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Abstract We have analyzed the recently developed pan-European strong motion 15 

database, RESORCE-2012: spectral parameters, such as stress drop (stress parameter, 16 

), anelastic attenuation ( ), near surface attenuation ( ) and site amplification have 17 

been estimated from observed strong motion recordings. The selected dataset exhibits a 18 

bilinear distance-dependent  model with average  value 0.0308 s. Strong regional 19 

variations in inelastic attenuation were also observed: frequency-independent  of 20 

1462 and 601 were estimated for Turkish and Italian data respectively. Due to the 21 

strong coupling between  and , the regional variations in  have strong impact on 22 

the estimation of near surface attenuation .  was estimated as 0.0457 and 0.0261s 23 

for Turkey and Italy respectively. Furthermore, a detailed analysis of the variability in 24 

estimated  revealed significant within-station variability. The linear site 25 

amplification factors were constrained from residual analysis at each station and site-26 

class type. Using the regional  model and a site-class specific , seismic moments 27 

( ) and source corner frequencies  were estimated from the site corrected empirical 28 

Fourier spectra.  did not exhibit magnitude dependence. The median  value was 29 

obtained as 5.75 and 5.65 MPa from inverted and database magnitudes respectively. A 30 

comparison of response spectra from the stochastic model (derived herein) with that 31 

from (regional) ground motion prediction equations (GMPEs) suggests that the 32 

presented seismological parameters can be used to represent the corresponding 33 

seismological attributes of the regional GMPEs in a host-to-target adjustment 34 

framework. The analysis presented herein can be considered as an update of that 35 

undertaken for the previous Euro-Mediterranean strong motion database presented by 36 

Edwards and Fäh (2013a). 37 

Keywords: Stochastic model, attenuation, stress parameter, kappa, crustal earthquakes 38 

1. Introduction 39 

Estimation of regional seismological attributes such as source, path and site specific 40 

parameters is important in a wide range of applications in seismic hazard analysis. 41 

Usually, in engineering seismology and seismic hazard studies strong ground motions 42 

(specifically accelerations) are modeled in terms of a stochastic process (Hanks 1979; 43 

McGuire and Hanks 1980; Hanks and McGuire 1981) assuming that phases of high 44 

frequency waves (ground motions) are random. Typically, the stochastic (amplitude) 45 

model is characterized in terms of magnitude and stress parameter ( ) as being the 46 

source parameters; the geometrical spreading and anelastic attenuation ( ) of seismic 47 
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wave describe the path effects. The site effects are modeled in terms of crustal 48 

amplification (Boore 2003; Joyner et al. 1981; Boore and Joyner 1997) and site-related 49 

attenuation parameter ( ).  50 

We have analyzed the recently developed pan-European strong motion database, 51 

RESORCE-2012 (Akkar et al. 2014a) in order to estimate these spectral parameters. In 52 

addition to estimate these seismological parameters that describe the amplitude and 53 

shape of Fourier spectra of strong ground motion, we also focus our discussion on 54 

variability and trade-off issues. More specifically, we analyze the following key issues 55 

related with the stochastic modelling of ground motion: 56 

(1) A European stochastic model has been derived by Edward and Fäh (2013a). This 57 

model was based upon a strong-motion database compiled more than a decade ago 58 

and, due to limited data, did not include regional variations in attenuation 59 

properties within Europe. The analysis of more recent strong-motion database 60 

indicates that regional variations of ground motions may be significant (Boore et 61 

al. 2014; Kotha et al. 2016; Kuehn and Scherbaum 2016) which is a motivation to 62 

evaluate the regional variations of stochastic ground motions parameters in Europe.  63 

(2) One of the major challenges in ground motion prediction is that motions need to be 64 

predicted for earthquakes without knowing the (future) stress-parameter ( ) 65 

associated with them. Therefore, usually blind predictions are made for an average 66 

value of  with an associated standard deviation. Often, the average  is 67 

assumed to be independent of magnitude (Aki 1967), however recent studies have 68 

indicated, that for small to moderate earthquakes ( )  may increase with 69 

increasing magnitude and the average  can also vary regionally (Malagnini et al. 70 

2008; Edwards et al. 2008; Drouet et al. 2008; Drouet et al. 2010; Yenier and 71 

Atkinson 2015a; Yenier and Atkinson 2015b). Other than the magnitude 72 

dependence and regional variation, the spread (standard deviation) in estimated  73 

is also important in predicting ground motions for future scenarios (Cotton et al. 74 

2013). 75 

(3) The decay of high frequency Fourier spectral amplitudes beyond the Brune  76 

corner frequency  is usually attributed to (an empirical parameter)  (kappa) 77 

(Anderson and Hough 1984) that essentially captures the combined effect of whole 78 

path anelastic attenuation ( ) and near site attenuation . Extrapolation of  at 79 

termed as  and is believed to reflect near site 80 
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attenuation. In a site-specific seismic hazard application, knowing  beforehand at 81 

a target site is of crucial importance. As shown by Molkenthin et al. (2014) and 82 

Douglas and Jousset (2011) in a stochastic simulation framework, pseudo spectral 83 

accelerations (PSA) for small to moderate events at high oscillator frequencies >10 84 

Hz are mainly controlled by . However, measurement of a true site  is not 85 

straightforward because the observed traces are recorded at a non-zero distance, 86 

which makes decoupling of path term ( ) and  rather challenging without 87 

constraining any of the two a priori. In this context, regional variation of , as will 88 

be shown in this article, can also bias the estimation of . Thus, the trade-off 89 

between  and  needs to be analyzed and accounted in the forward prediction as 90 

well.  91 

(4) Several studies have shown that  varies significantly from site-to-site and 92 

regionally as well (e.g., Atkinson and Morrison 2009; Edwards et al. 2008; 93 

Campbell 2009; Edwards and Rietbrock 2009). The site-to-site/station-to-station 94 

variability of  will be referred as between-station variability. The other 95 

component of variability in  is related to the record-to-record (or within-station) 96 

variability. Within-station variability of  can also have a strong impact on the 97 

site-to-site adjustment of GMPEs in the HTTA framework. However, this within-98 

station variability has not been discussed much in past studies. 99 

Assuming  point-source model (Brune 1970, 1971)  which has been shown to be 100 

applicable to  events globally, and a reasonable approximation for larger 101 

events at high frequencies (Chen and Atkinson 2002; Baltay and Hanks 2014)  a 102 

broadband (generalized) inversion technique (Edwards and Fäh 2013a; Bora et al. 103 

2015) is performed to determine the source, path and site parameters.  104 

Essentially, the inversion method remains the same as detailed in Bora et al. (2015) in 105 

which a full Fourier amplitude spectrum is used to estimate 106 

frequency ( ) and the whole path inelastic attenuation operator ( ) simultaneously. 107 

The inverted  values are further analyzed to derive a frequency-independent  108 

model for the dataset and to analyze regional variation in  within the selected 109 

dataset. The choice of a particular  model is seen to have a large impact on the 110 

derived  values. With respect to the regional  models, we investigated two 111 

different components of variability in station  in terms of station-to station 112 

variability (between-station) and record-to-record variability (within-station). After 113 
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constraining the reference model by using the database  and regional inelastic 114 

attenuation  models, average residuals are used to capture the linear part of the site 115 

amplification in the Fourier domain (Edwards et al. 2013; Drouet et al. 2010; Poggi et 116 

al. 2011). The final estimation of source  and  is obtained from site-effects 117 

corrected spectra, which are further analyzed to estimate stress parameter ( ) values. 118 

2. Data 119 

Different subsets of the RESORCE-2012 database have been used to derive several 120 

pan-European GMPEs (Akkar et al. 2014b; Bindi et al. 2014; Bora et al. 2014; Derras 121 

et al. 2014; and Hermkes et al. 2014). The same dataset as used by Bora et al. (2015) is 122 

used in this study. This dataset is a subset of a larger parent database of RESORCE-123 

2012 (Akkar et al. 2014a) and it contains strong motion recordings made across 124 

Europe, the Mediterranean region and the Middle East. To ensure the validity of the 125 

point-source (Brune model) approximation, we have discarded near distance traces 126 

from large magnitude earthquakes (Bora et al. 2015). For events with moment 127 

magnitude  no trace was discarded; for events with  traces 128 

recorded at hypocentral distance  < 15 km were discarded; and for , traces 129 

recorded at  < 30 km were not considered. The dataset consists of 1200 (2400 130 

including both the horizontal components) acceleration traces recorded at 350 stations 131 

from 365 earthquakes. Figure 1 summarizes the main metadata features of the selected 132 

dataset. Figure 1a depicts geographical distribution of epicenters from the selected 133 

dataset. The magnitude and distance range covered by the present dataset is  4-7.6 134 

and hypocentral distance up to 224 km respectively (Figure 1b). The station  135 

values range from 92 to 2165 m/s out of which 223 are measured and rest are inferred 136 

from different methods. All the events are shallow crustal events up to the focal depth 137 

of 30 km (Figure 1c). For complete metadata information of the recordings, the reader 138 

is referred to the electronic supplement supplied with Bora et al. (2015). The processed 139 

database was disseminated to ensure a uniform data processing scheme for empirical 140 

ground motion prediction equation (GMPE) derivation.  141 
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 142 
Figure 1. Metadata summary of the selected dataset. (a) Distribution of earthquake epicenters; (b) -hypocentral 143 
distance distribution; (c) -depth distribution; (d) light-shade: high-pass and dark-shade: low-pass frequency; 144 
(e) number of records per station versus number of stations. 145 

Additionally, for our analysis we use the Fourier amplitudes only between the useable 146 

frequency limits. We chose the filter high-pass and low-pass frequencies as the useable 147 

frequency limits, if a record is not assigned a low-pass frequency in the metadata then 148 
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a flat low-pass frequency of 50 Hz was chosen. It is worth mentioning here that no 149 

smoothing is applied over the observed Fourier spectral amplitudes prior to the 150 

inversion except that the amplification curves are presented after smoothing (Konno 151 

and Ohmachi 1998) observed Fourier amplitude spectra. Figure 1d shows the 152 

distribution of high-pass and low-pass frequencies in the dataset, while Figure 1e 153 

depicts the number of records per station against the number of stations. 154 

3. Fourier Spectral Inversion 155 

 frequency 156 

( ) to characterize the far field Fourier spectrum of acceleration records. In the 157 

stochastic modelling framework (Boore 1983, 2003), assuming that the high frequency 158 

ground motions of engineering interests are randomly distribution in phase the Fourier 159 

spectral amplitude  at a frequency,  can be modeled using the following analytical 160 

relationship (Bora et al. 2015): 161 

 .       (1) 162 

In equation (1),  is the seismic moment in units of  and fc is the corner 163 

frequency in Hertz, given by  (Eshelby 1957; Brune 1970, 1971), 164 

in which  is the stress parameter in Mega Pascal and  (= 3500 m/s) is the shear 165 

wave velocity in the vicinity of the source. The constant  is generally taken as 166 

, in which  (= 0.55) is the average radiation pattern for S waves 167 

(Boore and Boatwright 1984),  (= 2.0) is the near surface amplification,  (= ) is 168 

a factor to account for the partition of total shear-wave energy into two horizontal 169 

components, and  (= 2800 kg/m3) is the average density near the source (Boore 1983, 170 

2003).  is the geometrical spreading function representing a frequency-171 

independent decay of amplitude as function of distance. Theoretically,  is equal to 172 

 at near distances (< ~50-100 km) for an isotropic and homogenous whole space. 173 

However, the earth is not homogeneous and many studies have found it to be a 174 

complex function of distance (Campillo et al. 1984; Atkinson and Mereu 1992; 175 

Edwards et al. 2008; Atkinson and Boore 2011). To limit potential trade-off and bias, 176 

 is constrained by using an earlier derived  model from the same dataset in 177 

Bora et al. (2015) as: 178 
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        (2) 179 

In equation (2),  is assumed to be 1 km. Bora et al. (2015) derived the  model 180 

from low-frequency (0.2-1 Hz) Fourier spectral amplitudes to minimize the trade-off 181 

resulting from high-frequency attenuation . 182 

The fall-off of acceleration spectra at high frequencies is modeled by using a whole-183 

path anelastic attenuation operator ( ).  is alternatively named  (Anderson and 184 

Hough, 1984) and  (Ktenidou et al. 2014). The  implies spectral decay at high 185 

frequencies due to path and site effects, while some authors (e.g., Kilb et al. 2012) 186 

argue contribution of source effects in  as well. The combined effect of anelastic 187 

attenuation  and site-related attenuation  (Ktenidou et al. 2014) in  is represented 188 

by the following equation: 189 

          (3) 190 

in which  (= 3.5 km/s) is the average shear wave velocity used to infer  and  is the 191 

hypocentral distance. Some studies have suggested (Singh et al. 1982; Atkinson and 192 

Mereu 1992; Malagnini et al. 2000; Bay et al. 2003; Atkinson 2004; Drouet et al. 2008; 193 

Malagnini et al. 2011; Akinci et al. 2014) a Q model as a function of frequency as 194 

follows: 195 

         (4) 196 

in which,  ranges from 0, for a frequency-independent , to 1 and  is the reference 197 

 value at  = 1 Hz. However, estimation of  from spectra of observed recordings is 198 

strongly tied with the assumed geometrical spreading (e.g. Pacor et al. 2016). As 199 

shown by Edwards et al. (2008, 2011) a frequency-dependent  function can lead to a 200 

strong trade-off with the geometrical spreading. Furthermore, Morozov (2008, 2009) 201 

have suggested that from a modeling perspective distinction between frequency-202 

dependent  and geometric attenuation is ambiguous. Thus, some studies (Anderson 203 

and Hough 1984; Hough et al. 1988; Edwards et al. 2008, 2011; Campbell 2009; 204 

Edwards and Fäh 2013a) in engineering seismology also use a frequency-independent 205 

 (constant) over the frequency-band it is measured. Thus in this article, we 206 

restrict our model formulation to a constant-  model. It is beyond the scope of this 207 
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article to investigate sensitivity of a chosen  model (frequency-independent or 208 

constant) over the parameters derived here, however a constant-  is expected to give 209 

lower  value than that with a frequency-dependent . Nevertheless, the derived 210 

parameter values (with a constant-  assumption) are consistent within the entire model 211 

framework (taking geometrical spreading, ,  and  together).  in equation 212 

(1) represents site amplification, which essentially captures the effect of impedance 213 

contrast during the wave propagation from the half-space through the upper soil layers 214 

to the station. 215 

In our inversion scheme the observed spectra are inverted with respect to the natural 216 

log of the model described in equation (1) to determine ,  and  using a least 217 

squares fit in which the inearize the nonlinear equation. 218 

To address the problem of two unresolved degrees of freedom, that is,  and , in 219 

the first iteration of inversion the low-frequency spectral level is constrained by using 220 

 obtained from the database  (Hanks and Kanamori, 1979). Thus, database  221 

values and  and  determined from the first iteration of inversion, essentially 222 

describe our reference model. This reference model along with a generic crustal 223 

amplification function defines the motion at the base of the soil column beneath the 224 

station. The (logarithmic) difference between the observed amplitude and the 225 

amplitude obtained by the combination (addition in log) of reference model and the 226 

generic crustal amplification is used to constrain the amplification  at a given 227 

station (for details see section Site Amplification). The final estimates of  and  are 228 

obtained from site-corrected, , spectra.  229 

The inversion was performed over the full spectrum between the high-pass and low-230 

pass frequencies of each record given in the metadata file. If a record is not assigned 231 

with a low-pass frequency then a flat low-pass frequency limit of 50 Hz is used. It is 232 

also known that site-effects can potentially bias the determination of seismological 233 

parameters from the surface recorded spectra. From records recorded at rock and hard 234 

rock site stations, determination of  can be biased due to significant resonance effects 235 

at high frequencies (Parolai and Bindi 2004; Edwards et al. 2015). Similarly, at soft 236 

soil sites, resonance effects present at low frequencies can bias the determination of . 237 

However, in the present dataset majority of the earthquakes are of small to moderate 238 

magnitudes (  4 5.5), hence we believe that the corresponding  values will remain 239 

unaffected from the resonance effects. Furthermore, an event-wise (common for all 240 
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records originated from an event) determination of  can limit the potential bias due to 241 

the site-effects (Edwards et al. 2008). In order to limit bias in the determination of  242 

due to crustal amplification, we correct all the spectra for a reference rock 243 

amplification function (Bora et al. 2015; Edwards et al. 2015). Also, fitting the entire 244 

shape (determined by  and ) of the spectrum simultaneously limits the error in  245 

estimation that may arise due to the resonance peaks at high frequencies. The majority 246 

of the stations in the selected dataset are located over soil or stiff-soil sites (180247 

750 m/s). The generic rock amplification of California (Boore and Joyner 1997) 248 

anchored at  620 m/s was considered to be appropriate as reference rock 249 

amplification for the present dataset.  250 

4. Attenuation Parameters: ,  and  251 

As mentioned in the previous section, in the first step of our broadband inversion 252 

scheme we determine  and  simultaneously based upon the model described in 253 

equation (1) while seismic moments are constrained from database  values (Akkar 254 

et al. 2014a) using the relationship of Hanks and Kanamori (1979). In our analysis, we 255 

use hypocentral distance as the preferred distance metric, following Edwards and Fäh 256 

(2013a). We obtain two  values per record, one for each component, however in 257 

order to limit the scatter in data points, a mean  (from both the components) is used 258 

here. Performing a least-squares linear fit using equation (3), over the dataset that 259 

contains  values against  (hypocentral distance), we find dataset common  260 

(dividing the slope by ) and  (the intercept) values as 1029 and 0.0361s 261 

respectively. The 68% confidence interval of the best-fit slope corresponds to  262 

values 982 and 1080. Similarly, the 68% confidence interval of the intercept gives  263 

values of 0.035 and 0.0372s.  264 

In terms of comparison between  values form this study and those from earlier 265 

studies, Edwards and Fäh (2013a) obtained the  value as 619 from broadband fit 266 

using a smaller subset of the present dataset. In their study, Edwards and Fäh (2013a) 267 

used records only up to 100 km of hypocentral distance. Edwards et al. (2011) and 268 

Douglas et al. (2010) presented  values 1216 and 1630 for Switzerland and France 269 

respectively using the records up to 300 km; while in this study we use records up to 270 

224 km. Thus, this difference in  values can be due to the differences arising from 271 

data-selection criteria, distance metric used and the actual regional difference in . 272 
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The choice of distance range in fitting -  data can also influence the estimated  273 

values.  274 

In order to further explore the distance dependent estimation of , we plot median of 275 

sorted (by distance) -  data in each 10 km distance bin, and as can be observed from 276 

Figure 2a a clear trend indicating distance-dependent attenuation, , (varying slope of 277 

-  relationship) is visible. As a cross-check, we also analyzed the  values obtained 278 

from high-frequency linear fit method (Anderson and Hough 1984). The lower limit of 279 

the high-frequency range was selected (automatically) such that it is sufficiently above 280 

than the source  for each record for an assumed  of 10 MPa and database . The 281 

upper limit of the frequency range was either fixed to the low-pass frequency given in 282 

the metadata information or to 50 Hz for the records that are not assigned a low-pass 283 

frequency. Finally, only those  values were selected which were measured over a 284 

band of at least 10 Hz. The high frequency fit  values are plotted against distance in 285 

Figure 2b and a binning scheme similar to the one in Figure 2a was applied on the -  286 

data. A similar trend to that in Figure 2a can also be observed in Figure 2b indicating 287 

that the -  relationship from the selected dataset shows a distance-dependent slope 288 

(hence ). This observation was validated further from least square fit on the actual 289 

-  data (without binning and averaging them) assuming a bilinear relationship with a 290 

slope-transition distance of 40 km. It can also be observed from Figures 2a and 2b that, 291 

the straight-line fit of -  data gives different zero-distance intercept, , whereas the 292 

values are rather identical for a bilinear fit. Hence a single linear fit model of -  293 

relationship might overestimate the  values. Anderson (1991) has also suggested that 294 

if a straight line fit does not fit the data well, any other smooth functional form can be 295 

chosen. Selection of a bilinear form for -  relationship against more complicated 296 

(e.g., quadratic ) forms was based upon a compromise between simplicity and 297 

effectiveness of the model in capturing the observed trend. Assuming an average  298 

3.5 km/s, the  values at 40 and  40 km were obtained as: 610 and 1152 299 

from broadband fit  and 542 and 2493 from high-frequency fit  values.  300 
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 301 
Figure 2. -distance relationship from the entire dataset. (a) from broadband inversion method; (b) from high-302 
frequency linear fit method (Anderson and Hough 1984). The empty circles indicate the individual data points while 303 
the empty squares indicate the median of -  data in each 10 km distance bin. The extent of vertical bars indicate 304 
the  values corresponding to 16 and 84 percentiles in each distance bin. 305 

In order to investigate the regional variations in inelastic attenuation we split the -  306 

data in three regional categories based upon the station locations: 1) stations located in 307 

Turkey, 2) stations located in Italy and 3) the remaining stations in the dataset. 308 

Although the physical properties are not expected to follow the political boundaries, 309 

our criterion for selecting data in different nation-regions is rather simple and based 310 

upon a similar criterion used in recent NGA-West2 GMPEs, e.g., Abrahamson et al. 311 

(2014) and Boore et al. (2014). The -  data for the three region categories is plotted 312 

in Figure 3. As can be noted from Figure 3, the majority of the data belongs to Turkey 313 

with 667 data points, followed by 372 from Italy and the remaining 161. Out of the 314 

three, only data from Turkey shows a uniform distribution with distance, the data from 315 

Italy and remaining stations is mostly concentrated at less than 70-80 km. Similar to 316 

Figure 2, the -  data is binned in 10 km distance bins and corresponding median 317 

values and spread in each bin is also plotted over the actual distribution of the data. 318 

Although, one may observe a distance dependent variation in slope, a straight line fit 319 

over -  data from Turkey captures the observed trend reasonably well. The Italian 320 

data is mostly concentrated at smaller distances. Nevertheless, the straight line fit 321 

captures the observed trend well over the full distance range. Due to the very limited 322 

data points beyond 80 km, the fit was performed only up to 80 km for the remaining 323 

-  data (Figure 3c). It is worth mentioning that, the fitted lines shown in Figure 3 are 324 

obtained from the fitting of actual data points. Using  3.5 km, the  values and 325 

associated variabilities for the three region categories are shown in Figure 4a. Figures 3 326 

and 4a clearly indicate that within the selected dataset and at large in the RESORCE 327 

database, there are strong regional variations in anelastic attenuation. The data from 328 
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Turkey exhibits rather low attenuation (high ) in comparison to that for Italy, an 329 

observation that was also noted by Boore et al. (2014) and Kotha et al. (2016) in their 330 

empirical models.  331 

Estimation of  using equation (3) is strongly biased upon the assumed  model. 332 

Consequently, and as can also be observed in Figure 4b, a higher  gives a higher  333 

and similarly lower  is obtained for a lower . A smaller variability in  and  334 

(Figure 4b) for Italy in comparison to that for Turkey can be attributed to that the 335 

Italian dataset is mainly concentrated at smaller distances. Hence, the ray paths are 336 

mostly sampling similar (shallower) depths in the subsurface, thus fewer variations due 337 

to anelastic attenuation. For the remaining dataset, the large uncertainty can be 338 

explained due to its regional heterogeneity. Therefore, depth variations in  can be 339 

expected as well as the regional variations. In order to further investigate the regional 340 

variations in , we constrained  from the common (database) bilinear model shown 341 

in Figure 2a to estimate the average  in Turkey and Italy. Additionally, we limit the 342 

data only up to 50 km for this analysis to constrain the bias from  variations. As 343 

expected due to the coupling of  and , one can observe in Figure 4b that the  344 

values are different than that when we use regional  values (Figure 4a) for Turkey 345 

and Italy. However, the rather important observation is that using a common  value 346 

for the two regional datasets also indicates a significant variation in attenuation 347 

properties for Turkey and Italy due to surficial layers as near distance earthquakes are 348 

expected to sample near-surface structure of the subsurface. Hereafter, regional  349 

values for Turkey and Italy will be used for further analysis. While for the remaining 350 

dataset the database based distance-dependent  model (Figure 2a) will be used. 351 

 352 
Figure 3. -distance model for: (a) Turkey, (b) Italy, (c) and remaining dataset. Empty circles indicate individual 353 
data points while empty squares represent the median of -  data in each 10 km distance bin, while the extent of 354 
vertical bars indicates the  values corresponding to 16 and 84 percentiles in the bins.  355 

5. Station and site-class specific  356 

In stochastic simulations (Boore 2003) as well as in HTTA adjustments of empirical 357 

GMPEs a prior measurement of  at a given site is required (e.g., Campbell 2003; 358 
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Van Houtte et al. 2011; Edwards et al. 2016). In order to obtain a station-specific  359 

estimate, we correct all the individual record  (both the components individually) for 360 

the slope in -  straight-line fit corresponding to regional  values, that is, 1462 for 361 

Turkey and 601 for Italy. For the remaining dataset, the database based, the two-slope 362 

-  model presented in Figure 2a is used. Subsequently, the median of all record  363 

values at a station is presented as the station . Table 1 presents estimated  values 364 

for 45 stations recording at least 14 component-records. 365 

 366 

Figure 4. Regional variations in inelastic attenuation parameter  (a) and site-related attenuation  (b). The 367 
squares in (b) indicate average  values when the respective  values of (a) are used while the discs indicate the 368 

 values when the database based bilinear  model shown in Figure 2a is used. The extent of the vertical bars 369 
corresponds to the 68% confidence interval of each parameter estimate. 370 

Figure 5 depicts variation of station , and associated variability with  for 371 

stations with  360 m/s and with minimum ten records (including both the 372 

components). Figure 5a depicts the plot only for stations that have recorded 373 

. As mentioned earlier, regional variation in 374 

 models can bias the estimation of ; thus Turkish stations are observed to exhibit 375 

consistently higher . An important observation from Figure 5 is that, there is a rather 376 

large record-to-record (within-station) variability (the vertical bars) in , which in 377 

many cases is comparable to the station-to-station (between-station) variability 378 

(horizontal dashed-lines) of . The between-station variability is mainly affected by 379 

regional variations in . Although we did not observe a clear correlation between  380 

and  (Figure 5b), the between-station variability can also increase since softer sites 381 

may exhibit higher  (Chandler et al. 2006; Van Houtte et al. 2011; Edwards and Fäh 382 

2013a). On the other hand, the within-station variability is due to the fact that  is not 383 

homogeneous with respect to depth (Edwards et al. 2008; Edwards et al. 2011). Hence 384 

estimating  from near as well as distant earthquakes using a homogenous  model 385 
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can also inflate the within-station variability. As can also be noted from Figure 5b: the 386 

Italian stations depict less within-station variability in comparison to the Turkish 387 

stations. Additionally, a possible source component in  (Kilb et al. 2012) can also 388 

contribute to the larger within-station variability. Figure 6 demonstrates the effect of 389 

within-station variability in  by showing plots of spectra obtained from actual fit and 390 

that from regional  and station , vis-à-vis observed spectra. The spectra are shown 391 

at a station in Turkey with  747 m/s and for earthquakes at less than 40 km 392 

distance from the station. 393 

 394 

Figure 5. Station  plotted against  values for  360 m/s: (a) when earthquakes located at less than 40 395 
km (from a station) are used; (b) when all the earthquakes recorded at a station are used. Markers (empty circles, 396 
disks and empty squares) indicate the median while the extent of vertical bars indicates the values corresponding 397 
to16 and 84 percentiles at each station, i.e., within-station variability. The horizontal solid line indicates the median 398 
value of all station  in the sample, while two dashed lines indicate 16 and 84 percentile values in the sample, i.e. 399 
between-station variability. In both cases stations which have recorded at least 10 records (including both the 400 
components) are used. 401 

In order to cover a broad range of station sites, we also estimate site class specific  402 

values, which can be used as a first order approximation for stations not having 403 

endemic measurements of . In addition to the regional classification based upon , 404 

stations were classified in different site-classes based upon their  values as: very 405 

soft soil as    406 

stiff soil and  > 750 m/s as rock sites. Subsequently the site class , in each 407 

regional subset, is computed as the median of all record . The site class specific  408 

and corresponding variabilities are presented in Table 2. A rather large  for rock 409 

sites in Turkey can be a sampling issue with only eight data points. For Italian sites we 410 

observe a decreasing  from very soft soil sites to rock sites. In the remaining dataset, 411 

there were no stations corresponding to the very soft soil site condition. For a 412 

combined (data from all regions), but significantly limited subset of this dataset, 413 

Edwards and Fäh (2013a) obtained  as 0.0326, 0.0375, 0.0303 and 0.0241s for very 414 

soft soil, soft soil and stiff soil and rock site respectively. The values of site class  415 
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for Turkish dataset from this study are comparable with the findings of Askan et al. 416 

(2014) with  values 0.0377 and 0.0455 s in stiff and soft soil category. 417 

 418 

 419 
Figure 6 Within station variability of . Spectra for acceleration traces recorded at a station (Stn. Id. 2322) in 420 
Turkey with a  of 747 m/s. The regional  1462 for Turkey is used along with the station  0.0468s. 421 

 422 

6. Station and site-specific amplification 423 

We invert for a reference model using a priori seismic moments and geometrical 424 

spreading from Bora et al. (2015). The station (Fourier) site amplification factors 425 

( ) are estimated with respect to this reference model from a residuals analysis 426 

(Edwards et al. 2008; Drouet et al. 2010; Edwards and Fäh 2013a). For the reference 427 

model,  is used from database  and  values were fixed to a value that is 428 

obtained from a combination of regional  and station  derived in the previous 429 

section. In order to obtain the site at one station, we take mean of all (log) 430 

residuals (at each frequency) with respect to the reference model. Out of total 350, only 431 

223 stations characterized with measured  estimates are used in the site 432 

amplification analysis. 433 

Figure 7 depicts  plots for selected stations, which have recorded at least ten 434 

horizontal records (five earthquakes), except for a station (station Id. 2498) in Greece. 435 

Stations with station Ids 131 and 3690 indicate resonance effects present at such sites, 436 

which are consistent with the notion that stiff soil/rock sites may indicate resonance 437 

peaks at high frequencies while at softer soil sites such effects are mostly dominant at 438 

lower frequencies. It is worth to note here that, for determining , we 439 

additionally excluded the records recorded at  60 km (from earthquakes with 440 
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 6.5) to avoid the nonlinear soil response effects. Consistent with our site-class 441 

specific  estimates, we also present site-class specific amplification factors  442 

for the four site classes for each regional subset in Figure 8. Such plots also provide 443 

guidance in defining the amplification at stations for which direct measurements of -444 

profiles are not available. Although, resonance peaks are not apparent in the site-class 445 

 curves due to the broad site classification, the very soft and soft soil site 446 

indicate a large amplification at lower frequencies, and a deamplification at large 447 

frequencies may indicate (residual) non-linear site effects. Whereas, the stiff soil and 448 

rock sites indicate amplifications almost independent of frequency. Regional variations 449 

in site-class average site amplification factors are not apparent from Figure 8. Rock 450 

motions show an amplification close to one, which indicates that the reference is well 451 

calibrated. Also, the overall slight-deamplification for rock (  750 m/s) in 452 

Turkey is consistent with respect to the chosen reference amplification of California 453 

(Boore and Joyner 1997) anchored at  620 m/s. However, the similar  454 

curves for stiff soil and rock conditions in Italy indicate towards misclassification for 455 

some of the stations (Lucia Luzi, personal communication). It is worth emphasizing 456 

again that these amplification curves are obtained with respect to a crustal reference 457 

amplification of Boore and Joyner (1997) by removing it from the observed spectra. 458 

Therefore, Boore and Joyner (1997) crustal amplification curve should be used along 459 

with these  curves in a forward prediction application.  460 
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 461 
Figure 7. Station-specific Fourier amplification curves for selected stations. The thick curve indicates means 462 
amplification and the gray shaded bands indicate extent of the standard deviation. It may be noted that the site 463 
amplification curves are presented only for the stations, which are characterized by a measured  estimate. 464 

 465 
7. Source parameters  and  466 

After estimating the site amplification curves, , we refit the site-corrected 467 

spectra to determine event-specific  as well as seismic moments. We use site-class 468 

specific  curves (Figure 8) to correct the observed spectra for site 469 

amplification effects. The site-class  curves represents the site amplification 470 

effects over a broad range of stations; hence obviously they may not capture the 471 

detailed amplification characteristics of a single station, rather reflecting a typical 472 

feature. Nevertheless, they allow including the stations, which have recorded fewer 473 

earthquakes and also limiting the bias due to those fewer recordings. 474 
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 475 
Figure 8. Region-wise site class-specific Fourier amplification. The thick curve indicates the mean amplification 476 
and the gray shaded bands indicate the extent of one standard deviation. 477 

In this iteration, other than the geometrical spreading function, the high frequency 478 

slope  is fixed to the value that is a combination of regional  models and a regional 479 

site-class  (Table 2). The fitting is focused to fit the low frequency spectral level of 480 

the acceleration spectrum, i.e.,  10 Hz. In order to avoid the trade-off between  481 

(magnitude) and  at frequencies beyond , we do not include the high frequency 482 

spectral amplitudes in fitting at this stage. The choice of 10 Hz is rather subjective and 483 

is based on the assumption that this can be the highest  in the dataset as most of the 484 

earthquakes are of low-to-moderate magnitudes (  4)485 

source model for far-field spectrum of displacement motion, the spectral amplitude  486 

(plateau) below  is related to  as: 487 

.        (5) 488 

In equation (5), the values, of near source density ( ), near source average shear wave 489 

velocity ( ), average radiation coefficient for  waves ( ), energy partition 490 

coefficient ( ) and free surface amplification factor ( ) remain the same as used in 491 
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equation (1). The estimated  is used to compute the inverted magnitude  using 492 

the Hanks and Kanamori (1979) relation. Almost 1:1 correlation can be observed 493 

between database and inverted  in Figure 9. However, the over prediction of  494 

values from uncorrected spectra illustrates the challenge in estimating  values from 495 

observed Fourier spectra in presence of significant site-effects.  496 

The inverted  and  are used to compute the stress parameters ( ) using the 497 

following relationship: 498 

          (6) 499 

(Brune 1970, 1971; Eshelby 1957) where  is the near-source shear wave velocity 500 

assumed to be 3500 m/s. Figure 10a depicts the variation of  values with respect to 501 

database  and Figure 10b illustrates the same variation with focal depth. To obtain 502 

a robust estimate of inverted  and , events recorded on at least three stations are 503 

used for this analysis. As found for the previous database (Edwards and Fäh 2013a) 504 

Figure 10a does not show any magnitude dependency of . Thus, assuming a 505 

constant  model, the  (in MPa) using inverted  is obtained as:  506 

.       (7) 507 

If we constrain  to a value from database  and invert for  only, the median  508 

is obtained identical to that in equation (7) with smaller (lognormal) standard deviation 509 

as: 510 

        (8) 511 

The median  values are slightly smaller than those obtained by Edwards and Fäh 512 

(2013a) as 8.8 and 7.4 MPa from inverted and database  respectively, while the 513 

standard deviations are comparable. The  variability obtained in this study is also 514 

comparable with that inferred (Cotton et al. 2013) from between-event variability in 515 

the GMPEs of Akkar et al. (2014a), Boore et al. (2014) and Bindi et al. (2014) as: 0.43, 516 

0.42 and 0.41 respectively.  517 
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 518 
Figure 9. Comparison of inverted  with that from database. Disks: when inverted  are obtained from site-519 
class specific amplification corrected; and empty triangles: when inverted  are obtained from uncorrected 520 
spectra. Events that have been recorded at least at three stations (six records including both the components) are 521 
shown. 522 

 523 
Additionally, we estimated  for the  4.8 St. Die earthquake, as it has been widely 524 

investigated and discussed in the literature (e.g., Scherbaum et al. 2004). Although, the 525 

station-specific  values are not available for the stations recording St. Die 526 

earthquake, the soil type information of those stations was obtained from RESIF 527 

seismic data portal (http://seismology.resif.fr/). Out of the nine stations, three stations 528 

were classified in the EC (Eurocode)-8 soil type E, two in soil type B and the 529 

remaining four were classified in soil type A. We did not apply any corrections to 530 

empirical Fourier spectra to account for the local site amplification effects except 531 

correcting for the crustal amplification related with the generic rock amplification of 532 

California (Boore and Joyner 1997). However, the  values were fixed using the two 533 
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separate  (or ) models (i.e., for soil and rock) of Douglas et al. (2010), as some of 534 

the stations (which recorded St. Die earthquake) are included in their analysis as well. 535 

Fixing the low frequency spectral level by the  obtained from database  gives 536 

the  value as 49.2 MPa, while inverting for both  and ( ) magnitude gives  as 537 

32.3 MPa corresponding to the fitted  4.96. Such high values are consistent with 538 

high ground motion amplitudes observed for this event. 539 

The values of  determined in this study are compared in the context of recent studies 540 

involving  determination for mainland Europe (Edwards and Fäh 2013a; Edwards 541 

and Fäh 2013b) in Figure 11. Edwards and Fäh (2013a) involves earthquakes from all 542 

over Europe and the Mediterranean, which is essentially a subset of the present dataset, 543 

while the analysis of Edwards and Fäh (2013b) is based upon the earthquake from 544 

Swiss Alps and Swiss Foreland basin.  values from present study are observed to be 545 

in good comparison to the other studies except that the earthquakes from Swiss Alps 546 

are exhibiting lower  values.  547 

 548 
Figure 10. Stress parameters ( ) (obtained from site-class specific amplification corrected spectra) plotted 549 
against database  in panel (a) against depth in panel (b). Disks indicate the  values when both  and  550 
were obtained from inversion while the empty cricles indicate those when only  was obtained from inversion 551 
keeping the  fixed from database . Again, events recorded at least at three stations (six records inclduing 552 
both the components) are shown. 553 

Apart from St. Die earthquake, that is exhibiting a relatively larger , we did not 554 

observe discernable regional pattern in  (from the present dataset) as suggested by 555 

some recent studies (Malagnini et al. 2008; Drouet et al. 2010; Yenier and Atkinson 556 

2015b; Goertz-Allmann and Edwards 2014). The Friuli earthquake  6, 1976 also 557 

indicates a large  of 13.38 MPa with inverted  5.79, while using the database 558 

 gives  as 8.6 MPa. In Figure 11, earthquakes recorded at least at seven stations 559 

(fourteen records including both the components) are shown. For the earthquakes 560 
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shown in Figure 11, inverted , ,  and the associated uncertainties are given in 561 

Table 3.  562 

 563 

Figure 11.  comparison with the previous studies from the same region. Events recorded at least at seven 564 
stations (fourteen records including both the components) are shown in this figure. The encircled markers indicate 565 
the  values (left and right) corresponding to St. Die and Friuli earthquakes respectively. 566 

 567 

8. Discussion 568 

From the present analysis, we observed regional variations in anelastic attenuation  569 

and  from shallow active crustal earthquakes recorded across Europe and 570 

Mediterranean. Although, estimation of  is strongly linked with how one constrains 571 

, our analysis also indicates that it may also vary significantly between Turkey and 572 

Italy. As some studies have investigated correlation of  with deeper structure 573 

(Campbell 2009; Ktenidou et al. 2015), there is a possibility that  has regional 574 

component (Ktenidou et al., 2015), which depends on varying crustal properties.  575 

Furthermore, within a single region, significant, record-to-record (within-station) 576 

variability in  is observed, which in many cases is comparable to the station-to-577 

station (between-station) variability. Large within-station variability can be expected 578 

when a station records earthquakes over a range of distances. Thus the waves reaching 579 

at the station may encounter different anelastic attenuation regimes due to sampling 580 

deeper layers as well as the shallower layers in the subsurface. Essentially this 581 

variability is entering in  through the depth variation of . For the estimation of  582 
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therefore it is recommended to use records from near station earthquakes in addition to 583 

account for regional differences in . Large within-station variability in  can also 584 

be contributed by the source-component present in  (Kilb et al. 2012). From an 585 

application perspective, for example in stochastic simulations and HTTA adjustment of 586 

GMPEs, a linked (or combined)  and  model should be used to maintain the 587 

consistency. Finally, an important consequence of larger within-station variability (in 588 

) from the GMPE adjustment perspective is that it can hinder the effect of site 589 

(station) corrections made in  to account for site-to-site variability. This article 590 

presents broad site-class based  measurements for the regional subsets as well as the 591 

station-specific . We did not observe a clear relationship between  and  as 592 

suggested by some other studies. 593 

8.1 Comparison with previous studies 594 

A meaningful comparison between the estimated parameters with previous studies can 595 

only be possible when underlying assumptions (e.g., mainly geometrical spreading) 596 

and method of estimation is the same amongst the studies. Nevertheless, anelastic 597 

attenuation ,  and  for different regions across Europe and Mediterranean from 598 

some representative studies are given in Table 4 along with the assumed geometrical 599 

spreading function. To facilitate comparison with a frequency-independent  from 600 

our study, we have fixed  at 10 Hz from the studies involving frequency dependent 601 

. As expected a significant variation amongst the studies can be seen in Table 4. The 602 

 values determined in this study agree with the general trend that Turkey and Greece 603 

exhibit higher  values (lower attenuation) in comparison to that in Italy. Our  604 

estimates for Turkey are consistent with the findings for the northwestern part 605 

(Kurtulmus and Akyol 2013; Askan et al. 2014), which is expected as the majority of 606 

our Turkish records come from this region. Similarly, the  value for Turkey from our 607 

study is in good agreement with the value of 0.045s found by Akinci et al. (2013) for 608 

Anatolian region in Turkey. Moreover, recent GMPEs (Boore et al. 2014; Kotha et al. 609 

2016; Kuehn and Scherbaum 2016) have also indicated regionally varying anelastic 610 

attenuation terms indicating a higher  in Turkey and lower  in Italy. The present 611 

dataset does not permit to investigate regional variations in . The average median 612 

 value of 5.65 MPa from our analysis for the entire region is broadly consistent with 613 

the previous studies, except with the very high values of 20 and 60 MPa from Umbria-614 

Marche and northeastern regions in Italy (Malagnini and Herrmann 2000; Malagnini et 615 
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al. 2002). However, as stated earlier, comparisons amongst the parameter estimates 616 

should be made relative to the geometrical spreading function rather than treating them 617 

as absolute values.  618 

8.2 Stochastic model predictions 619 

We validate the model parameters derived in this study by comparing the model 620 

predictions against recorded data. The comparison is performed in terms of graphical 621 

comparisons of Fourier and response spectra in figures 12 and 13 respectively, while 622 

Figure 14 depicts comparison of response spectral variability with the regional 623 

GMPEs. For graphical comparison in figures 12 and 13, we have chosen August 17, 624 

1999 Kocaeli earthquake  7.6. This choice of earthquake will also allow reader to 625 

appreciate the consistency of the point source model in simulating ground motions 626 

from rather large ruptures. In addition to the use in synthesizing ground motions for 627 

low seismicity regions the model parameters such as , geometrical spreading,  and 628 

 are also used to represent the source, path and site attributes of empirical GMPEs in 629 

their HTTA (Host-to-Target Adjustment) framework. To that end, as depicted in 630 

Figure 13, a good comparison of the response spectra obtained from our stochastic 631 

model with the regional GMPEs of Akkar et al. (2014b), Bora et al. (2015) and Bindi 632 

et al. (2014) warrants the use of the present model in such exercises.  633 

 634 
Figure 12. Example of Fourier spectral fits to the observed recordings from  7.6 Kocaeli earthquake (August 635 
17, 1999). The model predictions (heavy line) are shown for inverted  7.5,  9.1 MPa and station-specific 636 

 and amplifications. 637 
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 638 
Figure 13. Pseudo spectral acceleration (PSA) for Kocaeli records corresponding to the plots shown in Figure 12. 639 
PSA from Akkar et al. (2014b), Bindi et al. (2014) and Bora et al. (2015) are also shown for comparison. 640 

 641 
Figure 14 depicts comparison of response spectral variability obtained from the present 642 

stochastic model with the regional empirical models (Akkar et al. 2014b; Bindi et al. 643 

2014; Bora et al., 2015). Response spectral residuals were obtained for an average 644 

 5.65 MPa and site amplification curves for the stations recording at least four 645 

component-records, with measured  measurements along with the regional  and 646 

corresponding station-specific  values. The residuals were decomposed into 647 

between- and within-event components by performing a linear (intercept-only) mixed-648 

effects regression (lme4 package, Bates et al. 2015) on the total residuals. Figure 14a 649 

depicts the mean residual bias at each oscillator frequency; Figure 14b depicts 650 

between-event standard deviation ( ); figure 14c depicts within-event standard 651 

deviation ( ) and Figure 14d depicts the total standard deviation ( ). Significant 652 

reduction in within-event variability ( ) is mainly due to capturing the between-station 653 

variability in terms of site amplification and  in the model itself. Also, capturing the 654 

regional variability in  has also led to further reduction in . 655 
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 656 

Figure 14. Comparison of response spectral variability from the derived stochastic model (using median  = 5.65 657 
MPa, regional Q along with station-specific  and amplifications) with that from regional empirical models. (a) 658 
Residual bias; (b) between- ); (c) within-event variability ( ); (d) total variability ( ). The 659 
variability from Bora et al. (2015) corresponds to the curve (in their Figure 17) that is obtained with event-specific 660 

 and station-specific . 661 

9. Conclusions 662 

This study was aimed at providing measurements of regional source, attenuation and 663 

site parameters for Europe and the Mediterranean region based upon a subset-dataset 664 

(Bora et al. 2015) of RESORCE-2012 database. Estimation of source, path and site 665 

parameters is based upon the far-field spectral representation of strong ground motion 666 

phases. In which, the source is represented by a Brune (1970, 1971) single corner 667 

frequency ( ) model. The path effects are modeled using simple geometrical and 668 

inelastic attenuation models. The inelastic attenuation is parameterized in terms of a 669 

frequency-independent  model (Edwards et al. 2008; Campbell 2009; Edwards and 670 

Fäh 2013a). As detailed in Bora et al. (2015), to enable the validity of point source 671 

model, near distance records from moderate and large magnitude earthquakes have 672 

been discarded. In the first stage, we fit for source-corner frequency  and attenuation 673 

operator  by fixing the  to a value obtained from database  (Hanks and 674 

Kanamori 1979). 675 
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The inverted  values from the full dataset indicate a  model varying with distance 676 

that essentially captures depth-dependent  structure (Edwards et al. 2008, Edwards et 677 

al. 2011). However, a clear regional variation in inelastic attenuation ( ) is observed 678 

with a large value of , i.e., 1462 (smaller attenuation) for Turkey and smaller  679 

(larger attenuation) of 601 for Italy. We also investigated  variability in terms of 680 

between-station and within-station (record-to-record) components indicating a large 681 

contribution in within-station variability through regional and depth variations of . 682 

Station-specific average Fourier site amplification factors were obtained with respect 683 

to a reference site with shear wave velocity ( ) profile of California (Boore and 684 

Joyner 1997) anchored at  620 m/s. The base (or hard-rock) model is described in 685 

terms of seismic moments obtained from database , a priori geometrical spreading 686 

function and regional  models along with the station . To cover a broader range of 687 

stations, site-class specific site amplification factors were also estimated.  688 

In the second stage of inversion, the observed Fourier spectra were corrected for site-689 

class specific amplification factor and subsequently further inverted to obtain the 690 

 and . The fitting procedure involves all the records 691 

from an event where the high frequency shape of each record was constrained by using 692 

the regional  models along with the site-class . Despite having very few events 693 

with a large number of multiple recordings, the inverted  values were found 694 

broadly consistent with the database . The estimated  from inverted  and  695 

did not exhibit dependence over magnitude. The database common  was estimated 696 

to be 5.75 and 5.65 MPa using inverted and database  respectively. The  values 697 

obtained in this study were observed to be in good comparison with the previous 698 

studies involving earthquakes from the same region. Although, we did not observe a 699 

clear regional dependence of  mainly because of the limited dataset, the St. Die 700 

earthquake  4.8 located at French-German border was found to be exhibiting a 701 

relatively high  of 32.3 MPa. We would like to mention here, what is already noted 702 

by Atkinson and Beresnev (1997), that the  values obtained in this way do not 703 

represent the actual drop in stress (before and after the earthquake) one would expect 704 

during an earthquake rupturing, but rather a measure of the proportion of radiated high-705 

frequencies. 706 

Finally, we note that the inversion of spectral parameters in Bora et al. (2015) was 707 

focused on a record-wise fitting of each spectrum to enable a consistent extrapolation 708 
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beyond the filter high-pass and low frequencies. While, this study is aimed at 709 

discussing current challenges that are associated with stochastic modelling of ground 710 

motion, thus providing robust estimates of regional stochastic model parameters for 711 

Europe and Mediterranean region. Furthermore, the present study is believed to 712 

facilitate an updated reference stochastic model, presented in Table 5, for Europe and 713 

Mediterranean regions. 714 

10. Data and resources 715 

Data was taken from the RESORCE database (Akkar et al. 2014a). Figures were 716 

prepared using the program Mathematica except figure 1a was prepared using GMT 717 

(The Generic Mapping Tools). The linear mixed effects regression was performed 718 

using R-package lme4 (Bates et al. 2015). 719 
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Table 1 Station specific  estimation for stations recording at least seven records. 933 

Station Id Station 
Country 

 
(m/s) 

  (s) 

50 
Percentile 

16 
Percentile 

84 
Percentile 

3 Italy 1029.6 14 0.022 0.016 0.032 

19 Italy 162.1 14 0.027 0.018 0.039 

129 Italy 444.7 14 0.027 0.018 0.03 

148 Turkey 283.3 14 0.03 0.022 0.039 

184 Turkey 316 14 0.029 0.026 0.038 

187 Turkey 481.3 14 0.021 0.017 0.025 

190 Turkey 616.4 14 0.037 0.031 0.049 

3633 Italy 679.2 14 0.031 0.019 0.037 

10 Italy 600 16 0.029 0.028 0.037 

146 Turkey 282 16 0.027 0.022 0.08 

162 Turkey 338.6 16 0.02 0.008 0.032 

188 Turkey 293.6 16 0.063 0.02 0.081 

2462 Turkey 354.8 16 0.04 0.034 0.059 

2635 Turkey 228.7 16 0.032 0.03 0.049 

3612 Italy 835.5 16 0.022 0.02 0.03 

124 Italy 219.3 18 0.029 0.023 0.037 

136 Turkey 285.5 18 0.045 0.032 0.111 

147 Turkey 408.7 18 0.039 0.033 0.049 

169 Turkey 338.6 18 0.03 0.019 0.037 

105 Turkey 355.9 20 0.038 0.03 0.068 

3620 Italy 199 20 0.044 0.006 0.055 

183 Turkey 455.7 21 0.032 0.026 0.043 

120 Italy 142.6 22 0.03 0.019 0.043 

231 Turkey 407.3 22 0.046 0.035 0.072 

2503 Turkey 480.8 22 0.041 0.032 0.048 

2987 Italy 684.8 22 0.013 0.008 0.032 

3679 Italy 488 22 0.01 0.004 0.026 

2465 Turkey 267.4 24 0.041 0.036 0.051 

3614 Italy 473.7 24 0.014 0.009 0.036 

138 Turkey 242.5 26 0.066 0.047 0.083 

140 Turkey 456.6 26 0.051 0.043 0.059 

2322 Turkey 746.9 26 0.05 0.04 0.071 

2459 Turkey 366.9 27 0.038 0.033 0.044 

229 Turkey 528.7 28 0.042 0.033 0.052 

2591 Turkey 374.9 28 0.062 0.054 0.065 

2466 Turkey 232.9 30 0.04 0.022 0.053 

2984 Italy 716.5 30 0.019 0.009 0.033 

122 Italy 554.8 32 0.021 0.014 0.026 

149 Turkey 595.2 34 0.03 0.024 0.048 

153 Turkey 191.8 34 0.046 0.034 0.067 

8 Italy 454.4 40 0.021 0.018 0.031 

139 Turkey 662 40 0.048 0.04 0.064 

155 Turkey 412 40 0.03 0.023 0.041 

131 Italy 534 42 0.012 0.008 0.02 
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Station Id Station 
Country 

 
(m/s) 

  (s) 

50 
Percentile 

16 
Percentile 

84 
Percentile 

134 Turkey 270 56 0.059 0.045 0.074 

 934 
  935 
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Table 2 Site- 0 in each regional subset. 936 

Site 
Class 

 (s) 
Turkey Italy Remaining 

N 16 Per 50 Per 84 Per N 16 Per 50 Per 84 Per N 16 Per 50 Per 84 Per 
Very 
soft 
soil 

14 0.0273 0.0395 0.0472 32 0.0185 0.029 0.0618 0 - - - 

Soft 
soil 

330 0.0265 0.0433 0.0675 83 0.0172 0.0271 0.0436 43 0.011 0.0267 0.0469 

Stiff 
Soil 

315 0.0275 0.0416 0.0605 219 0.0099 0.0224 0.0387 96 0.0122 0.0271 0.0429 

Rock 8 0.0317 0.0495 0.0662 38 0.0076 0.0212 0.0322 22 0.0048 0.0232 0.0447 
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Table 4: Seismological parameters derived from different studies. 938 

 Region    (s)  
(MPa) 

Kurtulmus 
and Akyol 
(2013) 

Western 
Turkey 
 

Frequency dependent ranging 
from 0.84 to 1.52 at  200 
km 

60  

(10) = 1507 

  

Akinci et al. 
(2014) 

Eastern 
Turkey  

100  

(10) = 269 
0.03 

4-20 

Akinci et al. 
(2013) 

Anatolia, 
Turkey 

 

180  
(10) = 639 

0.045 
10 

Askan et al. 
(2014) 

Northwestern 
Turkey 

 2164 

soft soil 
0.0455 

 

Hatzidimitriou 
(1995) 

Northern 
Greece 

   10  70 km  
85  

(10) = 691 

  

Margaris and 
Boore (1998) 

Greece     50 km 
88  

(10) = 700 

0.06 5.6 

Polatidis et al. 
(2003) 

Hellenic arc 
Greece 

 55  
(10) = 447 

  

Malagnini et 
al. (2000) 

Central 
Europe 

 

400  
(10) = 1052 

0.05 
3 

Edwards and 
Fäh (2013a) 

Europe and 
Middle East     100 km 619-716 

0.032-
0.033 8.8 

Malagnini and 
Herrmann 
(2000) 

Umbria-
Marche 
Italy 

    50 km 130  

(10) = 164 

0.04 20 

Malagnini et 
al. (2002) 

Northeastern 
Italy 

Frequency and distance 
dependent at  200 km 260  

(10) = 922 

0.045 60 

Malagnini et 
al. (2011) 

 

 

140  

(10) = 249 
  

Pacor et al. 
(2016) 

 

 

290  
(10) = 419 

0.012 
0.1-
25 

This study Europe and 
Mediterranean  

 
 0.031 5.65 

This study Italy 

 

601 0.026  

This study Turkey 

 

1462 0.046  
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This study Remaining 
(mainly 
Greece)  

 

780 0.033  

 939 
Table 5 Seismological parameters for Europe and Mediterranean stochastic model. 940 

Parameter Parameter Estimate 

Source spectrum Brune single corner  point source 

Stress parameter  5.75 MPa with inverted , Std. Dev. 0.43 in log units 

5.65 MPa with database , Std. Dev. 0.33 in log units 

Geometrical spreading  for  70 km 

 for  70 km 

Inelastic attenuation  610 for  40 km 

1152 for  40 km 

For Turkey:  

          1462; 68% confidence limits: 1333, 1620 

For Italy:  

         601; 68% confidence limits: 566, 640 

Shear wave velocity  3.5 km/s 

Density  2800 kg/m3 

Site attenuation  (s) 0.0308, Standard Error: 0.0024 

For Turkey: 

            0.0457, Standard Error: 0.002 

For Italy:  

         0.0261, Standard Error: 0.0015 

Site amplification Station and site-class specific from residual analysis 

Reference rock site amplification California generic rock anchored at  620 m/s (Boore and 

Joyner 1997) 

 941 


