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Executive summary 

 

 

The reliability of a site-specific seismic hazard assessment is highly dependent on the quality of the soil response 

(or site effect) evaluation. There are several methods for estimating the site effect, either using numerical 

simulation tools or empirical approaches. One of the most widely used empirical methods is the so-called 

ñStandard Spectral Ratioò (SSR) classical method (Borcherdt, 1970). This approach is based on a seismic event 

simultaneously being recorded on a reference station (rock site), considered to be amplification-free, and on a 

nearby station at the studied site. The main limitation of this method lies in the availability of a reference station 

relatively close to the studied site. Indeed, one important condition of the SSR method is that the distance between 

the reference and site stations must be at least 10 times smaller than the epicentral distance of the causative 

earthquakes. In some cases, it is not easy to have such a reference station close to the site station. This is for 

example the case in the context of large sedimentary basins (e.g. the Rhone valley in France). The method proposed 

by Sèbe et al. 2018, based on the spectral factorization of the source time function (STF) of an earthquake using 

earthquake coda wave record, can potentially allow circumventing this limitation.  

The latter method theoretically allows performing an, SSR-like, site effect analysis using reference stations at a 

large distance from the study site. The spectral factorization method is quite complex and involves advanced signal 

processing approaches. It firstly requires the ñstationarizationò of the seismic Coda (evaluation of the Coda 

amplitude decay and attenuation factor removal) and then the estimation of the minimum phase wavelet, equivalent 

to the seismic Source Time Function (STF). The STF can be determined for a single event-station pair. The STF 

obviously includes information on the magnitude and kinematics of the source, but also contains the signature of 

the site effect of the study site. If this station is considered to be free of any amplification (reference station), then 

the STF characterizes only the intrinsic characteristics of the source. STFs calculated for the same earthquake but 

for different stations can therefore be used as the classical SSR method, determining the site spectral amplification 

(called Transfer Function, TF) at a target site in relation to the reference site (free of amplification). Since STFs 

are distance-independent, theoretically, there is no restriction in distance between óreferenceô and ósiteô stations. 

At this study, the validity of the above SSR-like site effect analysism is investigated and the applicability of this 

TF estimation technique, are evaluated. 

The spectral factorization method was adapted and tested for this study, performing SSR-like applications based 

on a high-quality dataset from the Ionian Sea zone. This zone is one of the most seismic areas in the Euro-

Mediterranean region. The dataset integrates 24 sites and 89 seismic events, with 3.9ÒMLÒ5.1. In this data set, 

four stations (CKWP, ITC1, VSK1 and AST1, ~15 to 65 km distances between each other) can be considered as 

reference rock sites and two stations (CK0 and CK83, surface and bottom common-borehole stations) can be used, 

in conjunction with CKWP, to compute classical-SSR (the distance between CK0 and CKWP is about 0.4 km). 

Results obtained by classical-SSR and by spectral-factorization-SSR are satisfactorily comparable. Hence, the 

potential applicability of the spectral factorization technique is validated by the results of this study. 

  



 

Research and Development Program on 
Seismic Ground Motion 

Ref : SIGMA2-XXXX-YY-ZZ 

Page 3/30 

 

Grendas & al. ς Seismic coda spectral factorization for site effect estimation - SIGMA2-XXXX-YY-ZZ 

 

1 Introduction  

The main object of this study focuses on the establishment of a relatively simple technique of Transfer Function 

(TF) determination at a site, in relation to a distant reference site. This TF determination is based on real earthquake 

data and more specifically to coda wave seismic records. The presented technique follows two analysis steps. At 

the first one the Source Time Function (STF) of an individual earthquake is separately estimated at two recording 

sites, based on the methodology introduced by Sebe et al. 2018, applied on the coda wave part of an earthquake 

record. At the second one the Fourier Spectra of the two STFs are compared each other ñrevealingò their relative 

spectral amplification. In case where one of them is a site without spectral amplification (reference) due to the 

surface geology, the non-reference site TF can be retrieved by their STF spectral ratio. The second step is similar 

to the process commonly applied in the Standard Spectral Ratio (SSR) technique (Borcherdt, 1970). In this last 

technique, the spectral ratio of the S-wave strong motion records of an earthquake at two adjacent stations, where 

one is a reference station, can be considered as the TF of the non-reference one. This can be considered due to the 

common STF and to the similar path attenuation. Regarding the technique established and examined in this study, 

the only conditions required for its application is 1) to consider a common seismic source, for the two examined 

coda wave records, without being necessary the restrictive pre-condition of the adjacent station, 2) The similar 

coda excitation factor and average shear wave velocity of the path. This seems being true when reference-target 

site distance reaches even the ~30 km, while strong indications for the right use of this technique at extended 

reference-target site distance, after excitation factor correction, constitute keystone for further study. 

The first, workable goal of the below study is to estimate the STFs of several earthquakes in western Greece 

recorded at several sites in this high seismicity area. The second, but substantial goal is to determine the TFs by 

comparing the computed STFs at the examined sites to the corresponding ones at four, distant from each other, 

reference sites (rock installed stations). The potential stability of the TFs at each site and the agreement of the 

average TFs, computed in relation to the four different reference sites is going to reasonably support the reliable 

applicability of the proposed technique. This applicability will be confirmed by comparing these TFs results with 

the corresponding ones computed from SSR at some station (where are available), or other methods (e.g. 

Generalized Inversion Technique, HVSR). During this effort and due to the fact that the STF estimation 

methodology (Sebe et al. 2018), which is the first step of the TF estimation technique, basically refers to reference 

sites (without spectra amplification), the applicability of this methodology to non-reference sites has to be also 

studied. We address the last issue in this study, testing the degree of the expected stability of the computed TFs 

from the several examined earthquakes at each site separately. The results provide strong indications of TFs 

stability and supports the concept that the average TFs for several earthquakes can be used to infer the STFs in 

areas where there is no close reference site, and hence be used to infer the relative site response, despite the large 

spatial separation, at least in the cases examined here. 

Itôs worth noting that a new developed - available - STF computation MATLAB algorithm, was developed for this 

study based on the one of Sebe et al. 2018, but applying a few alternative but reasonable procedures, analytically 

mentioned in the below analysis. These procedures are referring to: 1) the reliable coda wave signal detection 

through the initial Signal to Noise Ratio process, 2) The different strategy followed on the steps of the attenuation 

factor analysis 3) The different minimum phase STF computation process, 4) the correction of the low frequency 

STF part, as well as to its scaling, concluding to the seismic moment, Mo computation 5) the uncertainties 

propagation to the STF, Mo and TF estimation. These procedures were considered trying to achieve the most valid 

defined STFs, in order to conclude to reliable TF results. By this way, the potential of the proposed technique, can 

be significantly determined, as possible.  

Before the application of the TF estimation technique, the basic step analysis of the STF estimation methodology 

that were partially revised from the pioneer study of Sebe et al. 2018, as well as the earthquake data examined at 

this study for their STFs, are firstly presented below. 
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2 Data 

Seismic records of 105 earthquakes (ML=3.9-5.1), were initially examined for the computation of theirs Source 

Time Function (STF), in order to further study the site effects at the recorded sites. These earthquakes were located 

on wester Greece (Figure 1), at the time period between 9/8/2015 ï 26/11/2019, 

The record sites (Figure 1, Appendix A) refer to the locations of the 18 ITSAK accelerometric network 

(http://www.itsak.gr/) stations and to the 6 accelerometric ARGOnet stations (5, in a borehole to depths: 0, 6, 15, 

40, 83 meters, at the center of Koutavos sedimentary basin and 1 rock installed, on the edge of the basin) 

(Theodoulidis et a. 2018). All the stations used are broad band accelerometers.  

 

Figure 1. (a)The studied area (west Greece-Ionian Sea). 747 pairs of earthquakes-station for which coda wave 

records were examined in this study. 89 earthquakes (epicenters: red cycles) and 24 accelerometer stations (blue 

triangles, http://www.itsak.gr/). (b) The distribution of the computed STF of each earthquake a teach station 

(according to Appendix A and B) 

The collected seismic records were examined for a reliable 60 sec required coda wave window as mentioned below. 

The arrival time of the coda waves was considered as two times the S-wave arrival time, ts (tc=2ts), (Aki, 1969) 

but being greater that 30 seconds after the earthquake origin time and lower that 70 sec of it, too. The first criterion 

was applied in order to avoid as possible surface waves and the very early coda waves that could probably affected 

by the strong motion ñtailò at sites where the amplification is significant. This affection was confirmed by 

observations at several cases in the examined dataset. The second criterion was applied so that the examined 60 

sec coda time windows at several site from the same earthquake presenting at least a 30% overlap in time (e.g. the 

case of having two coda windows at 30 to 90 sec and 70 to 130 sec from the earthquake origin time). 

Finally, 739 STFs were computed corresponding to 89 earthquakes (Figure 1, Appendix B), where it is obvious 

that STFs from each earthquake are not estimated to each site. This is either due to the lack of the corresponding 

seismic record at some sites, or because of the lack of a reliable 60 sec coda wave window at least for the frequency 

range: 0.5 to 3 Hz, investigated in this study. This frequency range, that is under the engineering seismology 

http://www.itsak.gr/
http://www.itsak.gr/
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interest, was chosen as the minimum, for which the STF could be investigated. Further study could reduce this 

range so that to retrieve even a minimum ñinformationò about the STF. 

After the signal reliability detection, all the acceleration seismic records were integrated by applying a Butterworth 

(2-order) High-Pass filter at 0.05 Hz (the low frequency limit of the instruments), so that to retrieve the 

corresponding velocity records and to use them as input at the STF computation algorithm, developed in this study.  

3 STF estimation methodology 

The Source Time Function estimation analysis studied here, follows a methodology introduced in seismology by 

Sebe et al. 2018. This methodology is applied to seismic records theoretically retrieved from reference stations 

(assuming no amplification). Briefly, this methodology is based on the following three main facts: 1) According 

to Wiener-Khinchin theorem, the Power Spectrum of the STF wavelet (attenuation (corresponding to the kind of 

record examined: velocity, or acceleration) is equal to the Fourier Transform of the autocorrelation, computed 

from a suitable stationary waveform. 2) This stationary coda waveform can be theoretically achieved after 

removing the suitable attenuation factor from the coda wave record, in the time domain. This factor is controlled 

by a coda wave attenuation model for which the frequency dependent coda quality factor has to be firstly 

determined. 3) The minimum phase wavelet computed from the STF Fourier Amplitude Spectrum, (equal to the 

square root of the STF Power Spectrum, in displacement), can be consider as the STF of the earthquake, as 

explained and approved by Sebe et al. 2018. 

As mentioned above, this methodology is basically applied for earthquakes recorded at a reference site where no 

spectral amplifications affect the seismic motion. Ideally, the application of the above mentioned three facts can 

lead to a well determined STF at a reference site, assuming that the examined attenuation model satisfactorily 

simulates the real attenuation process. However, in ñreal lifeò the analysis followed for each one of the above three 

facts, usually includes limitations and uncertainties in computations, or diverges from some ideal pre-conditions 

in methodology. This can affect the STF estimation. The reliable part of the signal in comparison to the noise, or 

the adequacy of the attenuation model to simulate perfect the attenuation process, are some of these limitations. 

Even the site effect existence can insert uncertainties to the STF estimation. The investigation of the last factor 

constitutes the main objective of this study. Below, the limitations and uncertainties in STF estimation are tried to 

be controlled at each step of the examined methodology (Figure 2), concluding to a its valid application and aiming 

to the reliable TFs determination. 

 Signal Reliabilit y 

The determination of the reliable part of the coda wave record is a pre-condition for the valid applicability of the 

coda wave analysis. This determination is achieved for each component separately, in the frequency and in time 

domains. According to Aki, (1969) the initial examined coda wave record window is defined, from a start time, 

(tc) of 2ts (ts, the S-wave travel time) after the earthquake origin time, either up to the end of the record, or up to 

the appearance of a new earthquake record. Here, the tc was chosen as it mentioned above at the Data sub-chapter. 

It is worth noting that the coda wave arrival time still remains an under-study issue, ranging between 2ts and 3ts 

(among others: Rautian and Khalturin, 1978), so that to avoid surface waves, as possible. Below in this study, at 

the application of the methodology, a suitable strategy of the examined coda wave window determination, is 

presented, supporting the applicability of it. To ensure the best choice of the coda wave record, for the examined 

frequency range and trying to avoid noise, it is necessary to characterize the minimum Signal to Noise ratio. Here, 

this is characterized by two particular procedures. 

The first one is that the noise used for the SNR process is sampled from a long-time window (e.g. 120 sec) before 

the P-wave arrival (Figure 3a). This window is considered to be representative of the average noise level 

dominating the site in time close to the earthquake arrival. The geometric mean of the Fourier Amplitude (FA) 

spectra (Figure 3b), of several consecutive noise windows in time (Figure 3a), plus its one standard deviation is 

used to estimate this average noise level. Finally, coda wave (Signal) Fourier Amplitudes 1.5 times greater than 

this average noise level (SNR(f)>1.5), in frequency domain, is considered to be a reliable signal for the purposes 

of this study (Figure 3c). 
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The second feature of this SNR process was applied aiming to better investigate the reduction of the signal 

amplitude in time, detecting the reliable part of coda both on frequency and time domain. Consecutive sliding time 

windows, of several increased duration (Figure 3a) were used in order to better test all the examined frequency 

range and its changes into the time. It is obvious that the use of long-time consecutives coda windows cannot 

precisely catch small changes at high frequency amplitudes in time, while short-time widows cannot ñseeò the 

existing low frequency waves. For this reason, both short and long windows are used to detect high and low 

frequency amplitude changes in time. For example here 10, 20, 40, 80 sec and so on (up to the length of the coda 

wave record) half overlapped, coda windows were initially used to compute FA for the frequency ranges: 0.1-

(fs/2) Hz (fs sampling frequency), 0.05-0.1 Hz, 0.025-0.05 Hz, 0.0125-0.025 Hz and so on, respectively. 

Regarding the second feature of the SNR process an extra strict criterion was used for even more valid 

computations. Four (4) cycles of signal duration were used as the lowest reliable frequency limiting factor (Perron 

et al. 2018) on the Fast Fourier Transform (FFT) computation. Thus, the final frequency ranges studied for the 

above coda wave durations in this study was: 0.4 - (fs/2) Hz, 0.2-0.4 Hz, 0.1-0.2 Hz, 0.05-0.1 Hz and so on, 

respectively. The same time windows were examined also for the average noise (Figure 3a) as mentioned above, 

for the same frequency ranges (Figure 3b), in order to finally estimate the reliable part of coda wave through the 

SNR process (Figure 3c).  
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Figure 2. The flowchart of the STF computation algorithm developed at this study based on the one developed by 

Sebe et al. 2018, including the last step of TF(f) estimation analysis. 
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Figure 3. (a) The acceleration record (ñE-Wò component) of an earthquake at the station ñCKWPò. Noise and 

coda wave record examined window are depicted (grey and multi-colors, respectively). (b) The Fourier 

Amplitudes of the corresponding window of Fig. 3(a). Geometrical mean spectrum (G.M.S) (solid black line), 

G.M.S. plus its one standard deviation (dashed line), and the final noise level used (1.5 times greater than the 

second one). (c) The coda wave Fourier Amplitudes per real record time, with SNR < 1.5 (red points) and the 

reliable corresponding amplitudes (white). The dashed line cyan windows represent the several potential examined 

time windows for different frequency ranges. 

The minimum required length of the coda wave window as well as the required frequency range constitute the two 

factors defining the final reliable signal window that will be studied for the STF. Reasonably, when the required 

coda time window is increased, the reliable Fourier Amplitude frequency range is normally decreased, as at the 

example of Figure 3c. At this figure with blue dashed lines the maximum coda time windows that can be 

considered for different maximum frequency ranges, are defined. In this study, a minimum frequency range from 

0.5 Hz up to 2.5 Hz, was required for all the examined records. Also, a long coda wave time window of 60 sec, 

was chosen to be examined, in order to study the capability of the methodology to reliably compute the low 

frequency plateau of the STF. This plateau is necessary for the seismic moment (Mo) estimation and to the valid 

STF determination. Based on the above SNR process, the maximum frequency range that can be entirely studied 

for a 60 sec window, is finally detected. At the example of Figure 3c this maximum frequency range is 0.09 ï 5.5 

Hz. Finally, for the three components of motion for an earthquake ï station pair with the same time window and 

the same frequency range must be examined. 

 Attenuation model  

The removal of the attenuation factor from the coda wave record aims to reduce this record to a zero epicentral 

distant stationary waveform, which is necessary for the STF detection. In this study the attenuation factor is based 

on the so-called ñsingle scatteringò attenuation model of body waves (Aki and Chouet, 1975). This model is based 

on the study case of the impulsive spherical radiation of the total energy at an elastic infinite medium, where 

scatterers exist. As a result, seismic waves are backscattered to the receivers. Coda waves recognized first by (Aki, 
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1969 and Aki and Chouet, 1975), are considered as the superposition of these scattered seismic wavelets (mainly 

body S-waves, among others: Aki, 1980a) on randomly distributed inhomogeneities in the lithosphere. At the 

single scattering model, the backscattering process is assumed to be relatively weak, since each wavelet is 

considered as single time backscattered. In terms of energy the relation between the Power Spectral Density (PSD), 

Rij(f) of a velocity coda wave record for one component, at a station j corresponding to an earthquake i, can be 

described by the following formula in frequency domain (Sebe et al. 2018): 

Ὑ Ὢ ὡ ὪὉ Ὢȿὃ Ὢȟὸȿ ὔ Ὢ  [1] 

where the second and the third term of the product correspond to the attenuation factor, while the first, Wi(f) and 

the last term N(f), are related to the source and Site effect factors, respectively. Before the analysis of the 

attenuation factor, it is reminded that the real site spectral amplification, Sj(f) is actually expressed in terms of 

amplitudes, where it is: Nj(f) = Sj
2(f), (Nj (f) is expressed in energy domain), as well as that the PSD of the Seismic 

Source, Wi(f) (under the assumption of an isotropic source radiation), is given by: 

ὡ Ὢ  
  Ὢ

ρπ“”‍
 [2] 

where the ♦░█ corresponds to the STF Fourier Spectrum in velocity domain. The denominator of the above ratio 

constitutes the seismic source scaling factor (Vassiliou and Kanamori, 1982). This factor is controlled by the 

density ɟ and the shear wave velocity ɓ at the medium close to the seismic source. 

Regarding attenuation factor, in terms of energy (Eq. [1]), the single scattering attenuation model, used in this 

study, is controlled (in frequency domain), by the product of the excitation factor Ec(f) with the factor ȿ═╒█ȟ◄ȿ: 

ȿὃ Ὢȟὸȿ  
ρ

ὺὸ
Ὡ  [3] 

where tô, is the travel time of the signal, vs the average shear wave velocity considered for the area of interest and 

Qc(f) is the frequency dependent quality factor for the coda waves.  

The first part of Eq. [3] controls the wave geometrical spreading loss of energy, where for the single scattering 

model it is considered ɖ = 2 (Aki and Chouet, 1975, Sato, 1977, Sato et al. 2012). The second part controls the 

loss of energy due to both anelastic (intrinsic) attenuation and scattering of the body S- waves. This kind of 

attenuation is refered to the elastic properties of the medium that are related to its heterogeneous ñcharacterò 

(among others: Soham and Abhishek, 2016) due to velocity variabilities and to the presence of geological 

structures (e.g. faults, folds etc.). The last two factors of attenuation (anelasticity of the medium and scattering) 

are studied together being initially impossible to simultaneously separate them at this study. 

The excitation factor Ec(f) (Eq. [1]), included to the single scattering attenuation model, indirectly indicates the 

amount of scatterers at the crust of interest area, controlling the degree of scattering constituting a travel time, tô 

independent scaling factor of attenuation. 

Following Sebe et al. 2018 it is:  

Ὁ Ὢ  
ρ

“ὰὪ
 [4] 

where l(f)  is the frequency dependent mean free path, characterizing the distribution of the scatterers. Mean free 

path is an apriori unknown ñfreeò parameter that describes the wave propagation providing information about the 

tectonic statement (Sato, 1978). 
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Under the assumption of the reference site (no spectral amplification), Sebe et al. 2018 refer to the well-approached 

exponential model of crustal heterogeneities distribution, supported by in situ observations (Dolan et al. 1998) 

and suitable analysis measurements (Gusev and Abubakirov, 1996). Based on the above, they theoretically 

consider that for the single scattering model, where the attenuation factor ὃ Ὢȟὸ  ñcaresò about the exponential 

decay of coda wave amplitudes, the mean free path could also be consider as frequency independent where:   

l(f) = l ė Ec(f) = Ec  [5] 

Thus, the stationary (corrected by ὃ Ὢȟὸ ) coda waveform can be considered as the convolution of the repetition 

of STF wavelet (in velocity) with the square root of coda excitation term Ec(f) = Ec (stable), in time domain, since 

Ec(f) refers to energy.  

 Quality factor estimation 

The coda quality factor, Qc computation is based on the time decay rate analysis of coda wave envelopes, outlined 

by Aki and Chouet, (1975). This analysis follows the principal of energy conservation between source and 

receiver, at continuous wave arrival times, based on the single scattering attenuation model and it is described 

below according to Margerin et al. (1999). Initial goal of the analysis is the independent estimation of coda quality 

factors, Qc(fcen.) corresponding to central frequencies, fcen. In this study 25 fcen, equally distributed on logarithmic 

scale between 0.06 and 30 Hz where chosen. Following the steps of analysis, for frequency windows of width 

equal to 2/3 of these central frequencies the coda wave record (separately at each component) is initially bandpass 

filtered (Figure 3). The energy J(fcen,tô) of consecutive signal (coda filtered) envelopes, of duration equal to the 

central period (Tcen = 1/fcen), 1.5 sec time step and with middle time the, arrival tô time, is computed. The sum of 

the square of the filtered signal Amplitudes at each signal envelope, corresponds to this energy J(fcen,tô). 

Consequently, after logarithmization of Eq. [1], and taking into account Eq. [3], it is:  

ὰὲ╙Ὢ ȟὸ ὸ ὠὪ  
ς“Ὢ ὸ

ὗ Ὢ
  [6] 

for each filtered signal envelope corresponding to tô arrival time. V factor includes all the time, tô independent 

factors of Eq. [1]. (Wi(f), Ec, N(f)). The same process is applied on noise record so that to detect only the reliable 

coda wave part from which Qc will be finally computed. The geometric mean value of filtered noise record plus 

its one standard deviation is considered as the average noise level and a Signal to Noise ratio (SNR) greater than 

1.5 is the reliability signal criterion (Figure 3a). At this step, instead of computing the quality factors, Qc(fcen) for 

each component separately, we choose to sum the corresponding energies J(fcen,tô) only at the common reliable 

part of the signal envelopes of the three components and finally to determine the common Qc(fcen.), by a least 

square analysis (L-S) (Figure 3b) at the one-degree polynomial of Eq. [6], for each central frequency, fcen (Figure 

4). Standard deviations of Qc(fcen.) are also determined. It is worth noting that the L-S analysis is implemented 

only if the duration of the examined corrected signal is greater than 10 cycles of the corresponding Tcen (1/ fcen) 

(e.g. for fcen = 1 Hz, 10 sec minimum signal), with a minimum threshold on 30 sec and a maximum of 180 sec. 

These empirical limits were taken into account based on our observations, in order: 1) to conclude to reliable and 

robust slopes (Qc(fcen.)) and 2) to avoid distant enough, regional attenuation affections. 

The stationarization process of coda waveform, which is a necessary step to STF estimation, is achieved through 

the attenuation factor (Eq. [2]) removal in time domain, as described by Sebe et al. 2018. At this step the frequency 

dependent quality factor Qc(f) (Eq. [2]) must be determined for all the required frequencies of the inverse-Fourier 

process. Thus, a computation formula in order to reproduce the required Qc(f) is used as explained below, based 

on the computed Qc(fcen). Regarding the way of Qc(f) estimation, the bellow function (Aki, 1980b, Singh and 

Hermann, 1983): 

ὗ Ὢ  ὗ Ὢ  [7] 
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is usually applied so that to express the exponential variability of quality factor with frequencies mainly for f > 1 

Hz (among others: Aki, 1980b, Dainty, 1981, Hatzidimitriou, 1993, Margerin et al. 1998, Tselentis, 1998, Sato 

et al. 2012, Sebe et al. 2018). However, as outlined by Herraiz and Espinosa, (1986), based on Sato, (1982) 

computations and on Akiôs conjecture (Aki, 1980a), the theoretical quality factors, Qc(f) present also an 

exponential increase for the lowest frequencies (below ~ 1 Hz). In this study, the Qc(f) required for the attenuation 

factor (Eq. [2]) removal in time domain, were computed following the decay of Qc up to ~1 Hz, expressed by Eq. 

[7], but also the increase from ~1 Hz to lower frequencies. Thus, trying to empirical model this Qc(f) ñbehaviorò, 

a 3rd, or a 2nd degree polynomial between ln(Qc(fcen)) and ln(f cen), or sometime a 1st degree (same as Eq. [7]), was 

used, as it is shown at the characteristic examples of Figure 5. At this regression analysis, standard deviations of 

Qc(fcen) are taken into account and finally the standard deviation of the computed polynomial is used at the STF 

computation process for its better and more reliable and valid estimation. Figure 6 presents all the estimated Qc(f) 

models for each earthquake at each station. 

 

Figure 4. (a) (Upper line) Examples of the |J(fcen,tô)| energy (blue line) at each time tô of the band-passed signal 

(coda wave and noise) for 6 central frequencies (fcen) (for the record of Figure 3a). S-wave arrival time, ts, Average 

Noise Level (A.V.L.), the A.V.L. + standard deviation and the final examined noise level (vertical green and 

horizontal solid and dashed lines, respectively), are also depicted. (b) (bottom line) The ln(|J(fcen,tô)| tô) quantity 

(Eq. [6]), corresponding to Figure 4a (but common for the three components), computed only for the coda wave 

part. The least square analysis (red solid line) with its standard deviation (red dashed line) are depicted, where 

N.L.C and N.E.D. indicate Non-Linear Correlation and Not Enough Data according to the criteria mentioned into 

the text. 

 

Figure 5. Three characteristic examples of the Qc(f) computation model based on a regression analysis (red dashed 

lines) of: 3rd, 2nd, and 1st order polynomial (Fig. (a), (b) and (c), respectively), between ln(Qc(fcen)) and ln(fcen) 

(details into the text). Standard deviation of the determined line is also computed. Figure 5a corresponds to the 

Qc(fcen) from Figure 4.  
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Figure 6. The Qc(f) models (red lines) and their standard deviation range (red dashed lines) computed from each 

earthquake coda wave record to each site one of the 24 sites (Figure 1) (same scaling at all the 24 sub-Figures). 

 Attenuation Removal 

After the quality factors are determined, the attenuation factor correct the coda wave record at each component, is 

applied concluding to a stationary coda waveform (Figure 7a). More specifically, 3 different stationary coda 

waveforms are determined for each component, for the three different Qc(f) models (the average and two for the 

standard deviation range, e.g. Figure 5). These waveforms are theoretically ñreducedò to zero hypocentral 

distance. In this study this removal is based on the well-defined and studied by Sebe et al. 2018 process. For this 

reason, we do not refer to details about this process. Briefly, the attenuation factor removal is achieved by 

deconvolving the minimum phase wavelet formed by the frequency dependent part of Eq. [1], from the coda 

waveform. In fact, the deconvolution is applied for all the moving, tapered by Hanning window, in consecutive 60 

sec, time windows (zero padded where it is needed), and the stationary waveform is created by the median value 

in time of each corrected coda window. 

Since this process is applied in the time based on the frequency domain, using a deconvolution process applied in 

frequency domain, the quality factor must be computed for all the frequencies defined at the inverse Fourier 

Transform (FT) for a 60 sec window. Thus, as the polynomial relating ln(Qc(fcen)) and ln(f cen), is determined as 

explained above (Figure 5), the Qc(f) for the FT required frequencies are computed. It must be noted that for 

frequencies f, below the fcen(low) that corresponds to the lowest determined Qc(fcen(low)), it is Qc(f) = Qc(fcen(low)). 


