic source due to the lack
of installed stations. For this reason, to estimate a STF, proper use of remote stations
with respect to seismic source, is an issue that requires further research.

In this short study the applied methodology that uses the coda waves part of an earth-
quake recording, based on a particular property related to their “generation” natural
mechanism, as firstly studied in [4], [5], and [6], seems that can provide Seismic Source
characteristic by using remote stations with respect to the Source. Moreover, this meth-
odology can be directly applied to a single earthquake-station record, without requiring
the combination of several records of the same earthquake, being also feasible to make
the computation in real time, after a few minutes of the earthquake occurrence and its
origin time determination.

Except for the STF, its Fourier Amplitude Spectrum (FAS) is an essential infor-
mation about the characteristics of the amount of seismic source energy releasement
per each frequency, albeit it does not directly provide the time domain characteristics
of the fault rupture. A methodology where the FAS of an earthquake can be estimated
based on a single station analysis, by using the coda wave part of an earthquake record
has been introduced in [7]. Moreover, based on this study ([7]), the unique produced
wavelet, which corresponds to the minimum phase scenario of the extracted FAS, is
similar to the real STF, which is general considered as a simple pulse, corresponding to
a point source for low magnitude earthquakes. In large magnitude earthquakes the point
source scenario is generally not the expected one, considering that the fault rupture is a
relevant complicated function of space and time.

In this study an effort in retrieving the FAS of a large earthquake (Mw = ~6.1), based
on this coda wave analysis [7], was implemented using the modified coda wave analysis
algorithm developed in [8]. The examined earthquake is the one occurred in western
Greece, on Cephalonia Island and it was chosen since its source characteristics were
known by other studies and could validate the results extracted by the present research
study.

It’s worth noting that the coda wave analysis was applied to stations located on non-
reference sites after removing their corresponding Site Amplifications Factor, as they
were determined by [8], since no records were available by accelerographs located on
rock site.

2 Methodology

Computation of the Fourier Amplitude Spectrum (FAS) of a seismic source, is based
on a single station analysis proposed in [7], applied on the coda waveform of an earth-
quake record (e.g. Fig.1.). This analysis can be applied in 7 steps (Fig.2.), as defined in
[8], plus one more aiming to scale the corresponding FAS of the seismic source. The
analysis is based on the following fundamental equation (1) that relates the Power Spec-
tral Density (PSD), R;;(f, t") of a coda wave window, centred at travel time, t', with the
corresponding PSD of the Seismic Source, W;(f), of E., coda excitation factor, of At-
tenuation Path, |Ac(f t")|? and of Site Amplification Factor (SAF(f)2 = N_j (f)), at a
station, j and a source, i ([4], [5], [6]):
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following the source model given in [9].

The attenuation factor (Eq. (2), [5], [6], [10]), except for the travel time, t', is con-
trolled by the average shear wave velocity, v, of the total examined area, as well as by
the frequency dependent quality factor, Q.(f) of the coda waves. The PSD of the seis-
mic source, W;(f), is controlled by its corresponding FAS, ;(f) and is scaled by the
average shear wave velocity, 8 and density, p close to the fault.

The R;;(f,t') is also controlled by the coda wave excitation factor, E, ([11]) as fol-
lowing:

1

ml

E, = 4

where, | (in meters) is the mean free path factor ([6]), expressing the fractional loss
of energy per unit travel distance of the shear waves from the source to the receiver,
due to the wave scattering by the lithosphere heterogeneities ([12]). All those scattered
waves arrive late in time, after the main seismic motion of the direct P and S-waves,
with reduced amplitudes in time, due to the longer travel distances and they actually
form the “tail” of the seismograms (e.g. Fig.1.).

The first two steps of the coda wave analysis, refer to the signal pre-processing cor-
rections related to the instrument characteristics, as well as to a suitable Signal to Noise
Ratio (SNR) analysis determined in [8], so as to detect the good quality coda wave
record which is able to extract the reliable FAS of the seismic source.
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Fig. 1. An example of an earthquake record, where the P, S and Coda wave arrival times are
depicted, in green, orange and red vertical lines, respectively.
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Fig. 2. The flowchart of the 7 steps applied by the examined coda wave analysis, for the esti-
mation of the average — scaled by the mean free path factor, FAS[STF*¢] (in displacement)
(modified by [8])

In the third step the common for the three components (EW, NS and vertical one)
frequency dependent coda wave Quality factor, Q.(f) is estimated, as well as its stand-
ard deviation, based on the process introduced in [5] and analytically explained in [13].
In the fourth step the frequency dependent and distance dependent attenuation factor is
removed in time domain by each component of the source-site coda wave record, based
on the deconvolution ([14]) of all the progressive in time, t" minimum phase wavelets,
Ac(t, t")™™ (Eq. (2)), as analytically explained in [8]. By this way the three component
coda wave records (e.g. Fig.3., top) are “corrected” for the attenuation factor and three
stationarized waveforms are “created” (e.g. Figure 3, bottom). These three waveforms
are directly reduced to the source, but they are still scaled by the constant mean free
path factor (Eq. (1) and (4)).
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Fig. 3. An example of a real coda waveform (top) and of the corresponding corrected for the
attenuation factor, stationarized coda waveform (bottom).

In the fifth step of the coda wave analysis algorithm (Figure 2) the scaled FAS of the
STF (in velocity) at each horizontal component FAS[ST'FCSOCmp]) is extracted (e.g. Fig-
ure 4a), being uncorrected for the low frequency noise effect, related to the SNR pro-
cess. Finally, at the sixth step the two horizontal components STF (in velocity) are cu-
mulatively combined in terms of energy according to the following formula:

FAS[STFS¢] = \[ FAS[STFSS,]? + FAS[STF3%]? ®)

concluding to the average, scaled by the mean free path factor, FAS[STF*¢] (in ve-
locity). It’s worth noting that the standard deviation of each FAS[S TFCS,,C,np]), is consid-
ered in the average FAS[STF“] computation, based on the propagation error method.

In the seventh step (Fig.2.), the average, scaled by the mean free path factor,
FAS[STF*¢] in displacement is determined after dividing by the frequency dependent,
2xf, factor (f £ 0) (e.g. Fig.4b). Here it must be clarified that this FAS[STF¢] refers to
the good quality part of the coda waves in frequency domain defined after the suitable
Signal to Noise Ration process and it is still affected by the low frequency noise. In
general, in case that the minimum phase wavelet corresponding to FAS[STF*] is
wished to be computed, this low frequency noise effect must be corrected in an extra
step, to a low frequency plateau (e.g. Fig.4b), as it is normally expected for the STF
which must be a positive wavelet representing the moment rate in time.
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Fig. 4. (a) An example of a [FAS[(STF)] _comp”sc]) (Eq. (5)), in velocity (for the EW com-
ponent) and of its standard deviation, for the ML = 4.3 earthquake of 20190117_214639. Be-
tween the vertical dashed lines, the reliable frequency range is defined based on the already ap-
plied SNR process (b) An example of a FAS[(STF) "sc] (in displacement) (Eq. (5)). In horizon-
tal black dashed line, the low frequency plateau correction on the non-reliable frequency part, is
depicted.

3 Data

The data used in this study refer to the coda wave part (e.g. Fig.1.) of five, 3-com-
ponent, seismic records, corresponding to the M,, = 6.1 (£0.2) (M, = 5.8) earthquake
occurred in western Greece (Cephalonia island, 26/1/2014, GMT: 13:55:43, Lat:
38.15220, Long: 20.39120, Depth: ~15 km, as given by the Seismological Station of
Avristotle University of Thessaloniki and confirmed in [15]) (Fig.5.). The examined
earthquake records correspond to the accelerograph stations: PRE2, MSL1, PAT4,
KAC1 and ZAK2, which belong to the Institute of Engineering Seismology and Earth-
quake Engineering (ITSAK). These recordings were selected in this study, since they
were the only ones that included coda wave records appropriate to be analyzed and
were not interrupted by the occurrence of other local earthquake recordings. Regarding
the characteristic of the examined Seismic Source of the Cephalonia earthquake the
fault process of this earthquake was related to the Cephalonia Transform Fault zone
([16]), asitis indicated in [17] and was dominated mainly by a dextral strike slip motion
(Figure 5). Also, based on the rupture process study of this earthquake which was car-
ried out in [15], the fault strike lies on NNE-SSW direction, and its plane is steeply
dipped to the East (Fig.5.).
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Fig. 5. The examined area (western Greece). In red asterisk the location of the Cephalonia
earthquake is depicted ([15] and Seismological Station of Aristotle University of Thessaloniki),
as well as its focal mechanism ([17]) and the rupture direction (red arrow). The location of the
five examined stations (Institute of Engineering Seismology and Earthquake Engineering), are

presented in blue triangles

4 Results

Based on the coda wave analysis mentioned above, the scaled Fourier Amplitude
Spectra, FAS[STF*¢] (Eq. (5), e.g. Figure 4a), in velocity, of the M,, = 6.1, Cephalonia
earthquake, for the horizontal component, were determined for the five examined sta-
tions (Fig.5.). Then the corresponding scaled FAS[STF*¢] in displacement were com-
puted by dividing the FAS[STF*¢| ], with 2xf (f# 0). Finally, these FAS[STF*¢] results
were divided by the coda excitation factor, E. (Eq. (4)), based on Eq. (1), so as to be
scaled. The mean free path value, I (Eq. (4)) was considered equal to 253 km, as it was
determined in [8], examining plethora of low to moderate magnitude earthquakes in
this area (western Greece) and scaling the computed FAS[STF*¢] with the extracted
ones by a Generalized Inversion Technique application for the same dataset ([18]). Ex-
cept for the average value of [, its standard deviation range, in logarithmic scale (88 km
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— 727 km), which was also determined in [8], was considered in order to take into ac-
count the statistical uncertainties at the FAS[STF] estimation. In Figure 6 the unscaled
FAS[STF] results of the examined earthquake, for the five examined station, are pre-
sented. It’s worth noting that these FAS[STF] are also corrected for the corresponding
known frequency dependent average Site Amplification Factors (SAF(f)), as they were
computed in [8]. The correction was achieved in frequency domain by dividing the

(Mo p'HZ)s (Nm)/ HL

FAS[STF] with the corresponding SAF(f).
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Fig. 6. The examined area (western Greece). In red asterisk the location of the Cephalonia
earthquake is depicted ([15] and Seismological Station of Aristotle University of Thessaloniki),
as well as its focal mechanism ([17]) and the rupture direction (red arrow). The location of the
five examined stations (Institute of Engineering Seismology and Earthquake Engineering), are

presented in blue triangles

The moment magnitudes, M, separately extracted by each one FAS[STF] (Fig-
ure 6), are quite close to the My = 6.04+0.20, determined in [15], [17] and by the Seis-
mological Station of Aristotle University of Thessaloniki, while their average,
M,,= 6.08+0.20 (Figure 7a) and its standard deviation indicate reliable results regarding
the scaling of the FAS[STF]. Moreover, a quite good agreement is presented between
all the FAS[STF] and their standard deviation range at each station, with respect to the
corresponding average FAS[STF] extracted by an alternative methodology performed
in [15], up to 0.2 Hz, which is the higher frequency limit of their computation. Also,
the results by the coda wave analysis gave Fourier Amplitude information in higher
frequencies up to ~5 Hz, where in Figure 7a, it seems that they satisfactorily agree be-
tween each other. This result also supports reliability of the examined FAS[STF]
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estimation approach, although corresponding information in higher frequencies do not
exist by other methodologies to compare.

Finally, in this study an effort was made in retrieving the Source Time Function
wavelets, of the examined earthquake, at each station, based on the computed
FAS[STF] (Fig.6.) and on the minimum phase scenario, as proposed in [7]. The results
presented in Fig.7b, confirm that the minimum phase scenario in large magnitude earth-
quake like the examined one, (Mw = ~6.1) does not satisfactory simulate how the energy
releases in time (Fig.7c). However, as it is presented in Fig.7d, based on the total energy
release computations of Fig.7c, the 95% of the total energy release by the minimum
phase STF wavelets (average ~12.5 sec), is in good agreement with the actual fault-
rupture duration (~12.1 sec) estimated in [15]. This indicates that the minimum phase
scenario could reveal this important information of the seismic source.
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Fig. 7. (a) The FAS[STF] of the examined earthquake computed in this study (Fig.6.), for each
one of the five stations (multi-color lines), their average one (black line) and the FAS[STF] (red
line) computed by [15], using Other Methodology (O.M.). (b) The corresponding to each
FAS[STF] of Figure 7a, minimum phase wavelets (c) The total energy release of each minimum
phase wavelet of Figure 7b (d) The duration of each minimum phase wavelet of Fig.7b, corre-
sponding to 95%, 97% and 99% of the total energy release of Fig.7c.
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5 Conclusions

In this study an application of the Spectral Factorization of Coda waves (SFC) meth-
odology, proposed in [7], was applied for a large magnitude earthquake, Mw = ~6.1, in
Cephalonia Island 9 (26/1/2014), aiming at retrieving the Fourier Amplitude Spectrum
(FAS) of its Source Time Function (STF). Five FAS[STF]s were computed for five
accelerograph stations located in western Greece, recorded the earthquake in epicentral
distances from ~60 km to 120 km. These FAS[STF]s results are in satisfactory agree-
ment with the corresponding FAS[STF]s determined in [15] at least up to ~0.2 Hz, the
upper frequency limit of the latter. Moreover, the computed seismic moment magni-
tudes determined separately by these FAS[STF]s, as well as their average (Mw=
6.081}0.20), are in very good agreement with the corresponding magnitude deter-
mined in [15], [17] and by the Seismological Station of Aristotle University of Thessa-
loniki. In general, the FAS[STF]s of this study exhibits a satisfactory agreement be-
tween each other, providing information up to ~5 Hz. This agreement and stability of
the results is encouraging to assessing reliably and rapidly seismic source properties
based on coda waves.

Finally, an effort in retrieving the minimum phases STF wavelets was implemented.
Based on the results it can be concluded that the minimum phase scenario does not
satisfactorily agree with the STF estimated in [15]. Consequently, it seems that the
methodology applied in this study cannot accurately estimate STF of complex seismic
sources (e.g. M = 6.0). However, based on the estimated minimum phase STF wave-
lets, it results that their duration which corresponds to 95% of the total energy release
(11.5-13.1 sec), is in very good agreement with the respective STF duration (~12.1 sec)
estimated in [15]. After all, it can be concluded that the methodology applied in this
study can reliably and quickly estimate important properties of the seismic source, even
for large magnitude earthquakes. Consequently, estimation of strong ground motion in
the near field can be greatly supported by the methodology applied in this work.
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