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Abstract



Correctly accounting for the uncertainty in ground-motion prediction is a critical component of probabilistic seismic-hazard analysis (PSHA). This prediction is commonly achieved using empirical ground-motion prediction equations. The differences between the observed and predicted ground-motion parameters are generally assumed to follow a normal distribution with a mean of zero and a standard deviation sigma. Recent work has focused on the development of partially nonergodic PSHA, where the repeatable effects of site response on ground-motion parameters are removed from their total standard deviation. The resulting value is known as singlestation standard deviation or single-station sigma. If event-to-event variability is also removed from the single-station standard deviation, the resulting value is referred to as the event-corrected single-station standard deviation (ϕss ). In this work, a large database of ground motions from multiple regions is used to obtain global estimates of these parameters. Results show that the event-corrected single-station standard deviation is remarkably stable across tectonic regions. Various models for this parameter are proposed accounting for potential magnitude and distance dependencies. The article also discusses requirements for using single-station standard deviation in a PSHA. These include the need for an independent estimate of the site term (e.g., the repeatable component of the ground-motion residual at a given station) and properly accounting for the epistemic uncertainty in both the site term and the site-specific single-station standard deviation. Values for the epistemic uncertainty on ϕss are proposed based on the station-to-station variability of this parameter.



Introduction Modern ground-motion prediction equations (GMPEs) are based on datasets of ground-motion parameters recorded at multiple stations during different earthquakes and in various source regions (e.g., Chiou et al., 2008). These equations, later used to predict site-specific ground motions, describe the distribution of ground motion in terms of a median and a logarithmic standard deviation. This standard deviation, generally referred to as sigma (σ) is commonly interpreted as the aleatory variability of the ground-motion prediction. Sigma has become a topic of particular importance in the evaluation of ground motions used for the design of critical facilities such as nuclear power plants, dams, and long-term hazardous waste repository sites (Strasser et al., 2009). Indeed, sigma exerts a strong influence on the results of probabilistic seismic-hazard analysis (PSHA) (Bommer and Abrahamson, 2006): because ground-motion parameters are generally log-normally distributed, the value of the predicted ground motion will vary as an exponential function of any positive or negative increment in the value of sigma. In other



words, even small variations in the value of sigma may have a significant impact on seismic-hazard analysis results with the effect being most pronounced at long return periods. A typical assumption in the use of GMPEs for seismichazard assessment is that the ground-motion variability observed in a global dataset is the same as the variability in ground motion at a single site-source combination. This assumption is referred to as the ergodic assumption (Anderson and Brune, 1999). Douglas (2003) and Strasser et al. (2009) have clearly shown that the values of sigma when using the ergodic assumption have a significant variability from one study to another. Moreover, published values of sigma have not decreased over the past 40 years, despite an increase in the number of available records and the inclusion of additional variables in predictive equations. Several studies (e.g., Anderson and Brune, 1999) have suggested that the ergodic values of sigma are a likely cause of some cases where hazard curves appear to be unrealistic. According to Anderson and Brune (1999), differences in ground motions due to path and site response should be
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Table 1 Components of Total Standard Deviation Residual Component



Total residual Event term Event-corrected residual Site term Site- and eventcorrected residual



Residual Notation



Δ δBe δWes δS2Ss δWSes



Definition of Standard Deviation Component*



Standard Deviation Component



Total standard deviation Between-event standard deviation Within-event standard deviation Site-to-site variability Event-corrected single-station standard deviation (single-station phi)



σ tot  stdevΔ τ ≈ stdevδBe  ϕ ≈ stdevδWes  ϕS2S  stdevδS2Ss  ϕss  stdevδWSes 



*stdev represents the standard deviation operation.



treated as epistemic uncertainties because they will be repeated in subsequent earthquakes. If the entire uncertainty is treated as aleatory when, in fact, a significant fraction of it is epistemic, the result, in the vast majority of circumstances, can be an overestimation of the aleatory variability and the related computed hazard. In recent years, the availability of well-recorded ground motions at single sites from multiple earthquakes in the same regions has allowed researchers to estimate the ground-motion variability without relying on the ergodic assumption for the site response. This is known as the single-station standard deviation or single-station sigma. It has been observed in several studies (e.g., Chen and Tsai, 2002; Atkinson, 2006; Morikawa et al., 2008; Anderson and Uchiyama, 2011; Lin et al., 2011; Rodriguez-Marek et al., 2011; Edwards and Fäh, 2013) that removing the ergodic assumption leads to a smaller variability of the ground motion (i.e., average single-station standard deviations are lower than their ergodic counterparts). However, recent work of Rodriguez-Marek et al. (2011) and Edwards and Fäh (2013) has shown that the standard deviation measured at a single station varies from station to station and, for a few stations, the value of individual single-station standard deviations are higher than their ergodic counterpart derived for all stations. The comparison performed by Rodriguez-Marek et al. (2011) using a limited set of ground-motion models have also suggested that average values of single-station standard deviation across different tectonic regions and datasets appear to have little variability, in particular when considering the within-event (intraevent) component. However, the number of stations included in the analysis of single-station standard deviation in previous studies has been too small to clearly analyze the regional variations of single-station standard deviation and/ or understand the magnitude, distance, or site dependencies of nonergodic ground-motion variability. The objective of the present study is to calculate and compare single-station standard deviation estimates obtained from different tectonic environments on a large set of stations. The ambiguity of definitions and misuse of terminology are endemic to the field of seismic-hazard study (e.g., Abrahamson, 2000), and it is vitally important to address this if the state-of-practice is to be brought into line with the state-ofthe-art. Hence, we have first defined the notation (which follows that defined by Al Atik et al., 2010) and the methodology



used to homogeneously compute single-station standard deviation for different high-quality datasets. Single-station standard deviation values of more than 600 stations have then been computed using datasets from different tectonic regions (California, Japan, Switzerland, Taiwan, and Turkey). Regional, magnitude, distance, and site dependencies of the computed event-corrected single-station standard deviations have been analyzed to capture the physical basis of the ground-motion variability. We finally merge results from the different tectonic regions together in order to propose and test several generic sigma models suggested by the data (constant, distance dependent, magnitude dependent, and distance and magnitude dependent).



Methodology and Data Used We follow the notation of Al Atik et al. (2010). Total residuals (Δes ) are defined as the difference between recorded ground motions and the values predicted by a GMPE (in natural log units). Total residuals are separated into a between-event term (δBe ) and a within-event term (δWes ): Δes  δBe  δWes ;



1



in which the subscripts denote an observation for event e at station s. The between-event and the within-event residuals are assumed to have standard deviations τ and ϕ, respectively, and are assumed to be uncorrelated. The within-event residuals can in turn be separated into δWes  δS2Ss  δWSes ;
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in which δS2Ss represents the systematic deviation of the observed ground motion at site s (i.e., the site term) from the median event-corrected ground motion predicted by the GMPE (which includes in the prediction one or more siteclassification parameters), and δWSes is the site- and eventcorrected residual. The standard deviation of the δS2Ss and δWSes terms are denoted by ϕS2S and ϕss , respectively. The latter term (ϕss ) is referred to as the event-corrected singlestation standard deviation or, for simplicity, single-station phi. This term is the focus of the remainder of this paper, because it represents the site-specific component of singlestation standard deviation. Table 1 lists the components of the total residual, their respective standard deviations, and the terminology used for each standard deviation component.
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A Model for Single-Station Standard Deviation Using Data from Various Tectonic Regions Data from five different tectonic regions were used for constraining single-station standard deviation. Data were provided in the form of ground-motion residuals and station and event metadata by different GMPE developers (Abrahamson for California and Taiwan, Rodriguez-Marek for Japan, Al Atik and Edwards for Switzerland, and Akkar for Turkey). These models were selected because they have been published recently and/or have been used in recent seismichazard projects. The models are discussed in detail in subsections below. Station metadata for all regions except Switzerland includes the time-travel average shear-wave velocity over the upper 30 meters (V S30 ). The model developers provided residuals as part of the Probabilistic Seismic Hazard Analysis for Swiss Nuclear Power Plant Sites (PEGASOS) Refinement Project (Renault et al., 2010). Each developer provided both total residuals of pseudospectral acceleration (5% damping), as well as the partition of these residuals into between-event and withinevent components (equation 1). These residuals are derived from GMPEs which predict the geometric mean (of the as-recorded components) of the pseudospectral acceleration. Depending on the original dataset quality and the developer choices, the residuals have been computed for different periods. Two periods (0.3 and 1 s) in addition to peak ground acceleration (PGA), are common to the three largest residuals datasets (California, Taiwan, and Japan). Only records from earthquakes recorded by at least five stations and from stations with at least five records were used in the analysis of single-station standard deviation in order to ensure stability of the event and site terms. All of the datasets include recordings from both mainshocks and aftershocks. The residuals for California, Taiwan, and Japan are based on GMPEs using the moment magnitude scale (M w ) and closest distance to the rupture (Rrup ), which allows for a direct comparison of magnitude and distance dependencies. The Swiss and Turkish residual datasets are based on Mw and hypocentral distance (Rhyp ) and on M w and closest distance to the surface projection of the fault (Joyner–Boore distance, RJB ), respectively. Table 2 lists the number of records in each of the regions, both for the entire set of residuals provided by the developers, as well as for the subset corresponding to the magnitude and distance range considered for the development of the
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Figure 1.



Magnitude–distance distribution of the different datasets. The solid gray lines identify the range of magnitude and distance used for the analyses.



single-station sigma model (M w ≥ 4:5 and Rrup ≤ 200 km). The magnitude–distance distribution of the data is shown in Figure 1. Figure 1 also identifies the set of data used in the single-station sigma model. Note that the data distribution is not even. Turkey and Switzerland have a low number of records, and they contribute little weight to the model. Taiwan has more than double the number of sites than all other regions, however, the largest magnitude in the Taiwanese dataset is 6.3; hence this region does not contribute to constrain the magnitude-dependent models at large magnitudes. The data



Table 2 Total Number of Records Used to Constrain the Site Terms (All M, R), and Number of Records Used in the Analysis of Single-Station Sigma (Sel. M, R) California



Switzerland



Taiwan



Turkey



Japan



All Regions



Period (s)



All M, R



Sel. M, R



All M, R



Sel. M, R



All M, R



Sel. M, R



All M, R



Sel. M, R



All M, R



Sel. M, R



All M, R



Sel. M, R



PGA 0.1 0.2 0.3 0.5 1 3



15295 0 0 15295 0 15287 0



1635 0 0 1635 0 1627 0



832 3148 3514 0 3145 2108 0



19 28 28 0 28 28 0



4756 4756 0 4756 4756 4753 4320



4062 4062 0 4062 4062 4059 3733



145 145 145 145 145 145 100



145 145 145 145 145 145 100



3234 3234 3234 3234 3234 3234 0



1834 1834 1834 1834 1834 1834 0



24262 11283 6893 23430 11280 25527 4420



7695 6069 2007 7676 6069 7693 3833
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used for each region and the GMPE used to obtain the residuals are summarized in the following sections. Uniformity among different datasets is always a problem in studies that compile data from various regions. Whenever possible, we attempted to maintain uniformity across all the regions. Deviations from the criteria outlined above are indicated in the following sections.



of the Taiwanese dataset were computed with the randomeffects algorithm of Abrahamson and Youngs (1992) using the Chiou and Youngs (2008) functional form. The resulting GMPE is only a slight revision of the Chiou and Youngs (2008) GMPE. Only stations with at least 10 recordings were used to calculate the site terms. Turkey



California The Californian dataset used in this study consists of ground-motion data from the Abrahamson and Silva (2008) Next Generation Attenuation (NGA) dataset and the small-tomoderate magnitude Californian data used for the small magnitude extension of the Chiou and Youngs (2008) NGA model (Chiou et al., 2010). The residuals were only available for PGA and for spectral accelerations at periods of 0.3 and 1 s. The Abrahamson and Silva (2008) data are part of the NGA-West dataset. Between-event residuals and within-event residuals of these two California datasets were obtained by separately fitting the large magnitude (M w > 5:5) and small-to-moderate magnitude (M w ≤ 5:5) datasets with the Abrahamson and Silva (2008) GMPE and with the Chiou et al. (2010) GMPE, respectively. The partition of residuals (equation 1) was accomplished using the Abrahamson and Youngs (1992) algorithm. Switzerland The Swiss dataset used in this study consists of filtered and site-corrected acceleration time series of Swiss Foreland events used in developing the stochastic ground-motion model for Switzerland (Edwards and Fäh, 2013). The acceleration time series were filtered using a variable corner frequency acausal Butterworth filter and site corrected to correspond to the Swiss reference rock condition of Poggi et al. (2011). A detailed description of the Swiss dataset is given in Edwards and Fäh (2013). The form of the GMPE used to fit the Swiss data is discussed in Douglas (2010). The model uses hypocentral distance and moment magnitude. The model was developed using the random effects algorithm developed by Abrahamson and Youngs (1992) to calculate the parameters of the GMPE fit to the Swiss dataset and to obtain the betweenevent and within-event residuals. Taiwan The Taiwanese dataset used in this study consists of ground-motion data from shallow earthquakes that occurred in and near Taiwan between 1992 and 2003. Records were restricted to those recorded within 200 km from the causative faults. The 1999 Chi-Chi earthquake was excluded from the dataset, but selected aftershocks for this event are included. A more comprehensive description of the dataset is given in Lin et al. (2011). Within-event and between-event residuals



The Turkish data used in this study is compiled within the framework of the project entitled “Compilation of Turkish Strong-Motion Network According to the International Standards” (Akkar et al., 2010). The procedures followed to assemble the database are described in Akkar et al. (2010) and Sandıkkaya et al. (2010). The dataset is comprised of recordings from events with depths less than 30 km. The distance measure is the RJB metric for all recordings. For smaller events (i.e., M w ≤ 5:5) epicentral distance is assumed to approximate RJB . A one-stage maximum likelihood regression method considering only intra- and interevent components (Joyner and Boore, 1993) is employed for the development of the GMPEs. The functional form is the same one that is presented in Akkar and Çağnan (2010). Japan The Japanese data used in this study were downloaded from the KiK-net website. Only records between 1997 and October 2004 with M JMA ≥ 4:0 (Japanese Meteorological Agency Magnitude) were used. In addition, only records with hypocentral depth less than 25 km were used in order to reject most subduction related events. The M JMA was converted to seismic moment magnitude using the Fukushima (1996) relationship by Pousse et al. (2005). More information about the database and the data processing can be found in Pousse et al. (2005, 2006) and Cotton et al. (2008). Only spectral periods up to 1.0 s are used in this work. Closest distance to the rupture was assumed to correspond to hypocentral distance for small to moderate earthquakes (Mw ≤ 5:5) or when the source dimensions remain unknown. For larger earthquakes, the closest distance to the fault rupture was computed. Within-event residuals were obtained by developing a GMPE for the entire dataset described in the paragraph above. The development of the GMPE is described in RodriguezMarek et al. (2011). A peculiarity in the development of the GMPE for the KiK-net data is that both records from the surface and borehole stations were used (with appropriate site terms). This implies that the event terms and magnitude scaling was constrained both by surface and borehole data (Rodriguez-Marek et al., 2011). Parameters of the GMPE equation were obtained using the random effects regression algorithm of Abrahamson and Youngs (1992). The GMPE presented in Rodriguez-Marek et al. (2011) is biased at distances less than about 20 km (RodriguezMarek and Cotton, 2011). This bias was not noticed during the development of the GMPE because the Rodriguez-Marek
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Table 3 Mean of Within-Event Residuals (Natural Log Units) California



T (s)



δWes



δWSes Sel. M, R Range



PGA 0.1 0.2 0.3 0.5 1 3



−0.011 — — −0.005 — −0.007 —



−0.031 — — −0.033 — −0.041 —



Switzerland



δWes



δWSes Sel. M, R Range



0.009 −0.001 0.000 — −0.001 −0.001 —



0.111 0.224 0.231 — 0.130 0.127 —



Taiwan



δWes



δWSes Sel. M, R Range



0.000 0.000 — 0.000 0.000 0.000 0.000



−0.004 −0.006 — −0.004 0.000 0.002 0.000



et al. (2011) paper was only focused on overall standard deviations, and there was only limited data at short distances. The GMPE was corrected using a half-sine function. The parameters of the correction are given in Rodriguez-Marek and Cotton (2011).



Results: Event-Corrected Single-Station Standard Deviation (ϕss ) General Trends Total residuals of pseudospectral acceleration at 5% damping, as well as the partition of these residuals into between-event and within-event components (equation 1) were provided by the GMPE developers for the different regions. The partition of the within-event residuals into the systematic deviation of the site term and the site- and eventcorrected residuals according to equation (2) was then performed using the random effects regression algorithm of Abrahamson and Young (1992). The computation of event and site terms in separate regression steps is conceptually inconsistent; however, this will not result in large errors because the correlation between event and site terms is expected to be low (as Rodriguez-Marek et al., 2011, show for the Japanese dataset used in this study). Records for all regions were taken together because no particular regional dependences in single-station residuals were observed. A lower limit of five records per station was imposed to limit the potential bias in the estimates of the site terms (δS2Ss ). A larger threshold was studied, but the results are not significantly different if the random effects methodology is used in the analyses. For the computation of ϕss , only records for earthquakes with magnitude M w ≥ 4:5 and recorded at a distance Rrup ≤ 200 km were considered. A higher magnitude threshold (e.g., Mw ≥ 5:0) would have eliminated a significant portion of the data. This magnitude and distance threshold was only imposed on the computation of ϕss ; the site terms (δS2Ss ) were obtained using the entire dataset. The use, for some of the regions, of a subset of the data for the computation of ϕss implies a potential bias. Table 3 shows the mean within-event residuals for each region separately and for all regions together. The mean within-event residual



Turkey



δWes



δWSes Sel. M, R Range



−0.030 −0.024 −0.052 −0.053 −0.038 −0.036 0.019



−0.037 −0.030 −0.059 −0.063 −0.043 −0.039 0.009



Japan



All Regions



δWes



δWSes Sel. M, R Range



δWes



δWSes Sel. M, R Range



−0.022 −0.012 −0.023 −0.028 −0.038 −0.036 —



−0.026 −0.001 −0.023 −0.028 −0.048 −0.053 —



−0.010 −0.004 −0.012 −0.008 −0.012 −0.009 0.000



−0.012 −0.001 −0.015 −0.015 −0.013 −0.020 0.006



(δWes ) is computed using all data provided by the developers. The mean site- and event-corrected residuals (δWSes ) are computed considering only the magnitude–distance region of interest. Not all of the within-event residuals are zero because the data provided by the developers was, in some cases, a subset of larger datasets used to derive the GMPE. The mean biases for the site- and event-corrected residuals are larger both because only stations with five or more records were used, and, more importantly, because the magnitude- and distance-range were restricted. The only case for which a clear bias exists is for the Switzerland data because only a few records are within the magnitude range used in the development of the single-station sigma model. The random effect terms in our regression correspond to the site terms (δS2Ss ). Using these terms, the site- and eventcorrected residuals can be computed from equation (2) using δWSes  δWes − δS2Ss . The event-corrected single-station standard deviation (ϕss ) is then obtained as the standard deviation of the δWSes residuals. The total single-station standard deviation is obtained by combining ϕss with the between-event standard deviation τ: q 3 σ ss  ϕ2ss  τ2 : Choices for the between-event standard deviation (τ) are discussed in the Applications in Hazard Analyses section. Figure 2 shows the ϕss values computed independently for each of the five regions and for all regions together. For comparison, the ergodic within-event standard deviation (ϕ) is also shown. Observe that the variability in the ergodic ϕ between regions is significantly larger than the variability of ϕss between regions. This is one of the most striking results of this study: the value of ϕss appears to be largely region independent. To reinforce this point, Figure 3 shows a comparison of the ϕss values obtained in this study with those of other studies. Figure 3 includes results from Atkinson (2006) for California; Atkinson (2013) for eastern North America; Lin et al. (2011) for Taiwan; Anderson and Uchiyama (2011) for the Guerrero array in Mexico; and BC Hydro (2012) for a global dataset of subduction region earthquakes. The data of BC Hydro (2012) is dominated by records from Taiwan. The uniformity of ϕss values is striking; while some of these
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Figure 2.



(Top) Event-corrected single-station standard deviation (ϕss ) and (bottom) ergodic within-event standard deviations (ϕ). Standard deviations are computed for records with Mw ≥ 4:5 and RRup ≤ 200. The solid circles show the values for the entire dataset and are offset in the x axis only for clarity. The color version of this figure is available only in the electronic edition.



studies used similar datasets (or a subset of the dataset used in our study), the studies of Anderson and Uchiyama (2011), BC Hydro (2012), and Atkinson (2013) are based on data from different tectonic environments (e.g., subduction zone earthquakes for the first two and a stable continental region for the latter). Observe that an average value of ϕss  0:45 is a good fit to the data across all periods. Note that σ ss values have a larger variability across studies, in particular for the dataset of BC Hydro (2012). This is expected because of the contribution of the between-event variability to σ ss and the fact that the between-event variability is larger for datasets that include earthquakes of various tectonic regions. The dependency of ϕss on V S30 is illustrated in Figure 4 for selected periods. On the left column, plots of the standard deviation of the average site- and event-corrected residuals for selected V S30 bins are shown. The plots are shown for the regions where V S30 was available (Turkey also had estimates of V S30 , but it has significantly less data than the regions shown in the figure). The right column contains plots of the standard deviation of the event- and site-corrected residuals for each individual station (denoted as ϕss;s ) versus the V S30 for each station. The difference between the two sets of plots is that the ϕss estimates (left column plots) give equal weight to each data point, while the ϕss;s estimates (right column plots) give equal weight to each station. In general, there appears to be no trend of ϕss with V S30 . A possible exception is a reduction of the ϕss values for very stiff sites for the California dataset (for all periods) and the Taiwanese dataset at short periods. This reduction is only seen when equal weight is given to each data point and is not evident for the plots on the right side (ϕss;s ), where equal weight is given to each station (with the probable exception of the California data at 1 s).



Figure 3. (Top) Comparison of event-corrected single-station standard deviation (ϕss ) and (bottom) single-station standard deviation (σ ss ) with other published studies: Lin et al. (2011) using data from Taiwan; Atk. WUS, Atkinson (2006) using data from California; BCH, BC Hydro (2012) using global data from subduction regions, but dominated by Taiwanese data; A&U, Anderson and Uchimaya (2011) using data from the Guerrero Array in Mexico; and Atk. EUS, Atkinson (2013) using data from the Charlevoix region in Canada. The color version of this figure is available only in the electronic edition.



Single-station within-event standard deviation was observed to be dependent on distance and magnitude. Figure 5 shows the ϕss computed for different distance bins. Observe the larger values of ϕss at shorter distances. This is observed for the three dominant datasets (California, Japan, and Taiwan). The distance dependence is controlled by records for intermediate magnitudes (e.g., 4.5–5.5). For this magnitude range, the distance measure is largely influenced by estimation of hypocentral depth, which can be difficult to constrain, in particular for small to moderate magnitude earthquakes (Ambraseys, 1995; Husen and Hardebeck, 2010). Hence, we conclude that the observed distance dependence is possibly due to limitations of the metadata. Figure 6 shows the dependency of ϕss on magnitude. Observe that ϕss are larger for smaller magnitude earthquakes. This trend mimics the trend observed for the ergodic ϕ in various GMPEs (e.g., Abrahamson and Silva, 2008; Chiou and Youngs, 2008, among others). The larger ϕss values for the smaller magnitudes can also be a reflection of a poorer constraint of metadata for these earthquakes or can be due to the lack of data at larger magnitudes. Nevertheless, the magnitude dependency cannot be refuted by existing data. Models for Magnitude and Distance Dependence for ϕss The magnitude and distance dependency discussed in the previous section can be presented in terms of models for use in PSHA calculations. While both distance and magnitude dependency are observed (see Figs. 5 and 6), we
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Figure 4.



Dependency of single-station phi (ϕss ) on shear-wave velocity for (a) PGA, (b) T  0:3 s, (c) T  1:0 s. The plots on the left shows the estimates of ϕss (with bars showing a one-standard-error band) obtained by obtaining the standard deviation of residuals within selected V S30 bins (the bins are 100 m=s wide, the first bin covers V S30 < 300 m=s, and the last bin covers all records for V S30 > 900 m=s). The plots on the right show the single-station phi estimated at each station (ϕss;s ). The solid lines are the mean value of all data points within each plot. The color version of this figure is available only in the electronic edition.



consider that magnitude dependency is a stronger feature of the dataset because of the large scatter of the data at short distances. Nonetheless, distance dependence is also present in our dataset hence a magnitude-dependent, a distancedependent, and a magnitude- and distance-dependent model



are derived. In addition, a model where ϕss is assumed to be independent of magnitude and distance is also developed. The parameters for the ϕss models were obtained using maximum likelihood regression where the site-corrected withinevent residuals were modeled as



BSSA Early Edition



8



A. Rodriguez-Marek, F. Cotton, N. A. Abrahamson, S. Akkar, L. Al Atik, B. Edwards, G. A. Montalva, and H. M. Dawood



Figure 5. Estimates of single-station phi (with bars showing a one-standard-error band) for chosen distance bins (0–16, 16–32, 32–60, 60–100, and 100–200 km). The three regions with the largest amount of data are shown (California, Taiwan, and Japan). Each column shows the data for different magnitude ranges, and each row corresponds to a different period. The color version of this figure is available only in the electronic edition. δWSes  μRrup ; M  ϵ;
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in which ϵ is assumed to be a normally distributed random variable with zero mean and standard deviation given by ϕss Rrup ; M. Although the mean residuals are likely equal to zero, a mean term μRrup ; M is also used in the regression so that biases in the residual do not affect the estimated values of ϕss . The model for the mean term follows the same functional form as the model for ϕss. The functional form and the regression approach for each of the three models is described in the following paragraphs. Magnitude-Dependent Model. ϕss model is given by



The magnitude-dependent



ϕss M w  8 ϕ for M w < M c1 > > < 1M   Mw −M c1  ϕ1M  ϕ2M − ϕ1M  Mc2 −Mc1 for M c1 ≤ M w ≤ M c2 ; > > : ϕ2M for M w > M c2



5 in which ϕ1M and ϕ2M are model parameters that correspond to a constant ϕss at low (M w < Mc1 ) and high (M w > Mc2 )



Figure 6. Estimates of single-station phi (with bars showing a one-standard-error band) for chosen magnitude bins (magnitude bins are 0.5 units wide). The three regions with the largest amount of data are shown (California, Taiwan, and Japan). The column on the left shows only data for distances less than 36 km; the column on the right corresponds to distances larger than 36 km. Each row corresponds to a different period. The color version of this figure is available only in the electronic edition.



magnitudes, respectively. The magnitudes that mark the transition between the constant and the linear regions (Mc1 and Mc2 ) could not be properly constrained using the maximum likelihood regression; hence a grid-search approach was used to determine the corner magnitudes that maximize the likelihood function. However, a sensitivity study showed little sensitivity of the model parameters to the location of these corner magnitudes, hence M c1 and M c2 were fixed at 5 and 7, respectively. These are the values used in the heteroskedastic models of Abrahamson and Silva (2008) and Chiou and Youngs (2008). For an oscillator period of 3 s, the magnitude dependence was not well constrained. For this oscillator period, the data comes only from Taiwan, where there is a lack of large magnitude earthquakes, and from Turkey, where the data is scarce. Hence, the ϕss for the constant model was used at both low and high magnitudes. The resulting parameter values are shown in Table 4. Figure 7a shows the resulting ϕss models. Figure 7a also shows the models with the optimized choice of corner magnitudes. Observe that the proposed models do not differ significantly from these models. Distance-Dependent model is given by
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in which M c1 and Mc2 are model parameters, C2 is a constant, and C1 Rrup  is given by



Table 4 Parameters for the Magnitude-Dependent ϕss Model (Equation 5)



C1 Rrup  8 φ11 for Rrup < Rc11 > > <   Rrup −Rc11  φ11  φ21 − φ11  R −R for Rc11 ≤ Rrup ≤ Rc21 ; c21 c11 > > : φ21 for Rrup > Rc21



Magnitude-Dependent Model Period (s)



Constant ϕss



ϕ1M



ϕ2M



M c1



M c2



PGA 0.1 0.2 0.3 0.5 1 3



0.46 0.45 0.48 0.48 0.46 0.45 0.41



0.49 0.45 0.51 0.51 0.49 0.46 0.41*



0.35 0.43 0.37 0.37 0.37 0.40 0.41*



5 5 5 5 5 5 5



7 7 7 7 7 7 7
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7b



For comparison, the constant ϕss value is also given. *For T  3, the magnitude dependence was not well constrained and was removed.



ϕss Rrup  8 ϕ1R for Rrup < Rc1 > > <   Rrup −Rc1  ϕ1R  ϕ2R − ϕ1R  R −R for Rc1 ≤ Rrup ≤ Rc2 ; c2 c1 > > : ϕ2R for Rrup > Rc2



6 in which ϕ1R , ϕ2R , Rc1 , and Rc2 are model parameters. Parameters ϕ1R and ϕ2R were obtained using a maximum likelihood regression, and the corner distances were obtained from a grid-search algorithm. An a priori constraint was placed on the values of Rc1 and Rc2 ; these values should not be close to each other because the resulting model would imply a sharp change in standard deviation over a short distance, which seems unrealistic. The variation of Rc1 and Rc2 with frequency was small; hence a reasonable value that is constant across periods was used (see Table 5). Once the values of Rc1 and Rc2 were set, a maximum likelihood regression was run to obtain the values of the remaining parameters (ϕ1R and ϕ2R ). More details on the regression analysis are given in Rodriguez-Marek and Cotton (2011). The parameters of the distance-dependent model are listed in Table 5. Figure 7b shows the chosen model and the model obtained by maximizing the likelihood function. Observe that the proposed models do not differ significantly from the optimized models except at T  3:0 s, where the data is more sparse. Magnitude- and Distance-Dependent Model. The magnitude- and distance-dependent model is given by φSS Mw ;Rrup  8 C1 Rrup  forM w  > <   M w −M c1  C1 Rrup C2 −C1 Rrup  M −M forM c1 ≤Mw ≤M c2 ; c2 c1 > > : C2 forM w >Mc2



7a



in which ϕ11 , ϕ21 , Rc11 , and Rc21 are model parameters. The latter two parameters are given in units of km. The corner distances and magnitudes were chosen to be the same ones as for the magnitude-dependent and the distance-dependent models. A maximum likelihood regression was run to obtain the values of the remaining parameters. The resulting values are listed in Table 6. The magnitude dependence at T  3:0 s was not well constrained, hence the large magnitude values for this oscillator period were chosen from the constant ϕss model. Figure 8 plots the four proposed models for all combinations of short and long distance and of low and high magnitude. Note that the “Constant ϕss ” model is controlled by records at large distances and small magnitudes. The model parameters were not smoothed across frequency, yet the period dependency of the models compares well with the shape of the standard deviation model of Abrahamson and Silva (2008) (Fig. 8), with the exception of the values of ϕss at T  0:1 s for some of the models. The similarity of the spectral shapes of ϕss with those for ϕ from the Abrahamson and Silva (2008) model suggest that ϕss can also be estimated by scaling down the ergodic phi from this model. A leastsquares fit was used to find the optimum scaling parameter with respect to the magnitude-dependent model; this value was determined to be 0.79. Figure 8 also includes the ϕ model from Abrahamson and Silva (2008) scaled by 0.79. This choice provides a natural choice for smoothing and interpolating the model across frequencies. Alternatively, a frequency-independent ϕss model (e.g., average across all frequencies) can be used.



Application in Hazard Analyses The estimates of the event-corrected single-station standard deviation (ϕss ) obtained in the previous sections can be used to compute the single-station standard deviation for use in a partially nonergodic PSHA. The single-station standard deviation is obtained by combining ϕss with the betweenevent standard deviation (τ) to obtain the single-station standard deviation (equation 3). The database compiled for this work consists only of records for stations that recorded at least five events per station. For estimating τ, this requirement is not necessary, hence the data used in this work is not ideal for the estimate of τ. We propose that τ be estimated using GMPEs applicable to the regions under analysis.
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Figure 7. Proposed (a) magnitude-dependent and (b) distance-dependent models. The Optimal Model shown corresponds to the results of the analysis allowing for variations in the distance- and magnitude-breaks of the models. The data shown correspond to standard deviation of site- and event-corrected residuals within selected distance or magnitude bins. For reference, the constant ϕss model is also shown. The color version of this figure is available only in the electronic edition. BSSA Early Edition
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Table 5 Parameters for the Distance-Dependent ϕss Model (Equation 6) Distance-Dependent Model Period (s)



Constant ϕss



ϕ1R



ϕ2R



Rc1



Rc2



PGA 0.1 0.2 0.3 0.5 1 3



0.46 0.45 0.48 0.48 0.46 0.45 0.41



0.55 0.54 0.60 0.61 0.57 0.53 0.53



0.45 0.44 0.47 0.47 0.45 0.44 0.40



16 16 16 16 16 16 16



36 36 36 36 36 36 36



For comparison, the constant ϕss value is also given.



Table 6 Parameter for the Distance- and Magnitude-Dependent ϕss Model (Equation 7a,b) Period (s)



ϕ11



ϕ21



C2



M c1



M c2



Rc11



Rc21



PGA 0.1 0.2 0.3 0.5 1 3



0.58 0.54 0.61 0.64 0.60 0.54 0.53



0.47 0.44 0.50 0.50 0.48 0.45 0.40*



0.35 0.43 0.38 0.37 0.37 0.40 0.40*



5 5 5 5 5 5 5



7 7 7 7 7 7 7



16 16 16 16 16 16 16



36 36 36 36 36 36 36



Figure 8. Values of ϕss resulting from the different proposed models for all combinations of short and long distances, and low and high magnitudes. The ϕ model from Abrahamson and Silva (2008) scaled by a factor of 0.79 is also shown. The color version of this figure is available only in the electronic edition.



*These values were replaced with the constant phi value.



If a single-station standard deviation is used in PSHA, then two requirements must be met. 1. Independent estimates of the site term (δS2Ss ), and its epistemic uncertainty, must be made. These estimates are ideally obtained using an instrument located at the site of interest, where δS2Ss can be estimated as the average event-corrected residual of groundmotion recordings at the site, and its epistemic uncertainty can be estimated using the standard deviation of the sample mean, given by ϕ  ; σ S2S;epistemic  pS2S N



8



in which N is the number of recordings at the site and ϕS2S is the standard deviation of site terms (δS2Ss ) across the database (see Table 1). These estimates assume that the site term is constant over time. This assumption is largely acceptable but may not hold for some soft soil sites. In particular, seismic episodes may change the dynamic characteristics of sites with loose sand layers. Alternatively, the site term can be estimated using analytical methods. In this case, it is important to note that the site term consists both of the crustal-scale site response and the shallow site response. This is evidenced by the strong correlation in borehole and surface site terms noted by Rodriguez-Marek et al. (2011) in KiK-net recordings. The estimate of the crustal-scale site response can be made via V S -kappa correction methodologies (e.g., Campbell,



2003; Bommer et al., 2010; Van Houtte et al., 2011). Shallow site response can be estimated using geotechnical methods (e.g., Schnabel et al., 1972; Rathje and Kotke, 2008; Bard et al., 2010). It is important that an appropriate degree of epistemic uncertainty is accounted for in the estimate of the site term. Some of the site-response methodologies recommended by the United States Nuclear Regulatory Commission (McGuire et al., 2001) already incorporate this epistemic uncertainty. The use of singlestation standard deviation avoids a double counting of uncertainty (e.g., in the site-response analyses and in the input standard deviation). 2. Inclusion of the epistemic uncertainty in ϕss . In the same way that the site term is unique (and deterministic) at a given site, the single-station phi at a given site is also unique. We refer to the single-station phi at a given site as ϕss;s . The mean value of ϕss;s across all stations is nearly equal to ϕss , the only difference being that the first is the expected value where each station is given equal weight, and the latter is the expected value where each data point is given equal weight. Whereas ϕss has little epistemic uncertainty (because it is estimated from a large number of data), the choice of ϕss;s for a given station has an epistemic uncertainty; ϕss;s can vary from site to site due to variations in surface or subsurface topography or to regional effects that can lead to varying degrees of azimuthal dependency. The epistemic uncertainty on ϕss;s can be estimated from stations that recorded a large number of events. The standard deviation of ϕss;s across many stations can be used as an estimate of the epistemic uncertainty on ϕss;s . Note that this implies assuming ergodicity in the variance
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(although not on the mean). Table 7 shows the mean values of ϕss;s and the standard deviation of ϕss;s across all the stations that recorded more than N records per station. Note that in general the mean value of ϕss;s does not change as N changes, but the standard deviation of ϕss;s decreases with N, however slightly. This could be in part due to the fact that sites with a larger number of records are sampling multiple aftershocks, hence are also sampling single-path and single-source standard deviation. The decrease in variability can also be explained due to the limited sample size. Figure 9 shows the results of a numerical exercise in which a ground-motion database of known characteristics is simulated but the station-to-station variability in ϕss;s is set to zero (e.g., the standard deviation of ϕss;s is set to zero). Note that the computed values of the standard deviation of ϕss;s are nonzero due to sampling error alone, hence these values decrease with increasing number of records per site. Superimposed in the numerical simulation is the data used in this study. Observe that these data plot above the line, indicating that at least part of the standard deviation of ϕss;s in the data used in this study is due to factors other than statistical uncertainty. Table 8 shows the extreme values of ϕss;s as the minimum number of records per station changes. Observe that the range (i.e., maximum value minus minimum value) of ϕss;s and its maximum value invariably reduces as the minimum number of records per site increases. This is likely due to the fact that, as the number of records increases, the estimate of ϕss;s becomes more stable (it can also be due to the aftershock effect mentioned previously). Figure 10 illustrates a histogram of ϕss;s for varying values of N. Observe that the distribution of ϕss;s values becomes narrower as the number of records increase. Statistical tests for the shape of the distribution of ϕss;s cannot reject the null hypotheses of normality or log normality. In considerations of the issues discussed in the paragraphs above, the proposal to include an epistemic uncertainty in ϕss;s is to assume that the selected value for nonergodic PSHA has a normal or log-normal distribution with a stan-



Figure 9. Standard deviation of ϕss;s normalized by ϕss for synthetic data (solid line) and for the data presented in this study. The synthetic data corresponds to 32 stations, each with the same number of records per site. The color version of this figure is available only in the electronic edition. dard deviation given by the values for N ≥ 20 in Table 7. Although this value is likely an overestimate due to statistical uncertainty (Fig. 9), a better estimate is not possible in the absence of additional data.



Conclusions We have presented various models for the event-corrected single-station standard deviation, also called the single-station phi (ϕss ). The model is developed using data from California, Japan, Switzerland, Taiwan, and Turkey. An estimate of single-station standard deviation for use in PSHA analyses can be obtained by combining the proposed values of ϕss with between-event standard deviations τ. From the data used in this study it is not possible to obtain good estimates of τ because of the strict criteria imposed on number of records per site. Better estimates of τ can be obtained from properly constrained GMPEs. The most important conclusions from this study are as follows: 1. The values of single-station phi are relatively constant across different regions, and even across different tectonic



Table 7 Mean and Standard Deviation of ϕss;s for Different Values of the Minimum Number of Records Per Station, N N ≥ 10



N ≥ 15



N ≥ 20



Stations



Mean



Standard Deviation



Stations



Mean



Standard Deviation



Stations



326 316 50 326 316 326 245



0.44 0.45 0.52 0.47 0.47 0.43 0.42



0.09 0.10 0.10 0.10 0.09 0.08 0.08



133 133 13 133 133 133 89



0.44 0.45 0.56 0.47 0.46 0.43 0.41



0.08 0.08 0.11 0.09 0.08 0.07 0.07



32 32 5 32 32 32 16



Period (s)



Mean



Standard Deviation



PGA 0.1 0.2 0.3 0.5 1 3



0.43 0.45 0.47 0.46 0.46 0.44 0.41



0.10 0.12 0.12 0.11 0.11 0.10 0.10



All records with M ≥ 4:5 and Rrup ≤ 200 km are used.
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Figure 10. Histograms of ϕss;s for different values of the minimum number of records per station (N for PGA). The color version of this figure is available only in the electronic edition. environments. The uniformity of values obtained in this study and those from other published values is also striking. This similarity is not as strong for single-station sigma and is nonexistent for ergodic values of withinevent standard deviation (ϕ). This indicates that site-



to-site variability varies significantly from region to region. A constant value of ϕss equal to 0.45 fits well across all oscillator periods. 2. Single-station phi has nearly no dependency on V S30 . However, our results show significant variations of



Table 8 Mean, Maximum, and Minimum Values of ϕss;s for Different Values of the Minimum Number of Records Per Station, N N ≥ 10



N ≥ 15



N ≥ 20



Period (s)



Mean



Minimum



Maximum



Mean



Minimum



Maximum



Mean



Minimum



Maximum



PGA 0.1 0.2 0.3 0.5 1 3



0.43 0.45 0.47 0.46 0.46 0.44 0.41



0.20 0.21 0.25 0.19 0.17 0.19 0.17



0.86 0.85 0.79 0.87 0.98 0.93 0.89



0.44 0.45 0.52 0.47 0.47 0.43 0.42



0.23 0.22 0.37 0.27 0.25 0.27 0.25



0.69 0.77 0.65 0.73 0.70 0.66 0.68



0.44 0.45 0.56 0.47 0.46 0.43 0.41



0.28 0.25 0.37 0.31 0.31 0.27 0.30



0.63 0.67 0.65 0.63 0.61 0.60 0.54



All records with M ≥ 4:5 and Rrup ≤ 200 km are used.
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single-station phi from one station to another that may be explained by azimuthal dependencies of path or site effects. 3. Single-station phi shows marked magnitude and distance dependency. The magnitude dependency mimics the magnitude dependency observed in heteroskedastic GMPEs. The distance dependency points to a larger ϕss at shorter distances; however, there is less data in this distance range. In addition, the observed distance dependency can be due to poorly constrained metadata. 4. The proposed models for ϕss are good estimates of the mean value of the site-specific ϕss;s for use in PSHA. However, the use of single-station standard deviation in PSHA is possible only if the following conditions are satisfied: a. the site term (δS2Ss ) is measured or estimated, along with its corresponding epistemic uncertainty, and b. the epistemic uncertainty of ϕss;s is accounted for. Our results suggest that this epistemic uncertainty may be described by a normal (or log-normal) distribution with a standard deviation given by the value for N ≥ 20 in Table 7 (about 0.08 in natural log units). The use of single-station standard deviation is important when the uncertainty in the estimate (or measurement) of the site term is already accounted for. To not use single-station standard deviation in these cases is akin to double-counting uncertainty, leading to inflated hazard estimates. The lack of regional variability in single-station phi implies that the proposed models for ϕss can be applied to hazard estimates independently of where these studies are being conducted.



Data and Resources The KiK-net strong-motions used in this study were provided by National Research Institute for Earth Science and Disaster Prevention (NIED) at www.kik.bosai.go.jp (last accessed July 2012). Swiss data used in this study are available via ARCLINK at http://arclink.ethz.ch/ (last accessed January 2013). The Turkish ground motions are obtained from the website http://daphne.deprem.gov.tr/ (last accessed January 2013), operated and maintained by the Earthquake Division of the Turkish Disaster and Emergency Management Agency. The Taiwanese strong-motion data used in this study were provided by the Central Weather Bureau, Taiwan (R.O.C) via the Geophysical Database Management System, found at http://gdms.cwb.gov.tw (last accessed April 2011).



Acknowledgments Funding from this project was provided in part by the Probabilistic Seismic Hazard Analysis for Swiss Nuclear Power Plant Sites (PEGASOS) Refinement project in Switzerland. The development of the GMPE for Turkey was conducted within a project by the Earthquake Engineering Research Center of the Middle East Technical University and the Earthquake Division of the Turkish Disaster and Emergency Management Agency under the Award Number 105G016, granted by the Scientific and Technological Council of Turkey. This study has also been partly supported by the Network



of European Research Infrastructures for Earthquake Risk Assessment and Mitigation (NERA) project, funded under Contract 262330 of the EC FP7 Research Framework Program. The authors would like to acknowledge the NIED in Japan for providing access to the KiK-net data used in this study. Finally, we thank Chris Cramer and Peter Stafford for their careful and detailed reviews, which led to significant improvements to this article.



References Abrahamson, N. A. (2000). State of the practice of seismic hazard assessment, in Proc. GeoEng 2000, Melbourne, Australia, Vol. 1, 659–685. Abrahamson, N. A., and W. Silva (2008). Summary of the Abrahamson & Silva NGA ground-motion relations, Earthq. Spectra 24, 67–97. Abrahamson, N. A., and R. R. Youngs (1992). A stable algorithm for regression analyses using the random effects model, Bull. Seismol. Soc. Am. 82, 505–510. Akkar, S., and Z. Çagnan (2010). A local ground-motion predictive model for Turkey, and its comparison with other regional and global groundmotion models, Bull. Seismol. Soc. Am. 100, 2978–2995. Akkar, S., Z. Çağnan, E. Yenier, Ö. Erdoğan, A. Sandikkaya, and P. Gülkan (2010). The recently compiled Turkish strong motion database: Preliminary investigation for seismological parameters, J. Seismol. 14, 457–479. Al Atik, L., N. Abrahamson, F. Cotton, F. Scherbaum, J. Bommer, and N. Kuehn (2010). The variability of ground-motion prediction models and its components, Seismol. Res. Lett. 81, 794–801. Ambraseys, N. N. (1995). The prediction of earthquake peak ground acceleration in Europe, Earthq. Eng. Struct. Dynam. 24, 467–490. Anderson, J. G., and J. N. Brune (1999). Probabilistic seismic hazard assessment without the ergodic assumption, Seismol. Res. Lett. 70, 19–28. Anderson, J. G., and Y. Uchiyama (2011). A methodology to improve ground-motion prediction equations by including path corrections, Bull. Seismol. Soc. Am. 101, 1822–1846. Atkinson, G. M. (2006). Single-station sigma, Bull. Seismol. Soc. Am. 96, 446–455. Atkinson, G. M. (2013). Empirical evaluation of aleatory and epistemic uncertainty in Eastern ground motions, Seismol. Res. Lett. 84, 130–138. Bard, P.-Y., H. Cadet, B. Endrun, M. Hobiger, F. Renalier, N. Theodulidis, M. Ohrnberger, D. Fäh, F. Sabetta, P. Teves-Costa, A.-M. Duval, C. Cornou, B. Guillier, M. Wathelet, A. Savvaidis, A. Köhler, J. Burjanek, V. Poggi, G. Gassner-Stamm, H. B. Havenith, S. Hailemikael, J. Almeida, I. Rodrigues, I. Veludo, C. Lacave, S. Thomassin, and M. Kristekova (2010). From non-invasive site characterization to site amplification: Recent advances in the use of ambient vibration measurements, in Earthquake Engineering in Europe, Geotechnical, Geological, and Earthquake Engineering 17, M. Garevski (Editor), Springer Science and Business Media B.V., doi: 10.1007/978-90-481-9544-2_5. BC Hydro (2012). Probabilistic Seismic Hazard Analysis (PSHA) Model, in Engineering Report E658, Vol. 4, November. Bommer, J. J., and N. A. Abrahamson (2006). Why do modern probabilistic seismic-hazard analyses often lead to increased hazard estimates? Bull. Seismol. Soc. Am. 96, 1967–1977. Bommer, J. J., J. Douglas, F. Scherbaum, F. Cotton, H. Bungum, and D. Fäh (2010). On the selection of ground-motion prediction equations for seismic hazard analysis, Seismol. Res. Lett. 81, 783–793. Campbell, K. W. (2003). Prediction of strong ground motion using the hybrid empirical method and its use in the development of groundmotion (attenuation) relations in eastern North America, Bull. Seismol. Soc. Am. 93, 1012–1033. Chen, Y.-H., and C.-C. P. Tsai (2002). A new method for estimation of the attenuation relationship with variance components, Bull. Seismol. Soc. Am. 92, 1984–1991. Chiou, B. S.-J., and R. R. Youngs (2008). An NGA model for the average horizontal component of peak ground motion and response spectra, Earthq. Spectra 24, 173–215. Chiou, B., R. Darragh, N. Gregor, and W. Silva (2008). NGA project strongmotion database, Earthq. Spectra 24, 23–44.



BSSA Early Edition



A Model for Single-Station Standard Deviation Using Data from Various Tectonic Regions Chiou, B., R. Youngs, N. Abrahamson, and K. Addo (2010). Ground-motion attenuation model for small-to-moderate shallow crustal earthquakes in California and its implications on regionalization of ground-motion prediction models, Earthq. Spectra 26, 907–926. Cotton, F., G. Pousse, F. Bonilla, and F. Scherbaum (2008). On the discrepancy of recent European ground-motion observations and predictions from empirical models: Analysis of KiK-net accelerometric data and point-sources stochastic simulations, Bull. Seismol. Soc. Am. 98, 2244–2261. Douglas, J. (2003). Earthquake ground motion estimation using strongmotion records: A review of equations for the estimation of peak ground acceleration and response spectral ordinates, Earth Sci. Rev. 61, 43–104. Douglas, J. (2010). Comparisons of observations to predictions from selected ground-motion models for the PEGASOS Refinement Project (PRP), Report prepared for the PEGASOS Refinement Project (PRP), Internal Tech. Rept. TP2-TB-1050, 19 October. Edwards, B., and D. Fäh (2013). A stochastic ground-motion model for Switzerland, Bull. Seismol. Soc. Am. 103, no. 1, doi: 10.1785/ 0120110331. Fukushima, Y. (1996). Scaling relations for strong ground-motion prediction models with M2 terms, Bull. Seismol. Soc. Am. 86, 329–336. Husen, S., and J. L. Hardebeck (2010). Earthquake location accuracy, in Community Online Resource for Statistical Seismicity Analysis, doi: 10.5078/corssa-55815573. Joyner, W. B., and D. M. Boore (1993). Methods for regression analysis of strong-motion data, Bull. Seismol. Soc. Am. 83, 469–487. Lin, P., N. Abrahamson, M. Walling, C.-T. Lee, B. Chiou, and C. Cheng (2011). Repeatable path effects on the standard deviation for empirical ground-motion models, Bull. Seismol. Soc. Am. 101, 2281–2295. McGuire, R. K., W. J. Silva, and C. J. Costantino (2001). Technical basis for revision of regulatory guidance on design ground motions: Hazard- and risk-consistent ground motion spectra guidelines, NUREG/CR-6728, Office of Nuclear Regulatory Research, Washington, DC. Morikawa, N., T. Kanno, A. Narita, H. Fujiwara, T. Okumura, Y. Fukushima, and A. Guerpinar (2008). Strong motion uncertainty determined from observed records by dense network in Japan, J. Seismol. 12, 529–546. Poggi, V., B. Edwards, and D. Fah (2011). Derivation of a reference shearwave velocity model from empirical site amplification, Bull. Seismol. Soc. Am. 101, 258–274. Pousse, G., C. Berge-Thierry, F. Bonilla, and P. Y. Bard (2005). Eurocode 8 design response spectra evaluation using the K-net Japanese database, J. Earthq. Eng. 9, 547–574. Pousse, G., F. Bonilla, F. Cotton, and L. Margerin (2006). Nonstationary stochastic simulation of strong ground motion time histories including natural variability: Application to the K-net Japanese database, Bull. Seismol. Soc. Am. 96, 2103–2117. Rathje, E. M., and A. R. Kottke (2008). Procedures for Random Vibration Theory based seismic site response analyses, A White Paper Prepared for the Nuclear Regulatory Commission, Geotechnical Engineering Report GR08-09, Geotechnical Engineering Center, Department of Civil, Architectural, and Environmental Engineering, University of Texas at Austin, Austin, Texas. Renault, P., S. Heuberger, and N. A. Abrahamson (2010). PEGASOS Refinement Project: An improved PSHA for Swiss nuclear power plants, in Proc. of 14ECEE—European Conference of Earthquake Engineering, Ohrid, Republic of Macedonia, 30 August–3 September 2010. Rodriguez-Marek, A., and F. Cotton (2011). Final Report: Single-station sigma project, Prepared for the Pegasos Refinement Project. Report EXT-TB—1058. Rodriguez-Marek, A., G. A. Montalva, F. Cotton, and F. Bonilla (2011). Analysis of single-station standard deviation using the KiK-net data, Bull. Seismol. Soc. Am. 101, 1242–1258.



15



Sandıkkaya, M. A., M. T. Yılmaz, B. B. Bakır, and Ö. Yılmaz (2010). Site classification of Turkish national strong-motion stations, J. Seismol. 14, 543–563. Schnabel, P. B., J. Lysmer, and H. B. Seed (1972). SHAKE: A computer program for earthquake response analysis of horizontally layered sites, Report No. UCB/EERC-72/12, Earthquake Engineering Research Center, University of California, Berkeley, California. Strasser, F. O., N. A. Abrahamson, and J. J. Bommer (2009). Sigma: Issues, insights and challenges, Seismol. Res. Lett. 80, 40–54. Van Houtte, C., S. Drouet, and F. Cotton (2011). Analysis of the origins of κ (Kappa) to compute hard rock to rock adjustment factors for GMPEs, Bull. Seismol. Soc. Am. 101, 2926–2941.



The Charles Edward Via Jr. Department of Civil and Environmental Engineering Virginia Tech, 200 Patton Hall Blacksburg, Virginia 24061 [email protected] [email protected] (A.R.-M., H.M.D.)



ISTerre Université de Grenoble 1 CNRS, F-38041 Grenoble, France fabrice.cotton@ujf‑grenoble.fr (F.C.)



Pacific Gas and Electric Company 245 Market Street San Francisco, California 94105 [email protected] (N.A.A.)



Earthquake Engineering Research Center Department of Civil Engineering Middle East Technical University 06800 Ankara, Turkey [email protected] (S.A.)



Linda Alatik Consulting San Francisco, California 94110 [email protected] (L.A.)



Swiss Seismological Service Sonneggstrasse 5, ETH Zürich Zürich, Switzerland [email protected] (B.E.)



Department of Civil Engineering Universidad de Concepción Casilla 160-C, Correo 3 Concepción, Chile [email protected] (G.A.M.)



BSSA Early Edition



Manuscript received 1 February 2013; Published Online 12 November 2013



























[image: Estimating Gaussian noise standard deviation from ...]
Estimating Gaussian noise standard deviation from ...












[image: Calculate Standard Deviation with Hair (Mistry).pdf]
Calculate Standard Deviation with Hair (Mistry).pdf












[image: Interpret Standard Deviation Outlier Rule Linear ...]
Interpret Standard Deviation Outlier Rule Linear ...












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: USING STANDARD SYSTE]
USING STANDARD SYSTE












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: using standard syste]
using standard syste












[image: Why the Standard Model]
Why the Standard Model












[image: A Behavioural Model for Client Reputation - A client reputation model ...]
A Behavioural Model for Client Reputation - A client reputation model ...












[image: Procedures for Using Standard Shot Peening Test Strip.pdf]
Procedures for Using Standard Shot Peening Test Strip.pdf












[image: using standard pra s]
using standard pra s















A Model for Single-Station Standard Deviation Using ...






Nov 12, 2013 - Recent work has focused on the development of partially nonergodic. PSHA, where the ... as the event-corrected single-station standard deviation (Ï•ss). ..... discussed in the Applications in Hazard Analyses section. Figure 2 ... 






 Download PDF 



















 3KB Sizes
 1 Downloads
 187 Views








 Report























Recommend Documents







[image: alt]





Estimating Gaussian noise standard deviation from ... 

June 16, 2009. The main objective of writing this note is to share with interested readers some of the ... Note that Eq.(3), which appeared in [5], is easier to compute than Eq.(2), particularly when is large, say 64. .... descending order starting f














[image: alt]





Calculate Standard Deviation with Hair (Mistry).pdf 

or its equivalent. Page 3 of 7. Whoops! There was a problem loading this page. Retrying... Calculate Standard Deviation with Hair (Mistry).pdf. Calculate Standard Deviation with Hair (Mistry).pdf. Open. Extract. Open with. Sign In. Main menu. Display














[image: alt]





Interpret Standard Deviation Outlier Rule Linear ... 

Compare the Distributions. SOCS. Using Normalcdf ... the mean of the distribution and in what direction. The further the .... Binomial Distribution. (Conditions).














[image: alt]





using standard syste 

Mar 29, 2001 - *Electronic address: [email protected]. â€ Present address: Department of ... which implies that the dendrites act as a low-pass filter with cutoff frequency . ...... The most robust signatures of cortical modes are ...














[image: alt]





using standard syste 

May 19, 2000 - high-spin states, such as the deformed configuration mixing. DCM 4â€“7 calculations based on the angular momentum projection of the deformed ..... ration; Th.3 is MONSTER 28; Th.4 is the (f7/2)6 shell mode 27;. Th.5 is the rotational m














[image: alt]





using standard syste 

May 19, 2000 - 41. 372. aReference 25. bReference 26. cReference 27. TABLE IV. .... Sharpey-Schafer, and H. M. Sheppard, J. Phys. G 8, 101. 1982. 28 K. W. ...














[image: alt]





USING STANDARD SYSTE 

directed sandpiles with local dynamical rules, independently on the specific ..... is needed to define a meaningful correlation length. In the latter case, on the ...














[image: alt]





using standard syste 

rules: i each burning tree becomes an empty site; ii every ... the simple form 1 is meaningful. .... better to use analysis techniques that use the whole set of.














[image: alt]





using standard syste 

Jun 7, 2000 - VcbVcs*â€žbÂ¯c V A cÂ¯s V A bÂ¯Tac V A cÂ¯Tas V Aâ€¦H.c.,. 5. PHYSICAL REVIEW D, VOLUME 62, 014027. 0556-2821/2000/621/0140275/$15.00.














[image: alt]





using standard syste 

4564. Â©2000 The American Physical Society ..... (x,t) (x,t) 0, we can express all the functionals as ..... shifts i.e., in a log-log plot of a versus ) required for a.














[image: alt]





using standard syste 

Feb 20, 2001 - and the leaky integrate-and-fire neuron model 12. SR in a periodically ... where dW(t) is a standard Wiener process and I(t) is the deterministic ...














[image: alt]





using standard syste 

May 22, 2001 - 13 D. J. Watts, Small Worlds: The Dynamics of Networks Be- tween Order and Randomness Princeton University Press,. New Jersey, 1999. 14 A.-L. BarabÃ¡si and R. Albert, Science 286, 509 1999; A.-L. BarabÃ¡si, R. Albert, and H. Jeong, Phy














[image: alt]





using standard syste 

In order to test this possibility, we have performed .... tency check of our results, we have checked that our expo- nents fulfill ... uncertainty in the last digit. Manna ...














[image: alt]





using standard syste 

One-particle inclusive CP asymmetries. Xavier Calmet. Ludwig-Maximilians-UniversitÃ¤t, Sektion Physik, TheresienstraÃŸe 37, D-80333 MÃ¼nchen, Germany. Thomas Mannel and Ingo Schwarze. Institut fÃ¼r Theoretische Teilchenphysik, UniversitÃ¤t Karlsruhe,














[image: alt]





using standard syste 

Dec 22, 2000 - ... one being the simplicity in definition and computation, another the fact that, for the ca- ...... search School, FOA Project No. E6022, Nonlinear ... the computer simulations were carried out on the Cray T3E at NSC, LinkÃ¶ping ...














[image: alt]





using standard syste 

zero component of spin represents the water molecules, while the remaining components (1) account for the amphiphilic molecules. We defined an ... centration of free amphiphiles, and it is different from zero. The local maximum in this curve, which .














[image: alt]





using standard syste 

May 1, 2000 - distance physics and Ta are the generators of color-SU3. The operators ... meson. Due to the different final states cuÂ¯d and ccÂ¯s, there are no.














[image: alt]





Why the Standard Model 

Available online 29 September 2007. Abstract ... The classification in the first step shows that the solutions fall in two classes. ... There are three real forms: unitary: Mk(C), orthogonal: Mk(R), symplectic: Ma(H) where H is the skew field of.














[image: alt]





A Behavioural Model for Client Reputation - A client reputation model ... 

The problem: unauthorised or malicious activities performed by clients on servers while clients consume services (e.g. email spam) without behavioural history ...














[image: alt]





Procedures for Using Standard Shot Peening Test Strip.pdf 

Page 1 of 4. SAE Technical Standards Board Rules provide that: â€œThis report is published by SAE to advance the state of technical and engineering sciences.














[image: alt]





using standard pra s 

Mar 20, 2001 - convex cloud to the desired state, by means of an external action such as a ..... 5 M. R. Matthews, B. P. Anderson, P. C. Haljan, D. S. Hall, C.


























×
Report A Model for Single-Station Standard Deviation Using ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















