
For Peer Review

1 

 

Regional Ground�Motion Prediction Equations for amplitude�, frequency response� and duration�based 1 

parameters for Greece 2 
 3 

Konstantinos Chousianitis
1
, Vincenzo Del Gaudio

2
, Pierpaolo Pierri

2
, G.�Akis Tselentis

1
 4 

 5 

 6 
1 

Institute of Geodynamics, National Observatory of Athens, Lofos Nymfon, 11810 Athens, Greece 7 
2 

Dipartimento di Scienze della Terra e Geoambientali, Università degli Studi di Bari, via E. Orabona 4, 70125, Bari, 8 

Italy 9 

 10 

Keywords: Ground�motion prediction equations; nonlinear regression; residual distribution; distance�dependent 11 

saturation effects; anelastic attenuation 12 

 13 
 14 

Abstract 15 

 16 

Although all of the main properties of a ground�motion cannot be captured through a single parameter, a number of different 17 
engineering parameters has been proposed that are able to reflect either one or more ground�motion characteristics 18 
concurrently. For many of these parameters, especially regarding Greece, there are relatively few or no published equations 19 
available for their prediction. In this context, we present a set of new regionally�calibrated equations for the prediction of the 20 
geometric mean of the horizontal components of ten amplitude�, frequency response� and duration�based parameters for 21 
shallow crustal earthquakes. These equations supersede previous empirical relationships for Greece since their applicability 22 
range for magnitude and epicentral distance has been extended down to Mw 4 and up to 200 km respectively, the incorporation 23 
of a term accounting for anelastic attenuation has been investigated, while their development was based on a ground�motion 24 
dataset spanning from 1973 to 2014. For all ground�motion parameters we provide alternative optimal equations relative to the 25 
availability of information on the different explanatory variables. In all velocity�based and contrary to the acceleration�based 26 
parameters, the anelastic attenuation coefficient was found statistically insignificant when it was combined with the geometric 27 
decay and the coefficient accounting for saturation with distance. In the regressions where the geometric decay coefficient 28 
simultaneously incorporated the contribution of anelastic attenuation, its increase was found to be much less considerable in 29 
the velocity�based than in the acceleration�based parameters, implying a stronger effect of anelastic attenuation on the 30 
parameters that are defined via the acceleration time history. 31 

 32 

 33 

 34 

1. INTRODUCTION 35 

 36 
A ground�motion prediction equation (GMPE) is a mathematical model that relates a dependent parameter to 37 

independent variables which characterize the earthquake source, the propagation path of the seismic waves, and the 38 

local site conditions at a particular site of interest. Since these relations provide estimates of the expected ground�39 

motion triggered due to a specific earthquake scenario, they are especially useful in seismic hazard assessment and 40 

earthquake�resistant design. They are required to develop ground�motion hazard curves and are essential in either 41 

deterministic or probabilistic approaches, while are widely used for evaluation of the potential seismic performance of 42 

engineering structures. The lack of representative regional GMPEs is unquestionably a major source of uncertainty in 43 

seismic hazard assessment, although their applicability during the last decades has been extended to cover a variety of 44 

planning and environmental managing problems. In this context GMPEs have been incorporated into methodologies for 45 

the evaluation of the recurrence time of earthquake�induced landslide triggering (Del Gaudio et al., 2003; Du and 46 

Wang, 2014; Chousianitis et al., 2016), the evaluation of hazard from induced seismic events due to oil and gas 47 

activities (Bourne et al., 2015), as well as in the development of multi�hazard models (De Risi and Goda, 2016; 48 

Bathrellos et al., 2017). 49 

 50 

As far as Greece is concerned, and despite the importance of proper regionally calibrated GMPE, during the last 15 51 

years the only regional models for the prediction of ground�motion parameters for shallow crustal earthquakes were 52 

developed in the studies of Skarlatoudis et al. (2003) and Danciu and Tselentis (2007). The GMPEs of the former study 53 

were defined based on 619 records from 225 earthquakes in Greece, while the latter study used a ground motion dataset 54 

which contained 355 records from 151 earthquakes. Skarlatoudis et al. (2003) analyzed only peak ground motion 55 

parameters, while Danciu and Tselentis (2007) considered a number of engineering parameters along with spectral 56 

acceleration. The derived equations of both papers are valid for moment magnitudes between 4.5 ≤ Mw ≤ 7.0 and for 57 

epicentral distance range of 0�160 km and 0�136 km respectively. Also, both studies used the same functional form with 58 

the same dummy variables and their strong�motion database, which consisted mainly of analogue records, covered the 59 

period from 1972 to 1999. The only worth mentioning difference between these studies is that in Skarlatoudis et al. 60 
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(2003) both horizontal components were used, while Danciu and Tselentis (2007) used the arithmetic average between 61 

the two horizontal components. 62 

 63 

However, it is evident that the currently available GMPEs for Greece are based on a somewhat outdated strong�motion 64 

dataset. This is corroborated by the fact that since 2000 the analogue instruments were gradually replaced by digital, 65 

thus ensuring the elimination of digitization procedure errors, while after 2009 a serious instrumentation upgrade with 66 

high resolution instruments along with a targeted densification of the strong�motion network took place. Therefore, the 67 

development of new GMPEs for Greece based on an expanded ground�motion dataset spanning further than 1999 is 68 

warranted. Such an increase of the amount of strong�motion data should significantly improve the reliability and 69 

accuracy of GMPEs derived from them. Moreover, ground�motion parameters other than those commonly used to 70 

quantify the level of seismic shaking, have been demonstrated to be suitable in a variety of engineering applications. 71 

For instance, some of these parameters such as CAV are able to be used in various problems of geotechnical earthquake 72 

engineering. These include the rapid damage assessment after a major earthquake through near�real�time tools such as 73 

the instrumental intensity ShakeMaps, the evaluation of liquefaction potential and the assessment of hazard due to 74 

earthquake�induced landslides and slope failures. In addition, these parameters can be also useful in structural 75 

engineering, where scaling of earthquake ground motions enable nonlinear response�history analysis of buildings either 76 

for design or performance assessment purposes. Until now, GMPEs for some of these parameters have been developed 77 

only in the study of Danciu and Tselentis (2007). Accordingly, this singularity creates a shortage in conducting seismic�78 

hazard assessment using, for instance, some frequency response� or duration�based parameters, emphasizing the need 79 

for the development of new GMPEs or the revision of existing ones. 80 

 81 

Considering the aforementioned limitations that accompany the currently available GMPEs for Greece and justify the 82 

need for their update, we present a set of new equations for the prediction of ground�motion parameters for shallow 83 

crustal earthquakes. The proposed models have been calibrated for the estimation of the geometric mean of the 84 

horizontal components of peak horizontal acceleration, peak horizontal velocity, effective design acceleration, Housner 85 

spectrum intensity, acceleration spectrum intensity, velocity spectrum intensity, mean period, characteristic intensity, 86 

specific energy density and cumulative absolute velocity. For the development of the new GMPEs, we partitioned the 87 

entire dataset of available strong�motion records into a training and a validation subset, an approach which was not 88 

adopted in the Skarlatoudis et al. (2003) and Danciu and Tselentis (2007). The training dataset was used for the 89 

calculation of the regression coefficients, while the validation dataset was used for evaluating the effectiveness of the 90 

derived models in predicting the corresponding ground�motion parameters. This strategy is important in the assessment 91 

of any regression�generated model for a series of reasons. For example, upon building a predictive equation it is 92 

expected that the incorporation of more parameters may insubstantially improve the fit to the observed data, even only 93 

because it better fits a random "noise" due to observation errors, while upon comparing an equation obtained from a 94 

particular dataset with other different models, any conclusion should be made on the basis of a different dataset from 95 

that used for the regression of the inspected model. Thus, an objective evaluation on the predictive capability or 96 

appropriateness of a specific model can be obtained only by applying that equation to a dataset different from the one 97 

used to determine its coefficients. 98 

 99 

The equations of the present study supersede previous GMPEs derived for Greece since they present a number of 100 

novelties with respect to the previous models. Firstly, their development is based on a updated amount of higher quality 101 

strong�motion data than was available in the previous studies. In this context we included records from earthquakes 102 

after 2000 that were not available in the studies of Skarlatoudis et al. (2003) and Danciu and Tselentis (2007), as well as 103 

we excluded all bad quality data with low signal�to�noise ratio existent in the database prior to 2000 which was utilized 104 

in the two aforementioned studies. This facilitates the robust estimation of the regression coefficients and the inclusion 105 

of data from small earthquakes at very short distances and from large events at regional distances. Moreover, in this 106 

study the derived equations predict the geometric mean of the horizontal components which is commonly employed in 107 

modern GMPE studies and was not the case in either of the previous papers. Also, contrary to the so far available 108 

GMPEs for Greece, we investigated the incorporation of a term accounting for anelastic attenuation among the different 109 

possible functional forms that we considered. Additionally, for all ground�motion parameters we provide alternative 110 

optimal equations relative to the availability of information on the different explanatory variables. Finally, we extended 111 

the range of the GMPEs applicability relative to moment magnitude and epicentral distance down to Mw=4.0 and up to 112 

200 km, respectively. 113 

 114 

 115 

2. GROUND�MOTION PARAMETERS EXAMINED 116 

 117 
One of the most difficult but at the same time highly important tasks of earthquake engineering is the estimation of 118 

ground�motion parameters that facilitate the realistic estimation of the structural response and the quantification of the 119 

damage potential of earthquake strong ground motions. In this context amplitude, frequency content, duration as well as 120 

the number of picks above certain amplitudes in the recorded time history are the main properties of a ground motion 121 
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which are essential for describing its important characteristics. Amplitude has a critical role in the characterization of 122 

the strong ground motion, but it is the frequency content of that motion which affects the response of a structure and 123 

illustrates how the amount of energy is incorporated among the different frequencies. Strong ground motion duration 124 

depends on the time required for rupture to propagate across the fault and has a strong influence on earthquake damage, 125 

thus being important for seismic risk assessment. A number of engineering parameters has been proposed to represent 126 

either just one of the aforementioned characteristics of strong ground motions or more of them. However, because of 127 

the complex nature of the earthquake mechanism, the implementation of engineering needs such as damage potential 128 

assessment, probabilistic seismic hazard assessment and design criteria compilation through the identification of a 129 

single engineering parameter is not feasible. From this point of view, the parameters that need to be evaluated for 130 

specific engineering purposes depend on their intended use and their adequacy can be assessed by reviewing their 131 

definitions. 132 

 133 

  134 

2.1 Amplitude�based parameters 135 

 136 

The simplest as well as widely used parameters are the peak horizontal acceleration (PHA), which is adopted in many 137 

structural design codes worldwide, along with peak horizontal velocity (PHV). Both are the peak values of acceleration 138 

and velocity time histories of a strong ground motion and therefore are direct amplitude measures. Despite their similar 139 

definition these parameters are suitable for different spectral regions, in a way that PHA can be considered a high�140 

frequency parameter, while the PHV a mid� to low�frequency parameter. This is caused by the integration process 141 

which has the ability to enhance low�frequency against the high�frequency components. Due to their simplicity and 142 

wide applicability in earthquake engineering, a large number of GMPEs have been published for their prediction 143 

(Douglas and Edwards 2016). The most recent predictive models for PHA where data from Greek earthquakes have 144 

been considered in the regression analyses are those of Ambraseys et al. (2005), Akkar and Bommer (2007b), Akkar 145 

and Bommer (2010), Akkar et al. (2014) and Kotha et al. (2016). However, only Skarlatoudis et al. (2003) and Danciu 146 

and Tselentis (2007) used solely Greek data to derive regionally calibrated GMPE for PHA, while as stated before, the 147 

time span of their database was until 1999. As far as PHV is concerned, Akkar and Bommer (2007a), Akkar and 148 

Bommer (2010), Akkar et al. (2014) and Kotha et al. (2016) proposed equations valid for Europe and Middle�East 149 

regions, and Skarlatoudis et al. (2003) and Danciu and Tselentis (2007) established regional models for the prediction of 150 

PHV within Greece. 151 

 152 

Another amplitude�based parameter that is similar to the PHA is the Effective Design Acceleration (EDA) which 153 

corresponds to the peak value that remains after applying a low�pass filter with a cut�off frequency of 9 Hz to the 154 

acceleration time history (Electrical Power Research Institute [EPRI], 1988). Its concept emanated from the fact that 155 

high acceleration pulses located at high frequencies bring about little response in the majority of engineering structures. 156 

Accordingly, the Effective Design Acceleration can be considered as the acceleration which is efficient in triggering 157 

structural damage. Currently, this parameter has never been incorporated in a GMPE. 158 

 159 

 160 

2.2 Frequency response�based parameters 161 

 162 

The Acceleration Spectrum Intensity (ASI) was proposed by Von Thun et al. (1988) in an effort to characterize strong 163 

ground motion for analysis of reinforced concrete dams. It is a frequency response�based parameter which is defined 164 

through the following equation: 165 

∫ ==
5.0

1.0
),05.0( dTTSASI a ξ

         (1) 166 

where Sα is the spectral acceleration for 5% damping and between periods of 0.1 sec and 0.5 sec, which comprise the 167 

typical range of the fundamental periods of concrete dams. Bradley (2010) concluded that ASI is a parameter with a 168 

better predictability than other common ground�motion parameters such as PHV and spectral accelerations. This was 169 

illustrated by comparing the total�event and intra�event lognormal standard deviations of these parameters and showing 170 

that ASI has the smaller variability. 171 

 172 

In a similar way as for the ASI, Von Thun et al. (1988) defined the Velocity Spectrum Intensity (VSI): 173 

∫ ==
5.2

1.0
),05.0( dTTSVSI v ξ

         (2)
 174 

where Sv is the spectral velocity for 5% damping and between periods of 0.1 sec and 0.5 sec. For none of these two 175 

parameters a GMPE exists, apart from an indirect method presented in Bradley (2010), predicting ASI through 176 

equations that provide spectral acceleration estimates. 177 

 178 
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The above three parameters make use of spectra to measure the frequency content of accelerograms. Mean Period (Tm), 179 

comprise an individual parameter that can be used as an alternative to complete spectra for the representation of the 180 

frequency content of a strong motion record. According to Rathje et al. (1998) it is the best simplified frequency content 181 

characterization parameter, and given that the dynamic response of structural systems presents strong dependence on 182 

the frequency content of the strong motion, mean period is of particular interest for seismic design purposes. Its 183 

definition is based on the Fourier amplitude spectrum through the following relation: 184 

∑
∑=

2

2 /

i

ii

m
C

fC
T

          (3)

 185 

where Ci are the Fourier amplitudes, and fi represent the discrete Fourier transform frequencies over the range between 186 

0.25 and 20 Hz. Mean period is a parameter for which very few GMPE have been developed. The most widely used 187 

relation is that of Rathje et al. (2004), which however was developed on the base of records including only a small 188 

number of events with Mw < 5.5, and consequently it should be used with caution below this limit. Recently, Yaghmaei�189 

Sabegh (2015) developed a model for Tm prediction using data from earthquakes that occurred in Iran. As regards 190 

Greece, no predictive model for Tm is available and this is the first time that this parameter is incorporated in a GMPE. 191 

 192 

 193 

2.3 Duration�based parameters 194 

 195 

Characteristic Intensity, IC, is a combined parameter which is defined as: 196 

totRMSC taI ⋅= 2/3)(
          (4)

 197 

where aRMS is the root mean square (rms) acceleration and ttot is the duration of the strong motion. Due to its definition, 198 

it is a parameter that incorporates the effect of amplitude and frequency content of a strong motion record along with its 199 

duration. It has also been noted that this parameter represents well the destructive potential of ground motions since it 200 

exhibits good correlation with the mean values of the damage index (Park et al., 1985). Despite the usefulness of this 201 

parameter, only Danciu and Tselentis (2007) have developed a GMPE for it. 202 

 203 

The Specific Energy Density, SED, is obtained by integrating velocity square over the duration of the strong motion of 204 

an earthquake: 205 

∫=
tott

dttvSED
0

2)(
          (5)

 206 

where v(t) is the ground velocity time history and ttot is the duration of the strong motion. This parameter represents the 207 

total kinetic energy during an earthquake and captures its variation. Currently there is an absence of GMPE for SED and 208 

accordingly we will present the first model for its prediction derived from ground�motion records. 209 

 210 

Cumulative Absolute Velocity, CAV, is defined as the area under the curve of the absolute value of the ground 211 

acceleration as function of time, i.e.: 212 

∫=
tott

dttCAV
0

)(α
          (6)

 213 

where α(t) is the ground acceleration and ttot is the duration of the strong motion. It has been used to quantify the 214 

structural damage potential of the earthquake ground motion and since its value increases with time, it has the ability to 215 

include the cumulative effects of the ground motion duration. Despite this advantage of CAV over many amplitude�216 

based ground motion parameters, only a few number of CAV prediction models are available in the literature. Among 217 

them, Campbell and Bozorgnia (2010) and Du and Wang (2013) used the Next Generation Attenuation strong motion 218 

database and proposed models on the basis of eight and four input parameters respectively. Sandıkkaya and Akkar 219 

(2017) presented a CAV predictive model using a database compiled from the broader European region, while Foulser�220 

Piggott and Goda (2015) used Japanese data to develop linear and nonlinear site�response models accounting for linear 221 

magnitude scaling, fault mechanism, event type and region�specific anelastic attenuation. As far as Greece is concerned, 222 

the only available GMPE for CAV is the one developed by Danciu and Tselentis (2007) with the abovementioned 223 

dataset of Greek earthquakes that occurred up to 1999. 224 

 225 

 226 

3. METHODOLOGY 227 

 228 
Functional forms commonly used for GMPEs include terms representing ground motion dependence on source 229 

properties (magnitude, focal mechanism) and wave propagation (attenuation, site effect). However, the estimate of 230 

equation parameters that optimize its predictive capacities, can be biased by correlations, within the regression analysis 231 

dataset, between the values of explanatory variables. Indeed, not all the possible combinations of these values can be 232 

evenly sampled by a database of ground motion recordings: small magnitude events can be recorded only within short 233 
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distances from the source, whereas, for strong events, recordings acquired at very short distances are often missing or 234 

very few in comparison to long distance observations. Since larger magnitudes and longer distances produce opposite 235 

effects on shaking, the prevalence of recordings of small events at short distances and strong events at long distances 236 

tends to produce, in equation predictions, a lower rate of ground motion decay with distance in comparison to reality 237 

(Fukushima and Tanaka, 1990). The databases used nowadays to develop GMPEs are much more complete than they 238 

used to be; in particular small events are much better recorded. Recordings of strong events at short distances are still 239 

missing though. 240 

 241 

One way to counter this bias consists of decoupling the determination of coefficients of terms accounting for ground 242 

motion “intra�event” variability (among different sites, for the same event) from those representing “inter�event” 243 

variability (among different events, as effect of source differences) through a two�stage procedure (cf. Joyner and 244 

Boore, 1991, 1993). The starting point of this procedure is a general equation predicting a ground motion parameter Y, 245 

according to the form 246 

erMj jjNi ii mfsehRdhRcMbaY εε ++⋅+⋅++⋅++⋅+⋅+= ∑∑ == ,1,1

2222loglog
          

 (7) 247 

where M is the event moment magnitude, R the epicentral distance in km, si and mj are N and M dummy variables for 248 

site and focal mechanism types, respectively, a, b, c, d, ei, fj, h
2
 are the regression parameters, εr and εe are the estimate 249 

errors related to unmodeled intra� and inter�event variability, respectively. During the development of GMPEs there are 250 

two main options regarding the adopted distance metrics that can be categorized as either point source or finite fault 251 

measures each one of which has advantages and disadvantages. In the present study we used epicentral distances due to 252 

the fact that the lack of detailed information about the exact rupture plane for the majority of the moderate and small 253 

events did not allow us to introduce a finite fault distance metric in our models. Although we acknowledge that the use 254 

of an extended fault geometry is crucial to correctly account the path effect in large magnitude events, we note that the 255 

vast majority of the earthquakes in our dataset is below Mw = 6.4. For such events, the discrepancy that is caused by the 256 

point�source approximation of an extended source model is relatively small due to the fact that the rupture dimensions 257 

are usually smaller than the distance to the strong motion stations. Hypocentral distance was not used so as to avoid bias 258 

due to poorly resolved focal depths particularly in the early part of the earthquake catalog. In addition, epicentral 259 

distance can be considered adequate for hazard assessment, if one calculates hazard through the definition on seismicity 260 

rates of different seismogenic zones in terms of the expected number of earthquakes of different magnitude having 261 

epicenter within each zone.  262 

 263 

At the first stage, the regression is carried out introducing one dummy variable nk for each of the L events recorded by 264 

the regression dataset, according to the equation 265 

rLk kkNi ii ngsehRdhRcY ε+⋅+⋅++⋅++⋅= ∑∑ == ,1,1

2222loglog               (8) 266 

where gk are coefficients to be determined together with those of the terms accounting for geometric spreading (c), 267 

anelastic attenuation (d) and site effect (ei) and with the parameter representing the effect of ground motion saturation 268 

with distance (h). Since the last parameter makes the regression nonlinear, ordinary least�square regressions are 269 

iteratively carried out on a linear approximation of the equation (8), according to the matrix form   270 

1111 εBXY +=                                                                     (9) 271 

where Y1 is the vector of the logY values for each observation, X1 is the matrix of the partial derivatives of (8) with 272 

respect to the equation parameters listed in the B1 vector, and ε1 is the vector of residuals. We adopted the criterion used 273 

by Joyner and Boore (1993) to stop iterations when the variation of h from the previous iteration is very small, as a 274 

good indicator of the closeness to a minimum of residual rms.  275 

 276 

The final estimated values kĝ resulting from the nonlinear regression are then employed in the second stage regression 277 

as response variable of a set of L equations 278 

egMj jjk mfMbag εε ++⋅+⋅+= ∑ = ,1
ˆ                                              (10) 279 

aimed at estimating the source�dependent parameters a, b, and fi. Here εg is the error ( )kk gg −ˆ  affecting the estimate of 280 

gk. In matrix form, these equations can be written as  281 

2222 εBXY +=                                                                       (11) 282 

where Y2 is the vector of the values kĝ , X2 is the matrix reporting the values of the explanatory variables of (11), B2 is 283 

the vector of the parameters to be determined and ε2 is the vector of residuals given by the sum of errors εg and εe. Since 284 

these two kinds of errors can be considered independent and uncorrelated (cf. Joyner and Boore, 1993), the covariance 285 

of equation (11) residuals can be assumed equal to the sum of those of εg and εe, i.e.  286 

IV2

2
)var( eg σε +=                                                                (12), 287 
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where var(εg) is derived from the first step regression, I is the identity matrix and errors εe deriving from inter�event 288 

variability are assumed to be characterized by a zero mean and a common variance σe
2. In general, the last assumptions 289 

cannot be applied also at the covariance of εg, in that εg values depend on the strength of constraints on gk determination, 290 

which are related to the number of recordings available for each event. Thus, an ordinary least�square regression cannot 291 

be applied to equation (11) and needs to be replaced by a weighted least�squares approach, adopting the inverse of the 292 

square root of the covariance matrix (12) as weighting matrix. 293 

 294 

Although the variance σe
2
 is not known a priori, it can be determined by trials calculating iteratively the vector B2 from    

 
295 

( ) 2222222 YVXXVXB
111ˆ −−−= TT

                                                           (13) 296 

until, following a bisection approach, a solution is found for B2, that makes the standard deviation of residuals of the 297 

weighted equations equal to 1 within a fixed approximation (cf. Hwang et al., 2004). The total variance σ
2 

can then be 298 

estimated by summing those (σr
2
 and σe

2
) associated to errors εr and εe, respectively. 299 

 300 

With regard to the development of the GMPE for Tm, we adopted the same functional form that was used by Rathje et 301 

al. (2004), excluding, as in the case of Yaghmaei�Sabegh (2015), the forward�directivity term due to lack of such 302 

information in our dataset, i.e. 303 

erMj jjNi iim mfseRcMbaT εε ++⋅+⋅+⋅+−⋅+= ∑∑ == ,1,1
)6(ln       (14) 304 

The complete functional forms (7) and (14) may not be applicable in cases of missing information on source focal 305 

mechanism or on site category. Furthermore, the available regression dataset might be unable to provide good 306 

constraints for the calculation of some of the equation parameters. Therefore, following the scheme adopted in a 307 

previous study (Chousianitis et al., 2014), regressions were also performed using simpler functional forms that exclude 308 

some of the terms present in the complete equations. To evaluate if the inclusion of more terms actually improves 309 

equation predicting capability, the accelerometer database was subdivided into two parts, used as training and validation 310 

dataset, respectively. Regressions were carried out on the training dataset, which includes only events that were 311 

recorded by more than one station. The validation dataset was used to compare the effectiveness of different equations, 312 

and mainly consists of singly recorded events that were not incorporated into the training dataset. Yet, in order to adjust 313 

the range of recording distances up to the same limits as the training dataset, we supplemented the validation dataset 314 

with very few recordings that have been transferred from events belonging to the training dataset. Here we note that the 315 

main drawback of the two�stage approach is the impossibility to separate inter�event and intra�event component of 316 

residual in case of events recorded by a single station. That is why such kind of recording was excluded from the 317 

training dataset and therefore from regressions. However, such data can be used for the comparative validation stage. It 318 

is also crucial to acknowledge that although the dataset contains a number of events with only two records, which 319 

provide weaker constraints to the separation between inter�event and intra�event variability, these are not a dominant 320 

component of the total dataset and represent a minority when compared to the total number of recordings. 321 

 322 

After each regression, Student’s test t values were calculated to assess the significance of the obtained parameters. The 323 

goodness of fit provided by each tested equation was evaluated through the efficiency coefficient (Nash and Sutcliffe, 324 

1970) 325 

( )
( )∑

∑
−

−
−=

2

2*

1

ii

ii

yy

yy
E                                                               (15),  326 

which quantifies how much the equation estimations y
*

i outperform the simple mean value iy  as predictor of the 327 

experimental observations yi. Furthermore, GMPEs are probabilistic models based on the assumption that ground�328 

motion is log�normally distributed. The hypothesis that the actual value of a ground�motion parameter has a log�normal 329 

distribution around the median provided by the GMPE is an ideal model used to estimate the exceedance probability in 330 

hazard assessment, thus the agreement of observations with such a model should be verified to evaluate the reliability of 331 

hazard estimates. In this context, Scherbaum et al. (2009) introduced the LLH index which is based on the similarity of 332 

residual distribution to log�normality in terms of frequency for intervals of residual values and is often used to assess 333 

performance of different GMPEs. Finally, to compare the effectiveness of different functional forms in predicting 334 

ground motion observations distinct from those employed in regressions, root mean square of estimate errors and 335 

efficiency coefficient were estimated applying the equations to the validation dataset. 336 

 337 

 338 

4. DATA AND RESULTS 339 
 340 

The Greek accelerometric database that we used includes recordings acquired from 1973 to 2014. Since GMPEs are 341 

mainly used for the prediction of seismic damage scenarios, the calibration and validation of the models within the 342 

present study was carried out using only data relative to events of moment magnitude not less than 4.0. The dataset 343 
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incorporates the HEAD v1.0 strong�motion database for the period 1973–1999, where however we have excluded all 344 

bad quality data with low signal�to�noise ratio. After 2000 we have used selective data from the permanent network of 345 

the National Observatory of Athens (NOA) along with data from the EUROSEISTEST database (Pitilakis et al., 2013). 346 

The records which were not available in an already processed and filtered form, i.e. those of the permanent network of 347 

NOA, were corrected by applying a bi�directional second�order Butterworth filter with high�pass and low�pass cut�off 348 

frequencies equal to 0.2�0.3 Hz and 25�30 Hz, respectively. The final dataset, whose earthquakes and corresponding 349 

number of records are given in Table S1 of the supporting information, was further divided into a training and a 350 

validation dataset, as stated previously. The training dataset consists of 652 accelerograms, relative to 72 events, 351 

acquired by 124 stations, whereas the validation dataset includes 254 accelerograms relative to 123 events, acquired by 352 

45 stations. The maximum moment magnitude for both datasets is 6.8. Figure 1 shows the geographic location of events 353 

and stations for the two datasets, whereas Figure 2 shows the corresponding source magnitude�distance distribution 354 

among the recordings of the two datasets. Although the training dataset includes a few recordings acquired very close to 355 

the seismic source, their number is too small to well constrain GMPE parameters for short distance predictions. Thus, 356 

the effectiveness of different GMPE functional forms was tested on a validation dataset including recordings acquired at 357 

epicentral distances not less than 5 km. 358 

 359 

 360 
Figure 1. Geographic location of seismic stations (black triangles), event sources (circles sized according to magnitude) 361 

and source�station paths (black lines) relative to the seismic recordings included in the training dataset used for the 362 

calibration of GMPEs and the validation dataset used to compare the effectiveness of different GMPEs. 363 

 364 

Regressions were carried out on the training dataset to derive equations predicting the ground�motion parameters 365 

mentioned earlier. As response variable, we used the geometric mean of the parameter values observed on the two 366 

horizontal components. With reference to the general form of the prediction equation (7) and (14), the categorization of 367 

event focal mechanisms was simplified unifying strike�slip and thrust fault types, following the outcome of previous 368 

studies (cf. Danciu and Tselentis, 2007), thus a single dummy variable m was included, setting its value to 0 for normal 369 

faults and to 1 otherwise. With regard to soil conditions, accelerometer sites in Greece are classified according to the 370 

criteria defined by the United States National Earthquake Hazards Reduction Program (NEHRP; see Building Seismic 371 

Safety Council [BSSC], 2003). All the stations were assigned to one of three classes, i.e. B (rock), C (stiff soil) or D 372 

(soft soil). Thus, two dummy binary variables si at most were needed, setting both their values to 0 for B type sites and 373 

setting, alternatively, one of the variable to 1 and the other to 0, for the C and D types. 374 

 375 
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 376 
 377 

Figure 2. Magnitude of recorded events as function of distance of the recording station for the training and validation 378 

datasets. Focal mechanism of the recorded events and site class of the recording stations are represented through 379 

different symbols according to the legend. 380 

 381 

 382 

All the functional forms tested in regression analyses for all the ground�motion parameters examined include the first 383 

three terms of equations (7) and (14). Alternative forms using all the possible combinations were tested choosing 384 

whether or not to include the coefficient h and the terms representing anelastic attenuation, focal mechanism and site 385 

effect. Ultimately, for each ground�motion parameter we carried out regressions for 24 alternative GMPE forms. For the 386 

different functional forms tested, Table S2, Table S3 and Table S4 present the regression results for the amplitude�387 

based, frequency response�based and duration�based parameters examined in the present study. Accordingly, Table S5, 388 

Table S6 and Table S7 report the statistical parameters providing comparative indications about their quality. In these 389 

tables, the results relative to each functional form is labelled through an identification code having the form 390 

c(1)d(0|1)e#f(0|1)h(0|1). In this code, each of the optional parameters d, f and h present in the general form (7) and (14), 391 

is followed by 1 or 0, according that this parameter is calculated through regression analysis or not, whereas e is 392 

followed by the number # of dummy variables used for site classification. If just one site variable is used, soil type 393 

classes (C and D) are joint together into a single class, for which the dummy variable is set to 1. 394 

 395 

In Table S2�S4 where the results of the regression analyses are summarized, we present only the functional forms where 396 

the t�statistics for all incorporated parameters are greater than 2 or less than �2. The opposite indicates the presence of 397 

coefficients which may well be removed from the model without hurting the fit substantially, thus implying the low 398 

reliability of the predictive power of that particular coefficient. In these tables the different functional forms are ordered 399 

by increasing root mean square of the errors affecting the logarithmic estimates of the ground�motion parameters, when 400 

the different GMPEs are applied to the validation dataset. This order corresponds to a decreasing effectiveness shown 401 

by the GMPE in predicting ground motion for events different from those whose recordings were used in regression 402 

analyses. Accordingly, in Table S5�S7 the t�values for each regression parameter, the efficiency coefficients E and LLH 403 

index are reported. For each ground�motion parameter, we end up with the most effective functional forms to be used 404 

depending on the availability of information on explanatory variables. The proposed GMPEs were chosen with primary 405 

criterion the effectiveness in predicting the validation dataset based on the rmsl values, followed by the log�likelihood 406 

index according to Scherbaum et al. (2009) and the efficiency coefficient calculated from the validation dataset. In the 407 

cases where the LLH and the Eval values between two models with the same available information are approximately the 408 

same, priority was given at the model that separates the propagation effects and has the largest number of independent 409 

variables. The latter choice, although can be considered counter�intuitive, is based on the fact that models that disregard 410 
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for instance the style�of�faulting predictor parameter or do not account for site effects, can be sometimes inadequate for 411 

hazard assessment studies that are site�specific and involve distinction between different soils and/or rock conditions, or 412 

require the inclusion of a particular rupture type. 413 

 414 

 415 

5. DISCUSSION 416 
 417 

5.1 Amplitude�based parameters 418 

 419 

The aforementioned tables that summarize the regression analyses results and report various parameters obtained from 420 

either the training or the validation dataset, allow a quantitative evaluation of the quality of the results and the goodness 421 

of fit as well as a comparison of the  predictive capabilities of the different formulae. In this context and with regard to 422 

PHA, one can notice that, although the smallest value of regression standard deviation (σ = 0.285) was obtained with a 423 

functional form using the highest number of explanatory variables (c1d1e1f1h1, see the row 7 in Table S2 for PHA), 424 

other simpler functional forms proved more effective in predicting PHA values of the validation dataset. In particular, 425 

the minimum rmsl (0.279) and the maximum efficiency coefficient (E = 0.676) was obtained with a GMPE that models 426 

the attenuation by including both an anelastic term and the saturation coefficient h, but not including terms accounting 427 

for focal mechanism and site effect (code c1d1e0f0h1). More in general, the inclusion of a saturation coefficient is the 428 

most frequent feature among the GMPEs with the best predictive performance. On the other hand, the best predictions 429 

are provided by equations that neglect the focal mechanism term, while when the site effect is accounted for, the 430 

inclusion of one variable jointing together into a single class the C and D classes proves to be adequate. It is also 431 

interesting to observe that the equations converge in defining a rate of attenuation with distance, deviating significantly 432 

from that expected as effect of body wave geometric spreading alone (i.e. with c = �1), but this deviation is obtained 433 

with different combinations of c, d and h values. Indeed, when the anelastic attenuation term is included, regression 434 

analyses always give c estimates close to �1 (provided that h is not omitted in the functional form), whereas, when it is 435 

excluded, the medium anelasticity effect appears incorporated in an increase of the rate of geometrical spreading, 436 

reflected by c values stably close to approximately �1.9. The value of the coefficient b controlling the PHA dependence 437 

on magnitude is very stable around a value of about 0.45 for all the regression results, and appears very well 438 

constrained, as well as high confidence levels characterize the estimates of c and d when determined from regression. In 439 

conclusion, for PHA estimates, expressed in cm/s2, we propose the use of the following functional forms: 440 

a) if focal mechanism and site typology are known, the model with code c1d1e1f1h1: 441 

msRRMPHA 146.0096.0688.100044.0688.10log092.1478.0787.0log 2222 +++−+−+=
 

442 

(16)
 443 

b) if focal mechanism is unknown, the model with code c1d1e1f0h1: 444 

sRRMPHA 082.0772.10004.0772.10log062.1474.0829.0log 2222 ++−+−+=
  (17)

 445 

c) if site category is unknown, the model with code c1d1e0f1h1: 446 

mRRMPHA 142.0802.100043.0802.10log107.1479.0881.0log 2222 ++−+−+=
 (18)

 447 

d) if both mechanism and site category are unknown, the model with code c1d1e0f0h1: 448 

2222 763.10004.0763.10log074.1474.0907.0log +−+−+= RRMPHA
  (19) 

449 

 450 

With regard to the PHV regressions, again the smallest standard deviation (σ = 0.306) was found for the GMPE using 451 

the highest number of independent parameters, i.e. with code c1d0e2f1h1 (see the row 2 in Table S2 for PHV). 452 

However, in this case the PHV values of the validation dataset were better predicted by only one simpler functional 453 

form excluding the focal mechanism term. In particular, the best equation (rmsl = 0.283, E = 0.676) makes use of 2 454 

dummy variables distinguishing site classes B, C and D (code c1d0e2f0h1). As for PHA, there is evidence that PHV 455 

decrease with distance is influenced by anelastic attenuation. Indeed, if the functional form does not include a specific 456 

term for anelastic attenuation, its influence appears as an increase of the rate of the geometric spreading effect (with c 457 

tending to values around �1.5 if the h coefficient is present in the functional form). It was also observed that the 458 

regression in every functional form for which the term for anelastic attenuation coexisted with the parameter 459 

representing the saturation with distance resulted in statistically insignificant d coefficient. Thus in the case of PHV it is 460 

inferred that when the distance�dependent saturation effects are taken into account through the “fictitious” depth 461 

coefficient, the anelastic attenuation is incorporated into the term of geometric spreading. Among the various functional 462 

forms of Table S2 for PHV in cm/s, we propose the use of the following four, depending on the available information: 463 

a) if focal mechanism and site typology are known, the equation with code c1d0e2f1h1: 464 

mssRMPHV 068.031.0137.0641.12log614.1692.0082.1log 21

22 ++++−+−=
 (20)

 465 

b) if focal mechanism is unknown, the equation with code c1d0e2f0h1: 466 
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21

22 306.0128.0546.12log577.1691.0095.1log ssRMPHV +++−+−=
  (21)

 467 

c) if site category is unknown, the equation with code c1d0e0f1h1: 468 

mRMPHV 067.0677.11log542.1661.0869.0log 22 ++−+−=
    (22)

 469 

d) if both mechanism and site category are unknown, the equation with code c1d0e0f0h1: 470 

22 506.11log504.1662.0887.0log +−+−= RMPHV
     (23)

 471 

 472 

Concerning EDA, the third amplitude�based parameter examined, the regression results resemble those of PHA. In this 473 

context, the same considerations reported for PHA regressions can be repeated with regard to the presence of the 474 

coefficient h in the functional forms providing the best predictive performance. Also, with the inclusion of the anelastic 475 

attenuation term together with the saturation factor h, the regression analyses result in c estimates close to �1, whereas 476 

the exclusion of the term for the anelastic attenuation causes an increase of the geometric decay coefficient at values 477 

close to �1.95. It is also noteworthy that similarly to PHA and in contrast to PHV, the anelastic attenuation coefficient 478 

was found to be statistically significant in the cases where the effect of ground�motion saturation with distance was 479 

jointly incorporated in the functional form. In these functional forms the regressions simultaneously estimated negative 480 

geometric and anelastic decay coefficients. With regard to the site effect term, it was observed a systematic statistic 481 

insignificance in one of the two dummy variables in almost every model of such type, implying that the EDA can be 482 

sufficiently modeled by jointing together into a single class both types of soil (C and D). In conclusion, for EDA 483 

estimates expressed in cm/s
2
, we propose the use of the following equations: 484 

a) if focal mechanism and site typology are known, the equation with code c1d1e1f1h1: 485 

msRRMEDA 14.0109.0185.90047.0185.9log079.1477.0683.0log 2222 +++−+−+=
 (24)

 486 

b) if focal mechanism is unknown, the equation with code c1d1e1f0h1: 487 

sRRMEDA 096.0379.90043.0379.9log05.1475.0724.0log 2222 ++−+−+=
 (25)

 488 

c) if site category is unknown, the equation with code c1d1e0f1h1: 489 

mRRMEDA 133.0412.90047.0412.9log097.1479.0795.0log 2222 ++−+−+=
 (26)

 490 

d) if both mechanism and site category are unknown, the equation with code c1d1e0f0h1: 491 

2222 402.90044.0402.9log065.1476.082.0log +−+−+= RRMEDA
   (27)

 492 

 493 

 494 

5.2 Frequency response�based parameters 495 

 496 

With regard to the ASI regressions, once more the smallest standard deviations (σ = 0.288 and 0.290) were found for 497 

the GMPEs using the highest number of independent parameters, i.e. with codes c1d1e2f1h0 and c1d0e2f1h1 at rows 5 498 

and 6 in Table S3 for ASI. Yet, the same functional forms omitting the style�of�faulting coefficient are able to slightly 499 

better predict the ASI values. Like PHV, it is evident from Table S3 that no model exists that jointly incorporates the 500 

coefficients for geometric spreading, anelastic attenuation and distance�dependent saturation. However, in this case and 501 

contrary to PHV, the parameter for anelastic attenuation was found statistically significant in all the functional forms 502 

that included it. However, for every model where the c, d, and h coefficients were simultaneously present, the constant 503 

a was poorly constrained due to the large uncertainties affecting its estimates. It is also evident in Table S3 for ASI that 504 

the constant a varies considerably according to the functional form, reflecting the fact that it assumes a dominant role 505 

only for extrapolations of ASI predictions far beyond the limits of the explanatory variable values sampled by the 506 

training dataset. Moreover, the increase of the geometric decay coefficient at values close to �2.00 when the anelastic 507 

attenuation term is excluded from the model and providing that the “fictitious” depth is also incorporated, is comparable 508 

to the other two acceleration�based parameters (PHA, EDA). Since the site category is an important parameter that 509 

needs to be taken into account, for the ASI estimates expressed in cm/s, we propose the two following models: 510 

a) if focal mechanism and site typology are known, the model with code c1d0e2f1h1: 511 

mssRMASI 09.027.0151.0802.17log073.2601.0303.1log 21

22 ++++−+=
  (28)

 512 

b) if focal mechanism is unknown, the model with code c1d0e2f0h1: 513 

21

22 265.0139.0723.17log013.26.0266.1log ssRMASI +++−+=
   (29)

 514 

 515 

The regressions for VSI gave similar results to those of ASI as regards the functional forms that have the best predictive 516 

capacity. In this context, the incorporation of either one or both dummy variables accounting for the local site 517 
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conditions appears important in almost all functional forms, while the faulting mechanism is not present at the models 518 

with the lowest root mean square of errors estimated for the validation dataset. The inability to simultaneously 519 

determine negative c and d coefficients is also experienced in the VSI regressions. However, in contrast to the ASI 520 

findings, it is not the intercept a that appears poorly constrained, but it is the estimated values of the anelastic decay 521 

coefficient that approach zero and are statistically insignificant. So similarly to the regressions of PHV, it can be 522 

assumed that the anelastic attenuation is incorporated into the term of geometric spreading when the distance�dependent 523 

saturation effects are also considered in the model. In that case the increase of the c coefficient due the fact that it 524 

accounts for both effects of wave propagation is at values around �1.45. This is almost equal to the increase found for 525 

PHV, the other velocity�based parameter. This also highlights the imbalanced increase of the geometric spreading 526 

coefficient when the velocity�based are compared to the acceleration�based parameters. Indeed, in the case of the 527 

acceleration�based parameters, the increase that is caused by the incorporation of the anelastic attenuation effect into the 528 

geometric decay coefficient is much larger and on the order of �2.00. This implies that the effect of the anelastic 529 

attenuation is stronger in the acceleration�based parameters and this is reflected by the fact that contrary to the velocity�530 

based parameters, the anelastic decay coefficient was found to be statistically significant in all three parameters. In 531 

conclusion, and considering the importance of the information about the site category, for the VSI estimates expressed 532 

in cm, we propose the two following models: 533 

a) if focal mechanism and site typology are known, the model with code c1d0e2f1h1: 534 

mssRMVSI 062.0339.0156.0124.10log519.1727.0958.0log 21

22 ++++−+−=
 (30)

 535 

b) if focal mechanism is unknown, the model with code c1d0e2f0h1: 536 

21

22 336.0148.0094.10log487.1726.0969.0log ssRMVSI +++−+−=
  (31)

 537 

 538 

Concerning Tm, it is clear from Table S3 that site category is an important parameter that needs to be taken into account. 539 

The values of the validation dataset were better predicted by the functional form that uses 2 dummy variables 540 

distinguishing site classes B, C and D, while additional information on faulting type slightly improves the predictability. 541 

It is demonstrated that in contrast to all other ground�motion parameters, normal faulting causes higher Tm values than 542 

strike�slip or thrust faulting. Concluding, for Tm we do not recommend the use of a functional form that excludes the 543 

site type information, thus we propose the use of the two following models which both use two dummy variables to 544 

represent local site conditions: 545 

a) if focal mechanism and site typology are known, the model with code c1d0e2f1h0: 546 

mssRMTm 186.0446.0288.00045.0)6(319.0317.1ln 21 −+++−+−=
  (32)

 547 

b) if focal mechanism is unknown, the model with code c1d0e2f0h0: 548 

21 46.0315.00042.0)6(316.0408.1ln ssRMTm +++−+−=
   (33)

 549 

 550 

 551 

5.3 Duration�based parameters 552 

 553 

Regarding CAV, the regressions gave results where the first four functional forms presented in Table S4 do not need 554 

information for the local site conditions, while the first one that best predicts the validation dataset do not need either 555 

the focal mechanism as explanatory variable. The statistic significance of the anelastic attenuation coefficient in all 556 

models is also confirmed for CAV, which is another acceleration�based parameter. However, for every functional form 557 

which simultaneously incorporates the c, d, and h coefficients, the standard error of the constant a was about the same 558 

as the value of the coefficient itself, leading to too small t�values to declare statistical significance. We also note that, 559 

contrary to the previously discussed acceleration�based parameters, when the coefficient for geometrical spreading also 560 

accounts for the effect of anelastic attenuation, it increases much less and is close to �1.20. This implies that the CAV 561 

decrease with distance is not so significantly influenced by anelastic attenuation as the rest of acceleration�based 562 

parameters. This is probably attributable to the definition of CAV which includes the cumulative effects of ground�563 

motion duration through the consideration of the entire absolute accelerogram. So anelastic attenuation which is known 564 

to have a strong effect on ground�motion peak amplitudes, does not have the same influence on the duration�based 565 

CAV, as in the case of the aforementioned amplitude�based and frequency response�based parameters that are defined 566 

via the recorded acceleration time history. Also, the use of one dummy variable to represent local soil conditions 567 

appears adequate seeing that the more complex scheme with the two dummy variables that discriminate stiff from soft 568 

soils, give the largest rmsl values for the validation dataset. Concluding, for the CAV estimates expressed in cm/s, we 569 

propose the following models: 570 

a) if focal mechanism and site typology are known, the model with code c1d0e1f1h1: 571 

msRMCAV 119.0152.0382.15log228.1598.0472.0log 22 +++−+=
  (34)

 572 

b) if focal mechanism is unknown, the model with code c1d0e1f0h1: 573 
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sRMCAV 144.0882.14log146.1594.0428.0log 22 ++−+=
   (35)

 574 

c) if site category is unknown, the model with code c1d1e0f1h0: 575 

mRRMCAV 109.00049.0log313.0566.0472.0log +−−+−=
   (36)

 576 

d) if both mechanism and site category are unknown, the model with code c1d1e0f0h0: 577 

RRMCAV 0046.0log303.0564.0434.0log −−+−=
    (37)

 578 

 579 

Another duration�based parameter for which we developed GMPEs is the IC. Once more, it can be observed that the 580 

functional form with the largest number of independent variables does not have the best performance on predicting the 581 

validation dataset (see c1d1e2f1h0 at row 7 for IC). The IC is based on the root mean square acceleration, thus it is also 582 

an acceleration�based parameter. Yet again the anelastic attenuation coefficient was found statistically significant in all 583 

models where it was simultaneously incorporated with the coefficient for geometrical spreading and the “fictitious” 584 

depth. These functional forms however failed to robustly estimate the intercept a, whose standard error was on the same 585 

order of magnitude with the coefficient itself, yielding very small t�values. It is also evident from Table S4 that the 586 

increase of the c coefficient in the models where the “fictitious” depth is incorporated and the coefficient for anelastic 587 

attenuation is absent, is larger than any ground�motion parameter examined and approximately at values of �2.6. Thus IC 588 

is considerably influenced by anelastic attenuation due to the high increase of the c coefficient when it takes into 589 

account both path effects. The discrepancy in the increase of the c coefficient with CAV which is also a duration�based 590 

parameter is attributed to their different definitions, since the latter is calculated from the area enclosed by the absolute 591 

accelerogram, while IC uses the integral sum of squared acceleration time�history. As a final point, for IC predictions we 592 

propose the use of the following models: 593 

a) if focal mechanism and site typology are known, the equation with code c1d0e1f1h1: 594 

msRMI c 192.0184.0408.17log647.2834.0259.1log 22 +++−+=
  (38)

 595 

b) if focal mechanism is unknown, the equation with code c1d0e1f0h1: 596 

sRMI c 166.0997.16log509.2831.0177.1log 22 ++−+=
   (39)

 597 

c) if site category is unknown, the equation with code c1d0e0f1h1: 598 

mRMI c 179.0367.17log659.2838.0413.1log 22 ++−+=
   (40)

 599 

d) if both mechanism and site category are unknown, the equation with code c1d0e0f0h1: 600 

22 923.16log53.2833.0322.1log +−+= RMI c      (41)
 601 

 602 

The SED is the last duration�based parameter for which we developed GMPEs, but contrary to CAV and IC it is defined 603 

through ground velocity time history and not acceleration. From Table S4 it is evident that the information about the 604 

local site conditions is essential for a good predictive performance, and in fact the more complex scheme that uses two 605 

dummy variables and categorizes rock sites, stiff and soft soils is preferable. On the contrary, the regressions of all 606 

functional forms gave statistically insignificant coefficients for the classification of different focal mechanism types, 607 

implying that different fault types does not affect SED. Statistically insignificant in all tested models was also the 608 

coefficient for anelastic attenuation, when it is combined with the geometric decay coefficient and the “fictitious” depth. 609 

This highlights the fact that in all velocity�based parameters, namely PHV, VSI and SED, the anelastic attenuation 610 

coefficient was found statistically insignificant, with very small t�values, when h is not omitted in the functional form. 611 

The increase of the term accounting for geometric spreading when the coefficient for anelastic attenuation is missing, 612 

whose coefficient is on the order of �2.4, is much more considerable compared to that of the rest of amplitude� and 613 

frequency response�based parameters that are defined via the velocity time history. This is attributed to the definition of 614 

SED, where the time integral of the velocity squared and not just velocity is used. In conclusion, and taking into account 615 

the insignificance of the focal mechanism, for SED estimates expressed in cm
2
/s, we propose the use of the equation 616 

with code c1d1e2f0h0 that uses two dummy variables to represent local site conditions, i.e.: 617 

21 778.0361.00071.0log236.146.1699.5log ssRRMSED ++−−+−=
  (42)

 618 

 619 

 620 

6. RESIDUAL DISTRIBUTION  621 
 622 

Having obtained the most effective functional forms for the various ground�motion parameters examined, it is important 623 

to test their residual distribution. In this context we depict in Figure 3 plots of the ordinary residuals as well as the 624 

externally studentized residuals for each ground�motion parameter and for the model with the largest number of 625 

independent and dummy variables. The ordinary residuals are simply the difference between observed and predicted 626 
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values, while the studentized residuals are defined as the difference between observed Yi(obs) and predicted Yi(pre) values 627 

when the model is fit using all observations except the i�th and divided by the estimated standard error. The advantage 628 

of the studentized residuals over the ordinary residuals is that the quantification is performed in standard deviation units 629 

and they measure how far each value is from the fitted model when the entire dataset is used apart from the observation 630 

being considered each time; thus they can be straightforwardly detect outliers. This is important, since 631 

outliers can affect even simple analyses and they can severely bias a model if they are not detected and removed from 632 

further analyses. In this way, observations that have a studentized residual outside the ±2 range are considered 633 

statistically significant at the 95% level, while those that have studentized residuals larger than ±3 are considered 634 

outliers.  635 

 636 

637 

 638 
Figure 3. Residual plots of externally studentized residuals (left) and ordinary residuals (right) for a) amplitude�based, 639 

b) frequency response�based and c) duration�based parameters. They correspond to the most effective functional forms 640 

with the largest number of independent and dummy variables. The ordinary residuals are plotted versus magnitude and 641 

epicentral distance, while the studentized residuals versus the predicted ground�motion parameter values. 642 

 643 

From Figure 3 it is evident that ordinary residual values do not show any notable trends in all cases and the 644 

corresponding means just slightly fluctuate about zero, indicating that the regression results are unbiased. The 645 

studentized residuals are also well behaved since no point falls outside the ±3 range confirming that outliers, which may 646 

have affected the fits, are absent in all ground�motion parameters. Additionally, about 95% of the studentized residuals 647 

are located within the ±2 range, thus they appear to be approximately normally distributed. Finally, a qualitative 648 
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assessment of normality of the residuals was performed by means of Probability Density Function (PDF) graphs and 649 

normal quantile�quantile (Q�Q) plots (Figure 4). With the PDF graphs we illustrate the shape of the residuals, while 650 

with the Q�Q plots we assessed their normality by comparing the actual versus the theoritical percentiles of the normal 651 

distribution. These plots should reveal a deployment of the residuals along a straight line without severe deviations. The 652 

latter is clearly confirmed for all the examined parameters, supporting the assumption that the error terms are normally 653 

distributed. 654 

 655 

 656 
 657 

 658 
Figure 4. Probability Density Function (PDF) graphs and normal quantile�quantile (Q�Q) plots for a) amplitude�based, 659 

b) frequency response�based and c) duration�based parameters. They correspond to the most effective functional forms 660 

with the largest number of independent and dummy variables. 661 

 662 

 663 

7. COMPARISON WITH OTHER GMPEs 664 
 665 

For comparison purposes and for the parameters for which a number of GMPEs have already been published, we 666 

present in Figure 5 the models of the current study with the largest number of independent and dummy variables with 667 

those of different authors. In this context, trellis plots were prepared to illustrate PHA, PHV, CAV and Tm predictions 668 

for different combinations of moment magnitude, style�of�faulting and site categories. The Akkar et al. (2014) and the 669 

Sandıkkaya and Akkar (2017) models which are depicted in Figure 5 correspond to the formulations using epicentral 670 

distances, while regarding the models of Campbell and Bozorgnia (2010) and Du and Wang (2013) that employ Joyner�671 

Boore distance and/or rupture distance one should consider that the use of these distance metrics imply the assumption 672 

of shorter distances, especially near the source zone. In the models where additional information was required, we 673 

incorporated a Vs30 of 500 m/s for stiff soils and 1000 m/s for rocks, a dip angle of the rupture plane equal to 30° and 674 

90° for normal and strike�slip faulting respectively, and a depth to the top of the coseismic rupture plane equal to 0 km. 675 

Finally, for Vs30 = 500 m/s and Vs30 = 1000 m/s we incorporated a depth to the 2.5 km/s shear�wave velocity horizon 676 
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equal to 1.28 km and 0.55 km respectively, according to the equations of Abrahamson and Silva (2008) and Campbell 677 

and Bozorgnia (2007).  678 

 679 

 680 
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 682 

 683 

 684 
Figure 5. Trellis charts showing predicted PHA, PHV, CAV and Tm for different combinations of moment magnitude, 685 

style�of�faulting and site category. Legend abbreviations are as follows: S2004 = Skarlatoudis et al. (2003); D&T2007 = 686 
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Danciu and Tselentis (2007); A2014 = Akkar et al. (2014); C&B2010 = Campbell and Bozorgnia (2010); D&W2013 = 687 

Du and Wang (2013); S&A2017 = Sandıkkaya and Akkar (2017); R2004 = Rathje et al. (2004), Y�S2015 = Yaghmaei�688 

Sabegh (2015). 689 

 690 

 691 

It can be observed from Figure 5 that for the peak ground motion parameters, the curves differ in terms of shape as well 692 

as absolute values. As far as equations calibrated solely with Greek data is concerned, these deviations mainly reflect 693 

the differences of the adopted functional forms along with the number and quality of the employed dataset. Regarding 694 

the models of Akkar et al. (2014), the comparison reveals differences attributed to the diversities which characterize the 695 

Greek seismotectonic environment. It is true that the Akkar et al. (2014) models are based on a very large strong motion 696 

dataset, thus they are well calibrated. However, they were developed from data from the Middle East and from all 697 

seismically�active regions that surround the Mediterranean Sea. Thus the possible regional variations that exist among 698 

these regions have been smoothed out. In this context, the particularity of the seismotectonic environment of Greece in 699 

terms of attenuation has been pointed out in various studies since the late 80's, especially for the Aegean Sea and the 700 

upper 20 km of the lithosphere (Hashida et al., 1988; Ligdas et al., 1990; Stavrakakis et al., 1997). Thus it is expected 701 

the prevailing geologic and seismotectonic features of Greece to be incorporated in the strong�motion recordings of the 702 

earthquakes located within the Greek area. This generates differences in the properties of the acceleration time histories 703 

and has impact on the parameters related to seismic shaking. With this in mind, the latest pan�European models are 704 

expected to present differences compared to models calibrated on the basis of only Greek data. On the other hand, 705 

estimates for CAV are much more comparable at almost all distances. This is also the case for Tm, despite the diversities 706 

in stress regime and structural geology among the regions for which the other two curves were derived. The observed 707 

discrepancies on peak ground motion prediction can be attributed to differences in the fictitious depth coefficients, the 708 

regression approach, and the data distribution. 709 

 710 

Special attention was given on peak ground motion, i.e. PHA and PHV, due to the fact that so far these parameters are 711 

traditionally used for seismic hazard analysis in Greece and therefore they are associated with increased interest to 712 

earthquake and engineering seismologists. For our detailed comparisons, we considered the latest published equations 713 

for PHA and PHV, i.e. by Danciu and Tselentis (2007) and by Akkar et al. (2014), which were obtained using a Greek 714 

accelerometric database and datasets acquired in the Europe – Middle East region, respectively. Danciu and Tselentis 715 

(2007) calibrated equations for PHA and PHV using a dataset including events of magnitude between 4.5 to 6.9, 716 

recorded in the Greek area from 1972 to 1999 by stations located at distances up to 136 km. They adopted the following 717 

functional form 718 

1111

22loglog mfsehRcMbaY ⋅+⋅++⋅+⋅+=                                     (43) 719 

where Y is calculated as average between horizontal components, M is the moment magnitude, R the epicentral distance, 720 

s1 a dummy variable accounting for site effect (set to 0, 1 and 2 for site classes B, C and D, respectively) and f1 a 721 

dummy variable representing focal mechanism (set to 0 for normal faults and to 1 otherwise). The differences in Y 722 

definition (as arithmetic instead of geometric mean) and in magnitude/distance range of GMPE applicability, deriving 723 

from the datasets employed for the regression, complicates the comparison of the performances of these equations 724 

(hereafter D&T2007) with the present study best equations (hereafter PSBE). These problems required some care in 725 

arranging the comparative tests.  726 

 727 

In particular, the comparison was carried out on a portion of the validation dataset consisting only of 63 recordings of 728 

events of M ≥ 4.5 acquired at distances up to 136 km. Furthermore, prediction errors for PSBE and D&T2007 were 729 

calculated on the geometric and arithmetic mean of horizontal component peak values, respectively. Although the 730 

arithmetic mean is larger than the geometric mean, in the validation subset their differences are quite small (their 731 

logarithms differ by about 0.01 on average), thus the relative root mean squares of estimate errors (rmsl) can be 732 

considered comparable. Their values, calculated on the selected validation subset, were found significantly lower for 733 

PSBE (0.302 and 0.332 for PHA and PHV, respectively) in comparison to D&T2007 (0.377 and 0.385 for PHA and 734 

PHV, respectively). The left panels of Figure 6 show comparatively the trend of PHA and PHV values predicted by 735 

PSBE and D&T2007 as function of distance, for different magnitudes. One can notice that D&T2007 provides lower 736 

PHA estimates than PSBE at almost all distances (despite the arithmetic mean should be higher than the geometric one), 737 

but differences tend to decrease for lower magnitudes and longer distances. For PHV, estimate differences are smaller, 738 

but PSBE estimates are still significantly larger for PHV larger values (i.e. at higher magnitudes and shorter distances). 739 

Overall, these trends indicate that the rate of attenuation with distance resulting from D&T2007 appears lower than that 740 

derived from PSBE. 741 

 742 
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 743 
Figure 6. Values predicted for PHA (top) and PHV (bottom) by the best equations obtained in this study (black lines) 744 

and by Danciu and Tselentis (2007) (D&T2007; grey lines at left panels) as well as by Akkar et al. (2014) (ASB2014; 745 

grey lines at right panels) as function of distance, for different magnitudes. 746 

 747 

The upper panels of Figure 7 show the logarithmic errors in predicting the peak values reported in the validation subset, 748 

as function of observed peak ground motions. It can be observed that error amount shows an inverse correlation with 749 

the real ground motion peak value, so that larger ground motion values tend to be underestimated and smaller values are 750 

overestimated. Within this context, the underestimation of larger peak ground motions appears more pronounced for 751 

D&T2007, whereas the overestimations of small peak ground motions are relatively smaller. The higher rmsl values 752 

resulting from D&T2007 predictions in comparison to PSBE likely reflect its worse performance at higher shaking 753 

levels, for which errors, being larger, tend to give a major contribution to rmsl. 754 

 755 

 756 
Figure 7. Logarithmic errors affecting the estimates of PHA (left) and PHV (right) of the validation subset, provided by 757 

the best equations obtained in this study (black dots) and by Danciu and Tselentis (2007) (D&T2007; open circles at top 758 

panels) as well as by Akkar et al. (2014) (ASB2014; open circles at bottom panels). Errors are plotted as function of the 759 

peak ground motion actually observed. 760 
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 761 

Akkar et al. (2014) calculated new GMPEs using an updated database of the Europe – Middle East region including 762 

events of magnitude from 4.0 to 7.6, recorded at distances up to 200 km. For regressions, functional forms consistent 763 

with the NGA models were used, which include a quadratic magnitude scaling, a magnitude�dependent attenuation 764 

(without, however, an anelastic term) and nonlinear site response modeling in terms of Vs30, together with a couple of 765 

dummy variables representing the style of faulting. Equations were calculated also with formulations using epicentral 766 

distances, which can be directly compared with PSBE. Furthermore, the regression dataset was selected excluding 767 

events recorded by single stations, in order to analyze inter�event variability, thus the validation dataset of the present 768 

study can be integrally used for comparison with PSBE. Applying these equations (hereafter ASB2014) to the 769 

validation dataset, mean Vs30 values of different site classes were attributed to each recording station, i.e. 1130 m/s to 770 

class B, 560 m/s to class C and 270 m/s to class D. The resulting rmsl values for ASB2014 turned out again 771 

considerably higher (0.364 for PHA and 0.347 for PHV) in comparison to PSBE (0.278 and 0.295, respectively). 772 

 773 

The right panels of Figure 6 display the trend of PHA and PHV decrease with distance predicted by ASB2014 for 774 

different magnitude events in comparison to PSBE. In comparison to D&T2007, curves of attenuation with distance 775 

show a better agreement with those obtained from PSBE, but a tendency to provide mostly lower estimates than PSBE 776 

is still present. This is also reflected by the distribution of estimate errors as function of PHA and PHV (Figure 6; 777 

bottom panels), which shows a prevalence of lower estimates, in comparison to PSBE, both for PHA and PHV at any 778 

level of ground motion peak values. This implies more pronounced underestimates of higher PHA and PHV values. 779 

 780 

 781 

8. CONCLUSIONS 782 
 783 

In this article we present newly developed equations for the prediction of ten different ground�motion parameters that 784 

are well�suited to a great variety of applications and problems in earthquake engineering. The examined measures 785 

reflect the characteristics of amplitude, frequency content and duration of the strong ground�motion and the consistency 786 

of their development in terms of the same extended database from earthquakes that occurred within the Greek region as 787 

well as the same regression approach, ensures that the set of GMPEs can be jointly used without compatibility issues. 788 

These models, which predict the geometric mean of the horizontal components of the examined ground�motion 789 

parameters, have been developed using an extended database of strong�motion records from Greece, spanning the 790 

period from 1973 up to 2015. The derived equations are applicable for shallow crustal earthquakes of magnitude from 791 

Mw=4.0 to 6.8 and for epicentral distances up to 200 km. For each ground�motion parameter, we adopted a general 792 

functional form including a logarithmic distance term to represent geometric attenuation, a linear term of the same 793 

distance standing for anelastic attenuation, a coefficient referred to as a “fictitious” depth measure which is well�known 794 

to provide a better fit to the data at short distances, as well as dummy variables to represent distinct categories for site 795 

classification and fault mechanism. The adopted functional form does not require a large number of complex input 796 

parameters, which in many cases may be either unknown or greatly uncertain, thus it compromises aleatory variability 797 

and model sophistication. Simpler equations were also tested, excluding one or both of the coefficients that account for 798 

distance�dependent saturation effects and anelastic attenuation, whereas site and mechanism effects were also taken into 799 

account or disregarded through the inclusion or not of the corresponding dummy variables. In this context, for all 800 

ground�motion parameters we provide alternative optimal equations relative to the available information on the 801 

different explanatory variables. 802 

 803 

The evaluation of the regression results obtained with different formulae, as well as the comparison of their predictive 804 

capabilities, was achieved through a validation dataset including data different from those used in the regressions. These 805 

tests highlighted that CAV has the best predictability among the ground�motion parameters that we examined, while 806 

SED the lowest. The regression results of the various functional forms that we tested, highlighted some similar patterns 807 

either within one ground�motion parameter or between more parameters sharing common definition features. In this 808 

context, we investigated the separation of the effects of geometric spreading and anelastic attenuation and we found that 809 

in all velocity�based parameters, i.e. PHV, VSI and SED, and contrary to the acceleration�based parameters, the 810 

anelastic attenuation coefficient was found statistically insignificant, with very small t�values, when it was combined 811 

with the geometric decay coefficient and the “fictitious” depth h was not omitted in the functional form. In those cases, 812 

where the c coefficient�accounts for both propagation effects, it should not be considered strictly as a geometric decay 813 

coefficient because it simultaneously incorporates the contribution of anelastic attenuation. With this in mind, these 814 

regressions highlighted that the increase of the term accounting for geometric decay is much less considerable in the 815 

velocity�based (PHV, VSI) than in the acceleration�based parameters (PHA, EDA, ASI, IC), implying that in the latter 816 

case the effect of the anelastic attenuation is stronger. The only exceptions were found to be CAV and SED, where, in 817 

the former case, the influence of anelastic attenuation on CAV decrease with distance was not found so significant as on 818 

the rest of acceleration�based parameters, while, regarding SED, the increase of the c coefficient was found much larger 819 

compared to that of the rest of amplitude� and frequency response�based parameters that are defined via the 820 

velocity time history. On the contrary, when the anelastic attenuation term is separately included in the functional form, 821 
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i.e. for the acceleration�based parameters PHA and EDA, regression analyses always gave c estimates close to �1 822 

(provided that h was not omitted). Finally, the regressions of all functional forms for SED, gave statistically 823 

insignificant coefficients for the classification of different focal mechanism types, implying that different fault types 824 

does not affect their values. 825 

 826 

 827 
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