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Abstract 

The works presented in this thesis are aimed at understanding and modeling earthquake 

ground motions in central and eastern North America (CENA), with an emphasis on the 

modeling of site effects. A number of approaches are taken, beginning with analysing of the 

observed ground-motion amplitudes with respect to a ground-motion prediction equation 

model (GMPE) of a well recorded region (California) (referenced empirical approach). In 

this work, we show that the ground-motion amplitudes of CENA earthquakes are very similar 

to the equivalent California values of Boore et al. (2014; BSSA14) at close distances, at low 

to moderate frequencies. At regional distances and at high frequencies the ground-motion 

amplitudes are larger in CENA than for the BSSA14 reference model, presumably due to 

lower attenuation and higher stress for CENA events relative to those in active tectonic 

regions. 

Next, a modeling approach is taken to develop a simulation-guided generic GMPE model for 

southern Ontario, examining regional site effects. Then, in a collaborative study with 

colleagues, we use the regional model in a technique that inverts ShakeMaps parameters (e.g. 

response spectra at selected frequencies) to estimate moment magnitude and stress parameter 

in near-real-time, for earthquakes of small to moderate earthquake (M ~3 to 6). 

Finally, we explore site response more deeply, building on the empirical findings of the 

ground-motion modeling work. We examine the applicability of the site fundamental 

frequency (fpeak) as a descriptive variable for site response in CENA. We introduce a new 

fpeak-based proxy measure for VS30 (time-averaged shear-wave velocity in the upper 30 m) for 

sites in CENA; this is useful because VS30 is a standard site response parameter for building 

code and other applications. We also examine the applicability of the Next-Generation-West2 

VS30-based site effects model (Seyhan and Stewart, 2014; SS14) for the recording stations in 

CENA. We develop a new fpeak-based model for site amplification in CENA to address 

inadequacies in the VS30-based site effects model, and show that use of the new model 

reduced ground-motion prediction variability by a significant amount. 

Keywords 

Ground-motion prediction equations, ShakeMap parameters, moment magnitude, stress 

parameter, site fundamental frequency, site effects, sigma 
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Chapter 1 

1 Introduction 

Ground-motion prediction equations (GMPEs) are a key component in seismic hazard 

analysis. GMPEs predict the expected median ground-motion amplitudes by using 

source, path and site terms to describe how ground-motion amplitudes scale with 

magnitude, distance and site conditions. The generic functional form for a GMPE model 

can be expressed as (Boore et al., 2014): 

ln𝑌 = 𝐹𝑆𝑜𝑢𝑟𝑐𝑒 + 𝐹𝑃𝑎𝑡ℎ + 𝐹𝑆𝑖𝑡𝑒 + 𝐹𝑉𝑎𝑟  , (1.1) 

where ln𝑌 is the natural logarithm of the predicted ground-motion parameter, such as 5% 

damped pseudo-spectral acceleration (PSA) or peak ground amplitudes (e.g. peak ground 

velocity [PGV], and peak ground acceleration [PGA]); 𝐹𝑆𝑜𝑢𝑟𝑐𝑒 is the source functional 

form, which explains how ground-motion amplitudes  scale with magnitude and  fault 

mechanism; 𝐹𝑃𝑎𝑡ℎ accounts for the path effects on the ground-motion amplitudes, which 

usually includes geometrical spreading and anelastic attenuation terms; 𝐹𝑆𝑖𝑡𝑒 accounts for 

the site effects including the near surface geology and topography on the ground-motion 

amplitudes, and 𝐹𝑉𝑎𝑟 accounts for the variability of ground-motion amplitudes. 

The most common approach to develop GMPE models in data-rich regions like western 

North America (WNA) is to use the observed ground-motion amplitudes and derive an 

appropriate function to match the observed data (empirical method). An example of the 

modern empirical GMPE models is the well-known Next Generation Attenuation GMPEs 

set (NGA-West1 and NGA-West2; Bozorgnia et al., 2014), developed for shallow crustal 

earthquakes in active tectonic regions. The empirical method has been successfully 

implemented in data-rich regions as the number of observed data are sufficient to derive 

reliable empirical functions.  

The common regression approach that is usually implemented for empirical GMPE 

development is the mixed effects regression of residuals introduced by Abrahamson and 
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Youngs (1992). For mixed effects regression, the error terms are partitioned into two 

parts which are between-event and within-event terms: 

ln𝑌𝑖𝑗 = 𝑓(𝑀𝑖, 𝑅𝑖𝑗 , 𝜃) + 𝜂𝑖 + 𝜀𝑖𝑗 , (1.2) 

where 𝑌𝑖𝑗 is a ground-motion parameter from event i at station j, 𝑓(𝑀𝑖, 𝑅𝑖𝑗 , 𝜃) is the 

selected functional form for our GMPE model, 𝑀𝑖 is the moment magnitude of event i, Rij 

is the distance between event i and station j, and 𝜃 is a vector of model parameters. 𝜂𝑖 is 

the between-event term (inter-event term) for event i, which is the random effects for 

event i, and 𝜀𝑖𝑗 is the within-event term (intra-event term) which is the error term from 

event i at station j. 𝜂𝑖 and 𝜀𝑖𝑗 are assumed to be independent and have normal 

distributions with standard deviation of τ and 𝜑, and the total variability (σ) of the GMPE 

model can be expressed as 𝜎 = √𝜏2 + 𝜑2. Abrahamson and Youngs (1992) proposed an 

iterative algorithm to maximize the likelihood of Equation (1.3) and find the model 

parameters values (𝜃) as well as the error terms and their corresponding variabilities. In 

this approach, we first estimate the model parameters using a fixed effects regression 

(assuming 𝜂𝑖 = 0). Then using the determined model parameters, we estimate 𝜎2 and 𝜏2 

by maximizing the likelihood of Equation (1.2) (Equation 3 in Abrahamson and Youngs, 

1992). In the next step, using the determined values for model parameters and error 

variabilities we estimate random event terms (𝜂𝑖) (Equation 10 in Abrahamson and 

Youngs, 1992). Using the values of the random event terms, we estimate the model 

parameters again after removing the random event terms (e.g. ln𝑌𝑖𝑗 − 𝜂𝑖). We iterate 

these steps until we have maximized the likelihood of Equation (1.2).  

For stable tectonic regions like central and eastern North America (CENA), with a low 

rate of seismicity, the empirical method of determining the model parameters may not be 

robust. Although CENA data are relatively plentiful for small-to-moderate events, 

especially at regional distances, they are too sparse in the magnitude-distance range of 

engineering interest to allow direct regression of ground-motion amplitude data to 

determine reliable empirical GMPEs. The most common approach to develop GMPEs in 

stable tectonic regions is using the simulation-based method which relies on a 

seismological model to model source, path and site terms (Atkinson and Boore, 1995; 
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Toro et al., 1997; Atkinson, 2004). For this approach the input parameters for the selected 

seismological model are usually calibrated based on the observed ground-motion 

amplitudes from small-to-moderate magnitude events, mostly recorded at regional 

distances, and then the model is used to predict the expected amplitudes over a wide 

range of magnitudes and distances.  

The most important component of the simulation-based models is the model used to 

specify the spectrum of the ground-motion. Typically the Fourier acceleration spectrum 

of the ground-motion, 𝑌(𝑓), at an effective distance R can be modeled with an 𝜔2shape, 

in which 𝜔 is the angular frequency can be written as (Brune, 1970; 1971; Boore, 2003): 

𝑌(𝑓) = 𝐶𝑀0𝐺(𝑅)(2𝜋𝑓
2)/[1 + (𝑓 𝑓0⁄ )2]𝐴(𝑓) exp(−𝜋𝑓𝜅0) exp (−𝜋𝑓𝑅 𝑄𝛽⁄ ), (1.3) 

where 𝑀0is the seismic moment that controls the low frequency content of the spectrum, 

𝛽 is the shear-wave velocity in the vicity of the source, and 𝑓0 is the corner frequency 

which can be written as 𝑓0 = 4.906 × 106𝛽(∆𝜎/𝑀0)
1/3. ∆𝜎 is the stress parameter, 

which is a modeling variable that controls the high frequency content of the spectrum. 

The constant C can be written as 𝐶 = ℜ𝜃𝜙𝐹𝑉/(4𝜋𝜌𝛽
3) in which ℜ𝜃𝜙is the radiation 

pattern (on average 0.55 for shear waves), F is the free-surface effect (2.0), V is the 

partition onto two horizontal components (0.71), and 𝜌 is the density (e.g. 2.8 gr/cm
3
) 

(Boore, 1983; 2003). 𝐺(𝑅) is the geometrical spreading function. At close distances (R < 

50 km), decay of direct-wave amplitudes in a layered crust controls the geometrical 

spreading effect (e.g. 1/𝑅1.3.), and at regional distances (R > 50 km) reflections and 

refractions from Moho and a transition to surface-wave spreading control the geometrical 

spreading (e.g. 1/𝑅0.5) (e.g. Atkinson, 2004). The term exp (−𝜋𝑓𝑅 𝑄𝛽⁄ ) is the anelastic 

attenuation effect, which is a function of distance and frequency; it explains the decay of 

seismic waves amplitudes due to inelastic attenuation or internal friction during wave 

propagation. The quality factor 𝑄 (𝑓) is an inverse measure of effective anelastic 

attenuation. The kappa effect, given by exp(−𝜋𝑓𝜅0), is a low-pass filter to account for 

near-surface attenuation that produces rapid spectral decay at high frequencies (Anderson 

and Hough, 1984). Finally, 𝐴(𝑓) is the amplification from the source to the surface, 

which is controlled by the near-surface geology. 
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Another common approach to come up with a GMPE model in stable tectonic regions is 

the hybrid empirical method in which the GMPEs for a target region (data-poor regions 

like CENA) are derived from GMPEs of a host region (data-rich regions like WNA) by 

applying an adjustment factor (Campbell, 2003; Pezeshk et al., 2011). The adjustment 

factors are defined as the ratio of the simulated ground-motion amplitudes for the target 

region divided by the simulated ground-motion amplitudes for the host region. 

The third approach which has been developed for CENA is the referenced empirical 

approach (Atkinson, 2008; Atkinson and Boore, 2011; Hassani and Atkinson, 2015) 

which is similar to the hybrid empirical method, but the adjustment factors are 

determined based on the ratio of the observed empirical ground-motion amplitudes in the 

target region to the predicted ground-motion amplitudes in the host region. The main 

assumption of this method is that the magnitude scaling and the overall near-source 

behavior of ground motions are the same in the host and the target regions, although the 

overall ground-motion levels at the source might be different (if the source parameters 

differ), and the attenuation might be different.  

Another method that is recently proposed is the generic GMPE approach by Yenier and 

Atkinson (2015). The generic GMPE approach is a robust simulation-based method in 

which the functional form is parameterized using the fundamental source (magnitude [M] 

and stress parameter [Δσ]) and attenuation parameters (geometrical spreading and 

anelastic attenuation) based on their isolated effects determined from ground-motion 

simulations. The utility of this approach is that once the generic GMPE is defined, we can 

use it to relate observed motions to M and Δσ without the need to repeat simulations. 

This facilitates inversion of the GMPE to obtain the underlying source and attenuation 

parameters directly from response spectra (PSA) observations.  

One of the most important issues in developing accurate and GMPEs is the effective use 

of limited regional site information in developing a site effects model. Amplitudes of 

ground motions can be amplified significantly as they propagate through a soft soil layer 

(Borcherdt, 1970; Anderson et al., 1986; Shearer and Orcutt, 1987). In modern GMPE 

models, site effects are usually characterized by a set of simplified parameters (often only 
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one) that characterize the overall near-surface state. Common site parameters include site 

fundamental frequency (fpeak) (e.g. Zhao et al., 2006) and VS30 (e.g. Boore et al., 2014). 

VS30 is currently the most prevalent site parameter in GMPE models, especially in North 

America. Well-known examples of the recent GMPEs which use VS30 as the explanatory 

variable for site effects is the NGA-West2 GMPE models (Bozorgnia et al., 2014), and 

also recently published Next-Generation-East (NGA-East) GMPE models developed as 

part of the NGA-East project (Goulet et al., 2015) for shallow crustal earthquakes in 

CENA. While the use of VS30 as an effective predictive variable for site effects has been 

well-documented for WNA (e.g Abrahamson et al., 2014; Boore et al., 2014; Campbell 

and Bozorgnia, 2014; Chiou and Youngs, 2014; Idriss, 2014), it is not clear if such 

models apply to sites in CENA. The approach was originally developed based on 

empirical observations that show how the amplification of ground motion behaves in 

California (Borcherdt, 1994), where alluvial soils transition gradually to rock as depth 

increases, generally without any clear interface between soil and rock. CENA has been 

tectonically stable over the last several hundred million years, resulting in competent 

crustal conditions that are generally characterized by high velocities and low attenuation. 

There are many regions in which post-glacial soils, which may be shallow or deep, 

overlie a much harder glaciated bedrock surface, providing a sharp impedance contrast 

and setting up the conditions for strong amplification at the fundamental frequency of the 

site.  

1.1 Purpose of study 

The purpose of this study is to develop ground-motion models for central and eastern 

North America (CENA) with emphasis on the site effects term. We first develop a 

referenced empirical GMPE model for CENA. The update to this approach is timely 

because the NGA-West2 GMPEs for shallow crustal earthquakes in active tectonic 

regions enable a significant improvement in the implementation of this method. Here we 

use the NGA-East database and we consider both natural and potentially induced 

earthquakes (flagged in the NGAEast flatfile) in our analysis. Therefore, we do not 

discriminate between induced and natural events in this study. 
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We then turn our attention to simulation-based models of ground motion. We derive a 

well-calibrated regional GMPE model that can be used to determine moment magnitude 

(M) and stress parameter (Δσ) in near real-time, in the immediate aftermath of a small to 

moderate earthquake (M ~3 to 6) in southern Ontario, from ShakeMap ground motion 

parameters (5%-damped pseudo spectral acceleration [PSA] at 1 Hz, 0.33 Hz, 10 Hz 

and/or peak ground acceleration [PGA]). 

Next, we turn our attention to an improved modeling of site response in GMPEs. We 

show the applicability of the site fundamental frequency (fpeak) measured from the 

horizontal–to-vertical spectral ratios (H/V) of recorded ground motion (or ambient noise) 

as an effective site indicator for site response in CENA. fpeak may be used as a VS30 proxy 

to significantly reduce its estimation uncertainty in comparison to other proxies such as 

topographic slope (Wald and Allen, 2007). By modeling empirically-derived site terms as 

a function of fpeak, we propose a new fpeak -based site amplification model for sites in 

CENA. The new model reduces the variability of ground-motion estimates in CENA, 

which is an important result for seismic hazard studies. 

1.2 Organization of thesis 

The thesis is presented in six chapters. The first chapter provides background information 

regarding ground-motion prediction equations (GMPEs) and site effects models used in 

CENA. The second chapter presents a GMPE using the referenced empirical approach for 

CENA (Hassani and Atkinson, 2015). Chapter 3 lays out an approach for near real-time 

estimation of moment magnitude (M) and stress-parameter (Δσ) using the observed 

regional ground-motion amplitudes, and examines the approach for the southern Ontario 

seismic network (Atkinson et al., 2015). Chapter 4 discusses the applicability of site 

fundamental frequency (fpeak) as a site effects indicator in CENA, and the use of fpeak as a 

VS30 proxy (Hassani and Atkinson, 2016a). We also explore the applicability of the NGA-

West2 site effects model for sites in CENA (Hassani and Atkinson, 2016b). Finally in 

chapter 5, an fpeak -based site effects model for CENA is proposed for different reference 

site conditions (Hassani and Atkinson, 2016c).  
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Chapter 2 

2 Referenced empirical ground-motion model for eastern 
North America1 

In this chapter, we update ground-motion prediction equations (GMPEs) for eastern 

North America using the referenced empirical approach (Atkinson, 2008). The update is 

timely because the Next Generation Attenuation-West2 GMPEs for shallow crustal 

earthquakes in active tectonic regions enable a significant improvement in the 

implementation of this model, relative to previous work. The updated referenced 

empirical GMPE model can have significant implications for seismic-hazard evaluations 

of sites in CENA, specifically to account for epistemic uncertainty in seismic-hazard 

applications. 

2.1 Introduction 

Ground-motion prediction equations (GMPEs) are simple functions that describe ground-

motion amplitudes as a function of magnitude, distance and site condition, and which are 

a key element in seismic hazard modeling. The common approach to develop GMPEs in 

data-rich regions is to empirically correlate the observed ground-motion amplitudes to 

predictive variables that represent source, path and site terms using a suitable functional 

form. An example of recent empirical GMPEs is the Pacific Earthquake Engineering 

Research–Next Generation Attenuation (PEER–NGA West) equations, which have been 

developed for shallow crustal earthquakes in active tectonic regions (Power et al., 2008; 

Bozorgnia et al., 2014). The second generation of the NGA equations was recently 

published as part of the NGA-West2 project, as described by Bozorgnia et al. (2014) and 

references contained therein. The NGA-West2 equations facilitate a fresh look at GMPEs 

for ENA. This is because the NGA-West2 equations are much more robust for small-to-

moderate magnitude events than previous empirical GMPEs, enabling meaningful 

comparisons between eastern and western events in the magnitude range for which ENA 

                                                 
1
 A version of this chapter has been published. Hassani, B., and G.M. Atkinson (2015). Referenced 

Empirical Ground-Motion Model for Eastern North America, Seism. Res. Lett. 86, 477-491. 
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data are plentiful. Note that although ENA data are relatively plentiful for small-to-

moderate events, especially at regional distances, they are too sparse in the magnitude-

distance range of engineering interest to allow direct regression of ground-motion 

amplitude data to determine robust empirical GMPEs. 

In general, three different approaches have been proposed to develop GMPEs in ENA. 

The most widely-used approach is the stochastic simulation-based method, in which a 

seismological model is used to model source, path, and site effects (e.g. Atkinson and 

Boore, 1995, 2006, 2011; Toro et al., 1997; Silva et al., 2002). Simulation-based GMPEs 

usually rely on a simple seismological model in which the underlying source, path and 

site parameters are determined from small-to-moderate magnitude events, then used to 

model expected motions over a wider range of magnitudes and distances. Another 

popular approach is the hybrid empirical method (Campbell, 2003; Tavakoli and 

Pezeshk, 2005; Pezeshk et al., 2011). In this method, GMPEs from host regions (active 

regions with robust empirical GMPEs) are adjusted to produce GMPE models for target 

regions (regions with poor ground-motion databases). This method also makes use of 

stochastic simulations: specifically, the adjustment factors are defined as the ratio of the 

simulated ground-motion amplitudes for the target region divided by the simulated 

ground-motion amplitudes for the host region. A third method for development of 

GMPEs in data-poor regions is the referenced empirical method (Atkinson, 2008). In this 

method, sparse observational data are compared to an empirical GMPE model from a 

data-rich region (Atkinson, 2008; Atkinson, 2010; Atkinson and Boore, 2011; Atkinson 

and Motazedian, 2013). This method is similar in concept to the hybrid empirical method. 

The difference is that the adjustment factors are purely empirical, estimated using the 

ratio of the observed regional ground motions in the target region to the predicted values 

for the host region.  

In both the hybrid empirical method and the referenced empirical method, we anchor our 

predictions to experience from data-rich regions. This approach is fundamentally robust, 

particularly in light of the growing body of evidence that regional differences in ground 

motions may not be as significant as once believed (e.g. Douglas, 2004; Bommer et al., 

2007; Atkinson and Morrison, 2009). The general similarity in ground motions between 
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regions lends weight to the concepts implicit in such approaches. These concepts are that 

the magnitude scaling and overall near-source behavior should be the same in the host 

and the target regions, with regional differences being attributed to differences in 

fundamental source and attenuation parameters. 

In this study, we use the referenced empirical method to develop a GMPE model for 

ENA, relative to the reference model of Boore et al. (2014; denoted BSSA14) which was 

developed as part of the NGA-West2 Project (Bozorgnia et al., 2014). Any of the NGA-

West2 equations could be used with relatively similar results, because the method is 

essentially a calibration of the GMPE to the database. The BSSA14 GMPE is especially 

convenient as all of its necessary input parameters are available for the ENA database. 

Moreover, it is well constrained at low magnitudes (M>3.5) and large distances R ≤ 400 

km, making comparisons to ENA data robust.  

We could have developed a referenced empirical GMPE for each of the NGA-West2 

equations, to include some measure of epistemic uncertainty due to the choice of the 

reference equation.  However, this would represent only a partial source of epistemic 

uncertainty in the resulting GMPEs. The relative magnitude of this uncertainty can be 

judged by the comparisons given by Gregor et al. (2014) between the NGA-West2 

models. We believe that other sources of epistemic uncertainty, especially those arising 

from limitations in the ENA database, are more important. Therefore, we choose to 

restrict the focus of this work, and do not aim to characterize epistemic uncertainty here. 

Rather, this work presents one approach that can be used, alongside other approaches, in 

a broader evaluation of epistemic uncertainty. 

The referenced empirical method has been previously used to develop GMPE models in 

ENA. Atkinson (2008) developed a referenced GMPE model (A08) for ENA based on 

the first generation of NGA GMPE equations (Boore and Atkinson, 2008; denoted 

BA08), which was updated by Atkinson and Boore (2011) (with the updated model being 

denoted A08'). In this study, we make a major improvement on A08' by using a reference 

GMPE that is dramatically improved for small-to-moderate magnitudes, enabling a much 

more robust GMPE to be developed for ENA. Moreover, we show that the approach is in 
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demonstrable agreement with predictions that would be made using the hybrid empirical 

approach for ENA, using recent validated equivalent point-source models for both the 

host and target regions.  Thus we 'close the loop' between the referenced empirical and 

hybrid empirical methods. 

2.2 The ground-motion database for ENA 

Our target region is ENA, defined here as North America east of 105° W longitude. The 

ENA database of this study is compiled from several different resources (see Section 

2.7). Figure 2.1 is a map of recording stations and events used in this study. The ENA 

database consists of two separate regions, the central United States (designated Central), 

and southeastern Canada and northeastern United states (designated East). The regions 

differ in that data from the Central region is recorded predominantly on soil sites, while 

that from the East region is recorded predominantly on rock sites. We removed recorded 

ground motions in the Gulf Coast region (Figure 2.1) from our database, because of 

significantly deep sediments in this region which cause considerably different attenuation 

behavior (EPRI, 2004). 
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Figure ‎2.1: Geographic distribution of study events and stations. 

The database of this study consists of peak ground-motion amplitudes (peak ground 

acceleration [PGA], peak ground velocity [PGV]) and response spectra (5%-damped 

pseudo-acceleration [PSA]) at frequencies from 0.1 to 20 Hz for horizontal components 

of ground motions; we use rotation-angle-independent geometric average of horizontal 

ground-motion amplitudes (RotD50) (Boore, 2010) if available, and geometric mean of 

the two horizontal components if the RotD50 is not available (see Section 2.7). We use 

instrument-corrected response spectra and ground-motion amplitudes whenever available, 

and process time histories to calculate these ground-motion parameters when it is needed. 

The processing of the waveforms involved baseline correction, windowing, tapering, 

digital filtering, removing instrumental response, and obtaining response spectra and 

Fourier spectra at defined frequencies band, as described by Assatourians and Atkinson 

(2010). We retain data only for those frequencies with a signal-to-noise ratio greater than 

2. Moreover, we use only events with at least five records, and having moment 

magnitude (M) greater than three. The moment magnitudes of the events are either 
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known (see Section 2.7) or can be reliably estimated (within 0.2 units) from the PSA 

amplitude at 1 Hz as described by Atkinson and Babaie Mahani (2013). 

 

Figure ‎2.2: Top: Magnitude-distance distribution of the database, by NEHRP site 

classes; Bottom: Histogram of number of stations in each site class. 

The ENA database consists of events with M ≤ 5.8 with relatively few observations at 

close distances (R≤ 50 km). Therefore, for the ENA database we can assume that the 

closest distance to the surface projection of the rupture (Rjb) is approximately equal to the 

epicentral distance (Repi), and that the closest distance to the rupture surface (Rcd) is equal 

to hypocentral distance (Rhyp). We consider records with Repi ≤ 400 km, to be consistent 

with NGA-West2 database (Boore et al., 2014). To consider site amplification effects 

following the format of the reference BSSA14 GMPEs, we characterize each site 

according to its time-averaged shear wave velocity in the upper 30m (VS30). VS30 

information is extracted from the updated NGA-East database (see Section 2.7). 
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According to the NGA-East database, VS30 values are either measured or estimated using 

two to five different proxies. The weighted average of these proxies provides more 

reliable estimate of VS30 comparing to the values obtained by a single proxy (e.g. such as 

the topographic slope method of Wald and Allen, 2007). Figure 2.2 shows the magnitude-

distance distribution of the database, distinguishing between different site classes based 

on their NEHRP (National Earthquake Hazards Reduction Program) site classification. 

Here, the histogram of number of sites in each site class is also shown for both regions 

(Note: NEHRP site classifications are based on VS30 value, where VS30≤180 m/sec 

considered as site class E, 180 <VS30≤ 360 m/sec considered as site class D, 360 <VS30≤ 

760 m/sec considered as site class C, 760 <VS30≤ 1500 m/sec considered as site class B, 

and VS30 > 1500 m/sec considered as site class A). 

2.3 Referenced empirical method 

The idea behind the referenced empirical approach is to adjust well-calibrated empirical 

GMPEs from a data-rich region (host region) to match the observed data in a target 

region. Applying this method, we can make the best use of both region-specific empirical 

ground-motion data and global experience from better-instrumented regions. The main 

assumption of this method is that the magnitude scaling and overall near-source behavior 

of ground motions are the same in the host and target regions, although the overall 

ground-motion levels at the source might be different (if the source parameters differ), 

and the attenuation might be different. Under these conditions, if we can establish the 

regional differences at moderate magnitudes, we can extend them to larger magnitudes. 

To proceed, we compute the residuals, defined as the difference (in log units) between the 

observed ground-motion parameters from the target region and the predicted ground-

motion parameters of the host region GMPEs. Adjustment factors are defined to model 

the observed residual trends. The adjustment factors can modify the overall level of the 

reference GMPEs frequency-by-frequency, and possibly change their shape as a function 

of distance, in order to match the regional data. Adjustments to the overall level can 

accommodate regional variations in stress parameter and event type, while adjustments to 

the distance coefficients can accommodate regional variation of attenuation parameters, 
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including any differences in anelastic attenuation or geometrical spreading (Atkinson, 

2008; Atkinson, 2010; Atkinson and Motazedian, 2013). 

The key inputs to construct referenced empirical GMPEs are regional ground-motion data 

from the target region and a set of reference GMPEs from the host region. The ground-

motion database of this study is the ENA database as discussed in the previous section 

(horizontal components), while the reference GMPE is BSSA14 (Boore et al., 2014). 

Input parameters for BSSA14 are M, Rjb, VS30, and source mechanism (assumed as 

unspecified). The outputs of BSSA14 are RotD50 (Boore, 2010) of horizontal ground-

motion amplitudes (PGA, PGV) and PSA at the defined frequency range (0.1 to 20 Hz), 

which is approximately the geometric mean of two randomly-oriented horizontal 

components. 

The residuals (in log units) are computed for each record as the log (base10) of the ratio 

of the observed ENA horizontal ground motions to those predicted by BSSA14 reference 

model (i.e. log (residual)= log (observed ENA amplitude/ predicted amplitude from 

BSSA14)). Figure 2.3 shows the residuals for Central and East regions at two selected 

frequencies (1 and 5 Hz) versus distance (Rjb), along with the function used to model the 

residuals (described in the following). Inspection of Figure 2.3 reveals that the averages 

of the residuals (filled squares) are positive in all distance bins, except at very close 

distances. This implies relatively higher ground-motion amplitudes in ENA in 

comparison to those in active regions, although at short distances (R ≤ 50 km) the 

differences in amplitudes do not appear to be significant (at f ≤ 5 Hz). There is an 

increasing residual trend at distances >50 km, which is increasingly important, especially 

at high frequencies. The residual trends observed here agree with our general 

expectations, considering the slower attenuation of ENA motions at regional distances 

(Atkinson, 2004). At distances ≤ 50 km, the differences between ENA amplitudes and the 

predictions of BSSA14 model are not significant, at least at 1 and 5 Hz.  
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Figure ‎2.3: Residuals in Central and East regions compared to BSSA14 reference 

GMPE in log10 units for PSA at 1 and 5 Hz frequencies. The residuals are coded by 

magnitude. Filled squares show mean residuals in equally log-spaced distance bins 

with their corresponding standard error, and solid lines show the fit line to residuals 

(Equation 2.1). 

The residual trends in the Central region are very similar to the equivalent values in the 

East region, which suggests similar ground-motion amplitudes for both regions. This 

agrees with a previous conclusion by Babaie Mahani and Atkinson (2012), and with 

expectations based on modeling studies by EPRI (2004). Therefore, in order to develop 

more robust adjustment factors, the residuals for the East and Central regions are 

combined. 

Figure 2.4 shows the residuals at four selected frequencies (0.5, 1, 5 and 10 Hz) for the 

whole ENA database. Here, the residual trends are defined as:  
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log(𝐹𝐸𝑁𝐴(𝑓))𝑖𝑗         =

                          𝐶1(𝑓) + 𝐶2(𝑓)( 𝑅𝑗𝑏)𝑖𝑗 + 𝐶3
(𝑓) max (0, log (min (( 𝑅𝑗𝑏)𝑖𝑗, 150) 50⁄ )) +

𝜂(𝑓)𝑖 + 𝜀(𝑓)𝑖𝑗, 

(2.1) 

where log (F𝐸𝑁𝐴(𝑓))𝑖𝑗 is the residual estimated for recording j in event i as a function of 

frequency, 𝐶1(𝑓) adjusts the overall level of BSSA14 reference GMPEs, 𝐶2(𝑓) is a factor 

to model regional differences in anelastic attenuation, 𝐶3(𝑓) is a factor to adjust the shape 

of the reference GMPEs (as a function of distance) to match the observed ground motion 

attenuation shape in ENA in the transition zone from direct wave to Lg-spreading         

(50 ≤ R <150 km) and beyond, 𝜂𝑖 is the random event term for event i, and 𝜀𝑖𝑗 represents 

the within-event residual for recording j in event i. Event terms have zero mean and 

standard deviation of τ (log10 units), while within-event errors have zero mean and 

standard deviation of φ (log10 units).  

The adopted functional form of Equation (2.1) produces a relatively flat attenuation zone 

between 50 and 150 km, which is consistent with proposed tri-linear ENA empirical 

models (e.g. Atkinson and Mereu, 1992; Atkinson, 2004). This functional form offers 

advantages in fitting the observed residuals over alternative bilinear forms, which are also 

commonly used (e.g. Boatwright and Seekins, 2011; Atkinson and Boore, 2011). The 

transition zone models the effect of reflections and refractions off the Moho 

discontinuity, which disrupts amplitude decay in the distance range from 50 to 200 km 

(e.g. Burger et al., 1987).  

To solve Equation 2.1, we applied a mixed effects regression of residuals according to 

Abrahamson and Youngs (1992). An iterative regression was performed to maximize the 

likelihood of the model (Equation 3 in Abrahamson and Youngs, 1992) and estimate the 

adjustment factor coefficients (𝐶1(𝑓), 𝐶2(𝑓) 𝑎𝑛𝑑 𝐶3(𝑓)), as well as the variability 

parameters (𝜂𝑖 ,  𝜀𝑖𝑗, 𝜏 and  𝜑). The total standard deviation σ is obtained as: 

𝜎 =√𝜏2 + 𝜑2. (2.2) 
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Figure ‎2.4: Residuals for the whole ENA database compared to BSSA14 reference 

GMPE in log10 units for PSA at 0.5, 1, 5 and 10 Hz frequencies. The residuals are 

coded by magnitude. Filled squares show mean residuals in equally log-spaced 

distance bins with their corresponding standard deviations, and dashed lines show 

the fit line to Equation 2.1. Solid lines shows the ratio obtained from proposed 

seismological models for ENA and WNA (predicted ground-motion parameter using 

ENA seismological model / predicted ground-motion parameter using WNA 

seismological model) 

Table 2.1 shows the estimated coefficients for PGA, PGV and PSA at 0.1 to 20 Hz 

frequencies, as well as the between-event standard deviation (𝜏), within-event standard 

deviation (𝜑), and total standard deviation (σ). The referenced empirical GMPE for ENA 

is given by: 

𝑌′𝐸𝑁𝐴 = 𝐹𝐸𝑁𝐴𝑌𝐵𝑆𝑆𝐴14, (2.3) 



21 

 

Table ‎2.1: Values of adjustment factor coefficients and variability parameters (in 

log10 units) of Equations 2.1 and 2.2. 

Frequency (Hz) C1 C2 C3 σ (ENA) ϕ τ 

PGV 0.166 0.0007 0.73 0.33 0.28 0.18 

PGA 0.384 0.0017 0.63 0.41 0.30 0.27 

0.10 0.065 0.0006 0.22 0.25 0.21 0.14 

0.13 0.029 0.0006 0.27 0.28 0.21 0.19 

0.16 0.010 0.0006 0.27 0.29 0.22 0.20 

0.20 0.025 0.0006 0.22 0.29 0.22 0.18 

0.25 0.052 0.0006 0.21 0.28 0.23 0.17 

0.32 0.067 0.0005 0.27 0.28 0.23 0.16 

0.40 0.061 0.0004 0.36 0.28 0.23 0.16 

0.50 0.041 0.0004 0.44 0.28 0.24 0.15 

0.63 0.020 0.0005 0.48 0.29 0.24 0.15 

0.79 -0.009 0.0006 0.50 0.28 0.25 0.14 

1.00 -0.043 0.0009 0.54 0.28 0.25 0.13 

1.26 -0.067 0.0011 0.57 0.28 0.25 0.12 

1.58 -0.077 0.0013 0.59 0.29 0.26 0.13 

2.00 -0.068 0.0014 0.63 0.30 0.27 0.14 

2.51 -0.053 0.0015 0.71 0.31 0.28 0.14 

3.16 -0.036 0.0016 0.80 0.33 0.29 0.15 

3.98 -0.016 0.0018 0.86 0.34 0.29 0.17 

5.01 0.014 0.0020 0.89 0.35 0.30 0.18 

6.31 0.074 0.0021 0.88 0.36 0.30 0.20 

7.94 0.158 0.0022 0.81 0.38 0.30 0.22 

10.00 0.264 0.0023 0.71 0.40 0.31 0.25 

12.59 0.370 0.0024 0.61 0.42 0.32 0.28 

15.85 0.439 0.0023 0.52 0.45 0.33 0.30 

≥19.95 0.472 0.0022 0.44 0.47 0.36 0.32 

 

where 𝑌′𝐸𝑁𝐴 is the predicted ground-motion parameter value (PGA, PGV and PSA) in 

ENA and 𝑌𝐵𝑆𝑆𝐴14 is the predicted amplitude of the BSSA14 reference GMPEs. This 

equation should not be used at distances greater than 400 km, as it is unconstrained. If the 

GMPE is to be extended beyond 400 km, a maximum value of 400 km should be used in 

defining the adjustment factor. 
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In Table 2.1, the quoted total standard deviation of the residuals is very large (0.29 to 

0.40 log10 units). This is due to a variety of factors including the combination of a wide 

range of regions and site classes; and the use of a wide range of magnitudes and 

distances, particularly including many data of M < 4. It has been shown that smaller-

magnitude data have larger variability, and also that the use of larger distances increases 

variability (e.g. Boore et al., 2014, and Campbell and Bozorgnia, 2014). By contrast, 

Atkinson (2013) obtained relatively low ground-motion variability when considering a 

more tightly-constrained ENA database. To obtain more representative estimates of 

variability for the range of engineering interest, we compute the geomean residual for 

events of M ≥ 4 recorded at distances < 70 km. The calculated variability parameters 

corresponding to the confined magnitude and distance ranges are smaller at some 

frequencies in comparison to the values obtained from the whole ENA dataset; however 

the difference is not that significant. This may be because of the paucity of the data is the 

range of engineering interest in the ENA database. Therefore, the same value of 

variability parameters is suggested for all of the magnitude and distance ranges. 

As we discussed earlier, the referenced empirical approach is similar in concept to the 

hybrid empirical method of Campbell (2003). Therefore, if we calculate the expected 

residual trends using calibrated simulation-based models in both regions, we expect to 

predict similar trends to those that we observed empirically. To test whether this is so, we 

use an equivalent point-source stochastic model that has recently been calibrated for 

applications in both western North America (WNA) and ENA (Atkinson et al., 2014). 

The model uses the equivalent point-source approach of Yenier and Atkinson (2014), 

with a bilinear attenuation model in both regions, characterized by geometric spreading 

of R
-1.3

 at R  ≤ 50 km (where R is a generic distance measure, typically hypocentral 

distance), with R
-0.5

 beyond, with typical regional Q models. The average stress 

parameter is a factor of two higher in ENA in comparison to WNA. For both regions, we 

neglect the effects of crustal and site amplification, as we are calculating only the ratio 

between two models, so these factors approximately cancel each other under the 

assumption that they are similar. Simulations are generated over a range of magnitudes 

and distances using the SMSIM algorithm of Boore (2003) in the time domain, with the 

simulation parameters as given in Table 2.2. The predicted residual trends based on the 
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hybrid empirical approach are determined from the log of the ratio of the simulated 

motions in ENA to the corresponding simulated motions in WNA.  

Table ‎2.2: Seismological Parameters Used in the WNA and ENA Stochastic Models for a 

reference rock site (Atkinson et al., 2014) 

Parameter Western North America (WNA) Eastern North America 

(ENA) 
Source spectrum Brune ω-square, point source (Brune, 

1970, 1971) 

 

Brune ω-square, point 

source (Brune, 1970, 

1971) 

 

Stress parameter, Δσ (bar) 300 600 

Geometric attenuation R
-1.3

;    R<50 

R
-0.5

;    R≥50 

R
-1.3

;    R<50 

R
-0.5

;    R≥50 

Source duration,TS (Sec) 1/f0 1/f0 

Path duration,Tp (Sec) 0.05R 0.05R 

Path attenuation, Q 170 f 
0.45

  (minimum Q=100) 525 f 
0.45

  

Shear velocity, βS (km/sec) 3.7 3.7 

Density, ρS (g/cc) 2.8 2.8 

Site attenuation, κ0 (sec) 0.02 0.02 

Site amplification no crustal or site amplifications are 

applied 

no crustal or site 

amplifications are applied 
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Figure ‎2.5: Within-event residuals ε (log10 units) for the whole ENA database for PSA at 

0.5, 1, 5 and 10 Hz. The residuals are coded by magnitude. Filled squares show mean 

residuals in equally log-spaced distance bins with their corresponding standard 

deviations. 

In Figure 2.4, we compare the referenced empirical residuals to those predicted by the 

hybrid empirical approach for the ENA vs. WNA simulation models for M = 4, assuming 

a focal depth of 10 km in both regions, and assuming that Repi = Rjb. The trend lines 

obtained from the referenced empirical approach follow the predictions of the hybrid 

empirical method well overall (within 0.1 log units). Some differences are seen at near-

source distances (R ≤ 50 km) for low to moderate frequencies (f ≤ 5 Hz), for which the 

hybrid-empirical approach would suggest relatively higher ground-motion amplitudes 

than would the referenced empirical method. However, it should be noted that the ENA 

database is sparse at close distances, hindering robust conclusions regarding ground-
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motion amplitudes at near-source distances. Moreover, we have not included 

consideration of any regional difference in the ‘calibration constant’ required to center 

the model predictions for the dataset (see Atkinson et al., 2014). The offset between the 

referenced empirical and hybrid empirical lines on Figure 2.4 could be interpreted as an 

estimate of the difference in this calibration constant between the east and the west (ie. 

about 0.1 log units). 

Figure 2.5 shows the within-event residuals at four sample frequencies obtained from 

Equation 2.1. The residuals do not show any apparent distance or magnitude dependency, 

and the overall behavior of the residuals at all frequencies is satisfactory. This 

demonstrates that the model works well in matching the observed ENA ground-motion 

data.  

 

Figure ‎2.6: Within-event residuals ε (log10 units) for ENA as a function of VS30 of the 

stations. The residuals are coded by distance. Filled squares show mean residuals in 

NEHRP site classes with their corresponding standard deviations. 
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Figure ‎2.7: Between-event residuals η (log10 units)for ENA events as a function of 

magnitude. Filled squares show mean residuals in 0.5 magnitude bins with their 

corresponding standard deviations. 

It is interesting to investigate the behavior of the within-event residuals in terms of the 

site conditions, to see how successfully the site correction factors of BSSA14, which are 

implicitly included in the GMPE, have removed the overall site effects. Figure 2.6 shows 

the within-event residuals as a function of VS30 for PSA at four sample frequencies. The 

general behavior of the residuals at all frequencies is acceptable. However, we note a 

small tendency to lower average residuals (overprediction of ENA amplitudes by ~0.1 

log units) at softer sites (D and E sites) at lower frequencies. This may be because the 

western GMPEs that form the reference level are influenced to a greater extent at longer 

periods by deep sedimentary section effects, including basin effects. Moreover, it should 

be noted that the proposed site amplification model of BSSA14 was obtained based on 

sites in active tectonic regions, although there might be regional site response variations 
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within these regions as discussed in Boore et al. (2014). However, there is little available 

information regarding expected differences in site response between ENA and the active 

regions considered in NGA-West2; inspection of the residuals shows no apparent trend 

corresponding to VS30 that we might attribute to such factors. 

In Figure 2.7, the between-event residuals η are plotted as function of magnitude. The 

within-event residuals do not show any apparent magnitude dependency, and the overall 

behavior of the residuals at all frequencies is satisfactory. However, there is a tendency to 

lower average residuals (overprediction of amplitudes by ~0.2 log units) for M > 5. This 

is attributable mainly to the events that are located in Central region, near the boundaries 

of the Gulf coast region (Figure 2.1 and 2.2), where the stations are not symmetrically 

distributed around the events. Moreover, the database for M > 5 is too sparse to define 

any magnitude trends in a robust way. Therefore, we assume no magnitude dependence 

for the residuals in the proposed GMPE model. We note that we might expect a stress-

drop effect on the adjustment factors, which could be significant for larger events at some 

frequencies, due to regional differences in stress parameter between ENA and WNA. The 

difference in corner frequency between ENA and WNA (for the same magnitude) should 

theoretically result in regional variability in magnitude scaling between the corner 

frequencies. One could calculate the expected effect using the available simulation-based 

model in ENA and WNA, which is essentially what the hybrid-empirical model 

(Campbell, 2003) does. However, we did not observe any noticeable magnitude trends 

based on the available data, and thus under the referenced-empirical philosophy we did 

not include any such effect. This unmodeled effect is a source of epistemic uncertainty in 

the referenced-empirical GMPE, the importance of which can be assessed by comparison 

of its predictions to those of hybrid-empirical model predictions.  
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Figure ‎2.8: Proposed ENA referenced empirical GMPEs (HA14) for M4 assuming an 

unspecified focal mechanism and B/C site condition, compared to the observed data in 

ENA corrected for B/C site condition. Reference GMPEs of BSSA14, simulation-based 

GMPEs of AB06', and former referenced empirical GMPE of A08' are also shown for M4. 

In Figures 2.8 and 2.9, we display the performance of the proposed referenced empirical 

GMPE model of this study (denoted as HA14) against the observed ENA data. The 

observed data are all adjusted to equivalent amplitudes for B/C site condition (VS30=760 

m/sec) using the site amplification model of BSSA14. We plot the GMPEs as a function 

of distance for M4 and M5 for an unspecified source mechanism and B/C site condition. 

GMPEs are plotted for the proposed referenced empirical model for ENA, the BSSA14 

reference model, the stochastic simulation-based GMPE of Atkinson and Boore (2011, 

denoted AB06′), and the former ENA referenced empirical model of Atkinson and Boore 

(2011, denoted AB08′). The proposed referenced empirical GMPE model for ENA 

matches the observed regional data at all distances, as we would expect from its 
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definition. It is interesting and important to note that at close distances (R ≤ 50 km), for f 

≤ 5 Hz, the referenced empirical model predicts the same level of ground-motion 

amplitudes as does the BSSA14 model, implying that differences between ENA and 

WNA motions are only important at high frequencies (all distances) and at regional 

distances (all frequencies). These trends are presumably due to the lower attenuation rate 

of ENA motions at regional distances, and to the effects of higher stress parameter in 

ENA (e.g. Atkinson and Boore, 2014). Comparison between the HA14 model and the 

referenced empirical model of A08' shows that at R ≤ 50 km the A08' model predicts 

higher ground-motion amplitudes at all frequencies, which is more obvious for M4. This 

is likely because the previous generation of the NGA models were not originally 

developed for small magnitude events, and do not model their amplitudes as well as the 

newer models. Comparing the referenced empirical model of this study with the 

simulation-based model of AB06' reveals that both models are similar in shape, although 

they predict different amplitudes - especially at close distances (R ≤ 50 km), where there 

are not enough data to constrain the prediction models.  

In Figure 2.10, we compare the proposed referenced  empirical GMPE of this study with 

the BSSA14 reference model, the AB06' simulation-based GMPE, and the former 

referenced empirical GMPE of A08' for a large-magnitude event (M7, unspecified source 

mechanism, and B/C site condition) at four sample frequencies. As Equation 2.1 implies, 

there is no magnitude dependency for the adjustment factors. Therefore, the comparison 

between HA14 and BSSA14 models reveals the same features as discussed in Figures 2.8 

and 2.9. Comparison of the HA14 and the A08' models shows that both of the models 

predict similar ground-motion amplitudes at R ≤ 50 km and f > 5 Hz. However the HA14 

model predicts higher ground-motion amplitudes at f ≤ 5 Hz and R < 50 km. Comparison 

of the HA14 and the AB06' models shows that the HA14 model predicts smaller ground-

motion amplitudes especially at R ≤ 20 km. This suggests that near-distance saturation 

effects are stronger in the BSSA14 empirical equations than in the stochastic simulations 

employed by AB06'. However, at f ≥ 5 Hz and R > 50 km, the referenced empirical 

model suggests higher ground-motion amplitudes in comparison to the AB06' model. 

This difference is a factor of two at R > 200 km, which could have significant 

implications for seismic hazard evaluations in some cases. As there are no direct ground-
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motion observations to justify this difference, it should be considered a source of 

epistemic uncertainty in seismic hazard applications.  

 

Figure ‎2.9: Proposed ENA referenced empirical GMPEs (HA14) for M5 assuming an 

unspecified focal mechanism and B/C site condition, compared to the observed data in 

ENA corrected for B/C site condition. Reference GMPEs of BSSA14, simulation-based 

GMPEs of AB06', and former referenced empirical GMPE of A08' are also shown for M5. 

In Figure 2.11, the predicted response spectra of a M5 and a M7 event at Rjb = 10 km and 

Rjb = 100 km (unspecified source mechanism, and B/C site condition) are plotted for the 

proposed referenced empirical GMPE of this study, to illustrate the overall frequency 

behavior of the model. Response-spectra of BSSA14, AB06' and A08' are also plotted for 

the same magnitudes and distances. The differences between the HA14 and BSSA14 

response spectra are as already discussed, based on the adjustment factors obtained in 

Equation 2.1. Comparison between the HA14 and AB06' and A08' response spectra 

shows that all of them present similar ground-motion amplitudes at Rjb = 10 for M5 and 
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M7. However, HA14 predicts higher ground-motion amplitudes at Rjb = 100 km, 

reflecting trends seen in regional seismographic data.  

 

Figure ‎2.10: Proposed ENA referenced empirical GMPEs (HA14) for M7 assuming an 

unspecified focal mechanism and B/C site condition compared to the Reference GMPEs of 

BSSA14, the simulation-based GMPEs of AB06', and the former referenced empirical 

GMPE of A08' for the same magnitude. 
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Figure ‎2.11: Response spectra of M5and M7at Rjb=10 km and Rjb=100 km for the proposed 

ENA referenced empirical GMPEs (HA14) for unspecified focal mechanism and B/C site 

condition compared to the Reference GMPEs of BSSA14,the simulation-based GMPEs of 

AB06', and the former referenced empirical GMPE of A08' for the same magnitude. 

We also provide ground-motion predictions for very hard rock site condition (VS30 = 3000 

m/s). Atkinson (2012) derived site factors that allow amplitude conversion between sites 

with VS30 = 760 m/s and VS30 ≥ 2000 m/s, using the predictions of Atkinson and Boore 

(2006). The site factors are given independent of distance, except for very high 

frequencies and PGA (Table 2.3). For f ≥ 40 Hz, the site factor is given as a function of 

Repi. We convert ground-motion predictions for VS30 = 760 m/s to the equivalent motions 

for VS30 = 3000 m/s based on the site factors of Atkinson (2012). Here, we assume that 

the amplitude difference between sites with VS30 ≥ 2000 m/s and VS30 = 3000 m/s is small 

enough to neglect. We use Rjb-Repi distance conversion method described in Atkinson 

(2012) to evaluate site factors for f ≥ 40 Hz and PGA. To switch from VS30 = 760 m/sec to 



33 

 

VS30 = 3000 m/sec site condition, the values provided in Table 2.3 should be subtracted 

from predicted ground-motion parameters (log10 base) for VS30 = 760 m/sec. 

 

Figure ‎2.12: Residual trends obtained from proposed seismological models for ENA and 

WNA (predicted ground-motion parameter using ENA seismological model / predicted 

ground-motion parameter using WNA seismological model) as a function of distance at 20 

Hz, 25 Hz, 30 Hz, 40 Hz, and 50 Hz for a sample event with M = 4. 

To extend the proposed GMPE model for higher frequencies (>20 Hz) where number of 

reliable data reduces significantly, it is not rational to use the empirical data to develop 

adjustment factor. Therefore, we investigate the residual trends obtained from simulation-

based models of Atkinson et al. [2014] (predicted ground-motion parameter using ENA 

seismological model / predicted ground-motion parameter using WNA seismological 

model) at higher frequencies for a sample event with M = 4 in Figure 2.12. Here, we 

plotted the residual trends at five different frequencies, namely 20 Hz, 25 Hz, 30 Hz, 40 

Hz, and 50 Hz. As we observe here, the estimated residual trend at 20 Hz is a good 

approximation for higher frequencies (≥ 20 Hz). Although, it may slightly overestimates 

the predicted ground-motion parameters at very high frequencies. Therefore, for f ≥ 20 

Hz we suggest to use the adjustment factors obtained at 20 Hz. 
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Table ‎2.3: Site conversion factors from Atkinson (2012). 

f (Hz) log(YENA [VS30=760 m/s]) – log(YENA [VS30=3000 m/s]) 

PGV 0.09 

PGA -0.3 + 0.15log(Repi) 

≤ 0.2 0.06 

0.5 0.09 

1.0 0.11 

2.0 0.14 

3.0 0.14 

5.0 0.12 

10.0 0.03 

20.0 -0.1 

≥ 40 -0.3 + 0.15log(Repi) 

2.4 Conclusion 

The proposed referenced empirical GMPEs for ENA are in agreement with regional 

ground-motion data to a distance of 400 km, while being constrained to follow the overall 

scaling behavior of ground motion that is observed for larger events in active tectonic 

regions. The referenced empirical model of this study suggests that ground-motion 

amplitudes in ENA are similar to those predicted by the BSSA14 reference equations at 

distances smaller than 50 km at frequencies ≤ 5 Hz. At higher frequencies and larger 

distances, ENA ground-motion amplitudes are significantly higher than predicted by the 

BSSA14 model, reflecting higher stress parameter and lesser attenuation in ENA relative 

to active tectonic regions.  

2.5 Data and Resources 

Corrected ground-motion parameters (PGA, PGV, PSA) for events in the central U.S. 

were obtained from the NGA-East database as provided by the NGA-East project 

(www.peer.berkeley.edu, last accessed Oct. 2014) which provides 5%-damped RotD50 

response spectrum of horizontal ground motions;  we used a pre-publication version of 

the database made available to project participants by C. Goulet (pers. Comm.). Many of 

the event data for the East region were obtained from the Engineering Seismology 

Toolbox website which provides 3-component processed ground-motion parameters 

http://www.peer.berkeley.edu/
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(www.seismotoolbox.ca, last accessed December 2013). For recent unprocessed data 

from Canadian stations, horizontal velocity waveforms were obtained from the 

Automatic Data Request Manager Facility (AutoDRM of the Geological Survey of 

Canada (autodrm@seismo.nrcan.gc.ca, last contacted December 2013). For unprocessed 

data of U.S. stations, including data from the U.S Transportable Array (TA) stations in 

southern Ontario, horizontal velocity waveforms were obtained from the IRIS AutoDRM 

(breq_fast@iris.washington.edu, last contacted December 2013). VS30 information for 

U.S stations was extracted from the updated NGA-East database. Moment magnitude 

information was extracted from the same resources as the ground-motion database if 

available, and obtained from the following references if needed: 1) Global Centroid 

Moment Tensor project (www.globalcmt.org; last accessed December 2013), 2) USGS 

earthquake catalogue (www.earthquake.usgs.gov; last accessed December 2013), 3) 

regional moment Tensor solution by R. B. Herrmann 

(http://www.eas.slu.edu/eqc/eqcmt.html; last accessed December 2013). We used 

MATLAB (www.mathworks.com) for regression of the ground-motion amplitudes and 

CoPlot (www. cohort.com) for making the figures.  
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Chapter 3 

3 Estimation of moment magnitude and stress parameter 
from ShakeMap ground-motion parameters2 

In this chapter, we describe an efficient method to determine moment magnitude and 

stress parameter in near-real-time, in the immediate aftermath of a small-to-moderate 

earthquake (M∼3–6), from ShakeMap ground-motion parameters. The methodology is 

based on relating ShakeMap parameters to source and attenuation parameters within the 

context of a generic stochastic point-source model. The method is optimized for 

applications in regions with sparse networks and an example is provided for southern 

Ontario. We initially develop a simulation-guided generic ground-motion prediction 

equation (GMPE) model based on the available database in the region. We derive the 

applicable regional anelastic attenuation, stress parameter, and site amplification models. 

Then, using the estimated regional models, we show how to invert ShakeMaps 

parameters to estimate moment magnitude and stress parameter in near-real-time, to 

define an event-specific GMPE for an event that just happened. The event-specific 

GMPE can be used to provide robust, calibrated ShakeMaps that are fully consistent with 

ground-motion observations. 

3.1 Introduction 

For many applications in engineering seismology, it is useful to characterize events in 

terms of their moment magnitude (M) and stress parameter (Δσ). This two-parameter 

representation provides a fairly-comprehensive summary of the source parameters of the 

event, in the context of the simple ω
2
 Brune model (Brune, 1970, 1971; Boore, 2003). As 

shown in Figure 3.1, M controls near-source spectral amplitudes at low frequencies, 

while Δσ controls those amplitudes at high frequencies. Note that at high frequencies 

there is a trade-off between Δσ and the near-surface attenuation parameter (κ0) (Anderson 

                                                 
2
 A version of this chapter has been published. Atkinson, G.M., B. Hassani, A. Singh, E. Yenier, and K. 

Assatourians (2015). Estimation of Moment Magnitude and Stress Parameter from ShakeMap Ground‐
Motion Parameters, Bull. Seismol. Soc. Am. 105, 2572-2588. 
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and Hough, 1984), so that these parameters should be considered coupled in ground-

motion modeling.  

The definition of near-source spectral content is a key component in the development of 

ground-motion prediction equations (GMPEs). Moreover, as we will show in this work, it 

greatly facilitates the development of robust and reliable near-real-time ShakeMaps. 

Real-time ShakeMaps, showing the intensity of shaking over the region and/or at specific 

sites of interest, have become a valuable tool for real-time hazard and risk management 

worldwide (Wald et al., 1999; Earle et al., 2009). Because of the popularity of these tools, 

calculation of ShakeMap ground-motion parameters has become routine on many 

standard seismological platforms. The ShakeMap parameters include peak ground 

acceleration (PGA) and velocity (PGV), and the 5% damped pseudo-spectral acceleration 

response (PSA) at selected frequencies, typically 0.33 Hz, 1 Hz, 3.33 Hz, and 10 Hz. It 

should be noted that there are some differences in practice as to which parameters are 

calculated and/or reported. For example, some agencies use the maximum of two 

horizontal components while others use the geometric mean of horizontal components. 

Some report the vertical component while others do not. Moreover the 10 Hz PSA is 

reported in only some applications. We argue herein that the 10 Hz PSA is very valuable 

in characterizing small-to-moderate events, which are often important in regions of low 

seismicity, so we would advocate for including it among standard ShakeMap parameters. 
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Figure ‎3.1: Illustration of the effect of source parameters on response spectral 

amplitudes‎for‎M=3.5,‎5.0,‎6.5‎events‎with‎Δσ=50‎(darker‎lines)‎and‎500(lighter‎

lines)‎bars,‎for‎κ0‎=0.02.‎Influence‎of‎κ0‎is‎illustrated by also plotting curves for 

κ0=0.06‎at‎M5 (lower dashed curves for M5). PSA amplitudes simulated using 

SMSIM (Boore, 2005). 

For GMPE and ShakeMap applications in regions of low to moderate seismicity, such as 

central and eastern North America (CENA), ground-motion estimates are required for the 

small to moderate events that happen fairly often (i.e. ~ once a year). Such events may 

not be damaging, in most cases, but rapid information on the amplitudes of shaking is 

required to inform the public and government or regulatory officials as appropriate. 

Moreover, we need to be able to demonstrate that ShakeMaps and GMPEs are reliable for 

the small-to-moderate events that happen regularly, in order to provide confidence in 

their performance potential in the event of larger earthquakes. Small events are an 

excellent calibration and testing ground for ShakeMaps and GMPEs. 



42 

 

In this chapter, we lay out a methodology to determine M and Δσ from ShakeMap 

ground-motion parameters (PSA at 1 Hz or 0.33 Hz, PGA or PSA at 10 Hz), and 

demonstrate its use in southern Ontario. The methodology is suitable for use in the 

immediate aftermath of a small to moderate earthquake (M~3 to 6), occurring in a region 

having a sparse network. Its utility is that it enables the robust definition of a calibrated 

event-specific GMPE in real-time, which can then be used to produce reliable 

ShakeMaps that are tuned to the event that just happened, at both low and high 

frequencies. Such ShakeMaps are more accurate than those based on average regional 

GMPEs, as they are self-calibrating, and inherently remove the inter-event component of 

variability; these benefits are realized across a broad range of frequencies.   

The methodology is based on relating observed ShakeMap parameters for a specific event 

to the basic source and attenuation parameters that comprise a generic stochastic point-

source model. These event parameters, in concert with the underlying stochastic model 

equations, are the calibration elements that enable real-time construction of an event-

specific GMPE that faithfully reproduces the observed amplitudes across the region. 

Moreover, the model provides a basic physical interpretation of the motions in terms of 

its source parameters (M and Δσ). We show that the proposed approach is well-suited to 

the development of real-time interactive ground-motion maps for events of M 3 to 6 in 

southern Ontario.  

3.2 Methodology 

The essential ground-motion information that is used to produce real-time maps of 

earthquake shaking is selected ShakeMap (Wald et al., 1999) parameters. Here we focus 

on the use of the 1 Hz and 10 Hz PSA, though we also discuss alternative formulations 

using the 0.33 Hz PSA (useful if the calculated M>4) or the PGA (useful if the 10 Hz 

PSA is unavailable). The ShakeMap ground-motion parameters are routinely calculated 

on many standard seismological platforms. Here, we calculate them using the processing 

procedures of the ICORRECT algorithm as described by Assatourians and Atkinson 

(2010); note that we refer to this processing algorithm as QCORRECT (a quick version 

of our instrument-correction algorithm), as it has been streamlined for fast operations, 

largely by calculating fewer response spectral ordinates, and outputting fewer 
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intermediate products. Briefly, the QCORRECT algorithm reads the raw velocity time 

series output by the seismographic stations, windows the portion containing the event, 

applies suitable low-cut and high-cut filters and removes the instrument response in the 

frequency domain, then calculates response spectra from the instrument-corrected 

accelerograms. 

To estimate M and Δσ from the observed PSA values, we relate these source parameters 

to the predictions of an equivalent point-source stochastic model that has been optimized 

for the attenuation and site response attributes of the region, as described by Yenier and 

Atkinson (2015a,b). Yenier and Atkinson used time-domain simulations obtained from 

the SMSIM algorithm of Boore (2003, 2005) to develop a robust simulation-based 

generic GMPE. They developed a functional form for the simulation-based GMPE that 

decouples the effects of the basic source and attenuation parameters on peak ground 

motions and response spectra. The utility of this approach is that once the generic GMPE 

is defined, we can use it to relate observed motions to M and Δσ without the need to 

repeat simulations.  This facilitates inversion of the GMPE to obtain the underlying 

source and attenuation parameters directly from response spectra observations. We define 

the generic GMPE as a linear combination of source, path and site terms that are easily 

separated, following Yenier and Atkinson (2015b): 

ln𝑌 = 𝐹𝐸 + 𝐹𝑍 + 𝐹𝛾 + 𝐹𝑆 + 𝐶 , (3.1) 

where lnY is the natural logarithm of a ground-motion intensity measure, such as the PSA 

at a selected frequency. FE, FZ, Fγ and FS represent functions for earthquake source, 

geometrical spreading, anelastic attenuation and site effects, respectively. The C term is 

an empirical calibration factor that accounts for the residual differences between 

simulations and empirical data. The source function (FE) describes the effects of 

magnitude and stress parameter on ground-motion amplitudes.  Within this function we 

have decoupled the effects of magnitude and stress parameter on amplitudes, as: 

𝐹𝐸 = 𝐹𝑀 + 𝐹∆𝜎, (3.2) 
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where FM represents the magnitude effect on ground-motion amplitudes that would be 

observed at the source, if there were no near-distance-saturation effects. It is defined for a 

reference stress (Δσ), κ0 parameter, and site condition; the use of a reference stress shifts 

the effects of stress parameter into a separate term (𝐹∆𝜎 ) , simplifying inversion 

procedures. We choose Δσ = 100 bars and κ0 = 0.025 s as the reference modeling 

parameters for convenience, because these parameters are the standard values found for 

earthquakes in California by previous similar inversion studies (Yenier and Atkinson, 

2015a).  The use of this standard model simplifies GMPE development by allowing 

previous simulation results to be used, without the need to repeat the derivation of the 

magnitude-scaling term for the GMPE. However, any other reference model could also 

be used as a starting point. It is the sum of the reference model and adjustment term that 

controls the resulting ground motions, so a different reference model would simply result 

in a different adjustment term, while preserving the sum of the effects. FΔσ represents the 

stress adjustment factor that is needed when Δσ is different than 100 bars.  This term will 

be significant in stable continental regions such as southern Ontario, because the stress 

parameter is expected to be greater than that for California.  For example, Yenier and 

Atkinson (2015b) find that the stress parameter in CENA is greater than that in California 

by a factor of three on average. 

The FM term is defined as a function of moment magnitude (M), using a hinged-quadratic 

function that is borrowed from empirical GMPEs for California (e.g. Boore et al., 2014): 

𝐹𝑀 = {
 𝑒0 + 𝑒1(𝐌 −𝐌h) + 𝑒2(𝐌 −𝐌h)

2           𝐌 ≤ 𝐌h

 𝑒0 + 𝑒3(𝐌 −𝐌h)                                          𝐌 > 𝐌h

 
(3.3) 

, where the hinge magnitude, Mh, and model coefficients, e0 to e3, are frequency-

dependent coefficients. The value of these coefficients, as determined from the 

simulations performed by Yenier and Atkinson (2015b), are given in Table A.1 

(Appendix A) for the ShakeMap parameters. The stress adjustment term is defined as: 

𝐹∆𝜎 = 𝑒∆𝜎ln(∆𝜎 100⁄ ), (3.4) 
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where eΔσ describes the rate of the ground-motion scaling with Δσ. Equation (3.4) 

describes the relationship between stress parameter and response spectral amplitudes, 

facilitating the determination of Δσ from PSA observations, once M has been estimated. 

The values of eΔσ as determined from the simulations have a variability in magnitude and 

frequency that is rather complicated, and the shape of the function differs depending on 

whether one is upscaling or downscaling the stress parameter.  Yenier and Atkinson 

(2015b) found that the shape was best described by a polynomial:  

𝑒∆𝜎 = {
 𝑠0 + 𝑠1M+ 𝑠2M

2 + 𝑠3M
3 + 𝑠4M

4        ∆𝜎 ≤ 100 bar

 𝑠5 + 𝑠6M+ 𝑠7M
2 + 𝑠8M

3 + 𝑠9M
4        ∆𝜎 > 100 bar

   
(3.5) 

, where s0 to s9 are frequency-dependent coefficients, reproduced from Yenier and 

Atkinson (2015b) in Table A.2 (Appendix A) for the ShakeMap parameters. 

Geometrical spreading effects are modeled using an equivalent point-source distance 

metric: 

𝑅 = √𝐷𝑟𝑢𝑝
2 + ℎ2  , 

(3.6) 

where Drup is the closest distance from the site to the fault-rupture surface and h is a 

pseudo-depth term that accounts for distance saturation effects.  The pseudo-depth term is 

adopted from inversion results for active regions (Yenier and Atkinson, 2015a), for which 

there are sufficient data to constrain such effects: 

ℎ = 10 −0.405 + 0.235M, (3.7) 

For small to moderate events we may assume that Drup is equivalent to the hypocentral 

distance (Dhypo). The geometrical spreading function (FZ) is: 

𝐹𝑍 = ln(𝑍) + (𝑏3 + 𝑏4M) ln(𝑅 𝑅𝑟𝑒𝑓⁄ ), (3.8) 

where Z represents the geometrical attenuation of Fourier amplitudes, while the 

multiplicative component, (b3 + b4M) ln(R⁄Rref), accounts for the change in the apparent 
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attenuation that occurs when ground motions are modeled in the response spectral 

domain rather than the Fourier domain. The frequency-dependent coefficients b3 and b4 

are given in Table A.1 (adopted from Yenier and Atkinson, 2015a). Rref is the reference 

effective distance, given as 𝑅𝑟𝑒𝑓 = √1 + ℎ2. Z is a hinged bilinear model that provides 

for a transition from direct-wave spreading to surface-wave spreading of reflected and 

refracted waves: 

𝑍 = {
 𝑅𝑏1                                  𝑅 ≤ 𝑅𝑡
 𝑅𝑡

𝑏1(𝑅/𝑅𝑡)
𝑏2               𝑅 > 𝑅𝑡

 
(3.9) 

, where Rt represents the transition distance (=50 km), and b1 (=-1.3) and b2 (=-0.5) are 

the geometrical attenuation rates of Fourier amplitudes at R ≤ Rt and R > Rt, respectively.  

The anelastic attenuation function (Fγ) is given as: 

𝐹𝛾 = 𝛾𝐷𝑟𝑢𝑝, (3.10) 

where γ is a frequency-dependent anelastic attenuation coefficient, whose value is given 

for CENA and for California in Table A.3. These coefficient values were determined in 

two previous studies (Yenier and Atkinson, 2015a,b) by inversion of the Next Generation 

Attenuation-East (NGA-East), and the Next Generation Attenuation-West 2 (NGA-West 

2) databases, respectively (see Section 3.6). Note that for our example application for 

southern Ontario, described in the next section, we refine the anelastic attenuation (as 

well as the calibration constant, C) to better represent the observed attenuation rates in 

our specific region of interest.  This is a key attribute of the overall methodology behind 

our generic GMPE development philosophy:  most of the magnitude and distance scaling 

terms are fixed by previous detailed simulation studies, while a select few parameters –

specifically the anelastic attenuation and calibration constant – are fine-tuned for the 

region of interest.  In other words, we calibrate a well-behaved and validated generic 

model for a specific region of interest; the calibration can be accomplished using limited 

data on amplitude levels and attenuation. 
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The site effects (𝐹𝑆) are given relative to a reference site condition, such as NEHRP 

(National Earthquake Hazards Reduction Program) B/C boundary site condition (travel-

time weighted average shear-wave velocity over the top 30 m, VS30 , =760m/s).  A 

number of approaches could be used to determine 𝐹𝑆 at each site. The simplest of such 

approaches is to assume that the site response is negligible on the vertical component. In 

this case, we could use the vertical-component motions as a proxy for the unamplified 

horizontal-component motions, and assume that 𝐹𝑆 = 0. Another alternative is to use a 

standard empirical site response model, such as that of Boore et al. (2014), to estimate 𝐹𝑆 

based on the VS30 value of the site. The approach used in this study, which uses regression 

to determine site terms directly from the observations, is described in the next section. 

We can readily re-arrange the terms of the generic GMPE as described in the foregoing to 

solve for the values of M and Δσ that best describe the ground-motion observations of an 

individual event. Note that we require knowledge of the event location so that the 

distance to each station can be estimated. The procedure to calculate the event-specific 

values of M and Δσ is as follows: 

1) For each observation, subtract the estimated or assumed site response term from the 

recorded ShakeMap ground-motion parameters to obtain the equivalent values that would 

be recorded on the reference site condition.  

2) Use 1 Hz PSA data to obtain an estimate of M from each station, and take the average 

value over all stations. For events of M ≤ 4, 1 Hz amplitudes are not sensitive to Δσ, and 

thus a regional Δσ value can be used to estimate M for most earthquakes that occur in the 

region. We use Equation (3.1) for 1 Hz PSA to find an estimate of M for each station. For 

larger magnitude events (M > 4) one should use 0.33 Hz PSA, because 1 Hz PSA 

becomes sensitive to Δσ (Note: 1Hz is preferred for smaller events due to noise 

considerations). 

3) Using the estimated average value of M, calculate the stress parameter (Δσ) from the 

high-frequency ShakeMap parameters. We calculate Δσ for each recording and find the 

average Δσ over all stations that recorded the event (using a geometric mean). The 
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preferred ShakeMap parameters for this purpose are 10 Hz PSA and PGA, as discussed in 

the next section. 

4) At this point, we have a reasonable estimate of the event-specific value of M and Δσ. 

If refinement is desired, we could iterate steps 2 and 3, using the estimated value of Δσ to 

refine the estimate of M (step 2), then recalculating Δσ (Step 3). This should not be 

necessary for events of M ≤ 5. 

The event-specific GMPE is completely defined for the event by substituting the 

applicable values of M and Δσ into the generic form for the region; it can then be used to 

compute the response spectrum of the event at any distance for the reference site 

condition. This is useful in estimating the ground motions at sites of interest across the 

region for ShakeMap and related applications, and in preliminary interpretations of the 

event’s source parameters. The use of the event-specific GMPE ensures that the 

predictions are calibrated to match the observations from that event on average. 

Moreover, the ground motions are readily understandable in terms of a simple and 

widely-used seismological model. In the next step we discuss the applicability of this 

approach for the southern Ontario seismic network (SOSN). 

3.3 Application to southern Ontario  

The Southern Ontario Seismic Network (SOSN) is operated by the University of Western 

Ontario (Department of Earth Sciences) for Ontario Power Generation and Bruce Power, 

providing rapid ground-motion information at the sites of Ontario’s nuclear power 

facilities (SOSN, 2015). The SOSN is a real-time network that currently comprises 25 

broad-band three component seismic stations; it has been in operation since 1991 (Mereu 

et al., 2002). 
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Figure ‎3.2: Geographic distribution of study events and stations. 

The database of this study is extracted from a larger set of data developed by Hassani and 

Atkinson (2015) for CENA (see Section 3.6) and is shown in Figure 3.2. In summary, the 

processing of the waveforms involved baseline correction, windowing, tapering, digital 

filtering, removing instrumental response, and obtaining response spectra and Fourier 

spectra at defined frequencies band, as described by Assatourians and Atkinson (2010). 

We retain data only for those frequencies with a signal-to-noise ratio greater than 2. We 

use only events having moment magnitude (M) greater than 2.5 that were recorded on at 

least three stations with Drup ≤ 600 km;  we use only those stations that recorded at least 

three such events. The final database consists of 1205 horizontal ground-motion 

parameter sets (PGA, PGV and PSA at 0.1 to 20 Hz) from 62 events and 84 stations 

(including the 25 SOSN and other regional stations). We use rotation-angle-independent 
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geometric average of horizontal ground-motion amplitudes (RotD50) (Boore, 2010) from 

the data that we retained from the NGA-East database, and the geometric mean of the two 

horizontal components for rest of the data that we used (see Section 3.6). Figure 3.3 

shows the magnitude-distance distribution of the database, color-coded for different 

NEHRP site classes.  Note that the largest event in the southern Ontario database has 

M5.1, and we have few observations at close distances (≤ 50 km). Therefore, for the 

SOSN database we can assume that the rupture distance (Drup) is equivalent to the 

hypocentral distance (Dhypo). 

 

Figure ‎3.3: Left: Magnitude-distance distribution of the database, by NEHRP site 

class; Right: Histogram of number of stations in each site class. 

In the formulation of the generic GMPE, the source function (FE =FM + FΔσ) and the 

geometrical spreading function (FZ) are obtained from the simulated ground-motion 

parameters of the reference model developed by Yenier and Atkinson (2015a) using the 

NGA-West 2 database (Bozorgnia et al., 2014). We assume that the magnitude scaling 

function in the study region is the same as that in the reference model. This assumption is 

consistent with the body of evidence that general scaling characteristics of ground 

motions are consistent across regions (e.g. Douglas, 2004; Atkinson and Morrison, 2009). 
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We also assume that the geometrical spreading function is the same as the reference 

model.  This geometrical spreading function, which is a bilinear model with rate of 

attenuation of b1=-1.3 at close distances (R < 50 km), is consistent with regional 

attenuation models proposed for CENA (e.g. Atkinson, 2004; Atkinson and Boore, 2014). 

After removing the assumed magnitude scaling and geometrical spreading functions from 

the observed ground-motion parameters, we can rewrite Equation (3.1) as: 

ln𝑌𝑖𝑗 − 𝐹𝑀,𝑖 − 𝐹𝑍,𝑖𝑗 = 𝐸𝑖 + 𝛾𝑆𝑂𝑆𝑁𝐷𝑟𝑢𝑝,𝑖𝑗 + 𝐹𝑆,𝑗   (3.11) 

where Yij represents the observed horizontal ground-motion parameter for event i and 

station j. FM,i and FZ,ij are the magnitude scaling function (Equation 3.3) calculated for the 

known M and Drup,ij. The Ei term is the event term, which includes both stress parameter 

adjustment factor (FΔσ, Equation 3.4) and the regional calibration factor (C). γSOSN and 

FS,j are the regional anelastic attenuation and site amplification relative to the reference 

site condition (B/C site condition) for station j, respectively.  

We solve Equation (3.11) for the unknown terms (γSOSN, FS,j and Ei) using the generalized 

inversion scheme proposed by (Andrews, 1986) for PGV, PGA, and PSA at 17 equally 

log-spaced frequencies in the frequency range of 0.5 to 20 Hz. Note that we don’t use 

PSA at frequencies lower than 0.5 Hz, because of the very few reliable observations at 

lower frequencies for small-to-moderate events.  

To remove the trade-off between the source and the site terms, we need to assume a 

reference site condition with known site amplification. Here we assume that the reference 

site condition is the hard-rock site condition that is typical of seismograph sites in eastern 

Canada (Atkinson, 2004);  this corresponds to hard-rock sites with VS30 ~ 2000 m/s.  We 

note that this differs from the reference site condition for the simulation-based model of 

Yenier and Atkinson (2015a) for a broader region covering all of CENA, which was the 

B/C site condition (VS30 ~ 760 m/s).  In total we have 17 hard-rock reference stations in 

the southern Ontario database. We constrain the inversion by specifying that the average 

site amplification at each frequency, averaged over the 17 reference sites, equals zero (in 
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ln units). Therefore, the GMPE model will be calibrated for an average site condition of 

hard rock, and the remaining site terms will be relative to the hard rock site condition.  

 

Figure ‎3.4: Anelastic attenuation (γ) for southern Ontario and its standard deviation 

(thick black line with shading). Solid line with circles shows the proposed anelastic 

attenuation model for southern Ontario (Equation 3.12); dashed line represents the 

anelastic attenuation for CENA (Yenier and Atkinson, 2015b). 

The first output of the inversion is the regional anelastic attenuation term (γSOSN) 

which is shown in Figure 3.4 and tabulated for the ShakeMap parameters in Table 3.1. It 

can be modeled as a trilinear function: 

𝛾𝑆𝑂𝑆𝑁 = {

−0.0013                                                       𝑓 ≤ 2.0 𝐻𝑧

−0.002 × ln(𝑓) + 0.0001            2.0 < 𝑓 ≤ 15.8 𝐻𝑧
−0.0055                                                        𝑓 > 15.8 𝐻𝑧

 

(3.12) 
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. The anelastic attenuation in southern Ontario is slower than that obtained for  CENA as 

a whole (Yenier and Atkinson, 2015b). This result is consistent with other regional 

attenuation model developed for the this area (e.g. Atkinson 2004; Atkinson and Boore 

2014). 

Table ‎3.1: Anelastic attenuation, calibration factor, and variability parameters for 

ShakeMap parameters, obtained from southern Ontario database.  The stated value 

of CSOSN gives ln Y in cm/s for PGV, in g for PGA and PSA.  Note that conversion 

from units of g to cm/s
2
 can be made by subtracting 6.888 ln units from the value of 

CSOSN. 

Frequency (Hz) γSOSN 
CSOSN       

(ln units) 

σ                   

(ln units) 

𝜏                   

(ln units) 

𝜑                   

(ln units) 

PGV -0.0029 -0.74 0.51 0.38 0.35 

PGA -0.0049 -0.38 0.58 0.42 0.40 

0.33 Hz -0.0013 -0.25 0.52 0.34 0.39 

1.00 Hz -0.0013 -0.77 0.50 0.34 0.37 

03.33 Hz -0.0023 -0.98 0.50 0.38 0.32 

10.00 Hz -0.0046 -0.60 0.57 0.45 0.34 

The second output of the generalized inversion is the site amplification term (FS,j) relative 

to the assumed reference site condition (VS30 ~ 2000 m/s) for each of the individual 

stations (84 sites). The determined site amplifications can be used in the first step of M 

and Δσ estimation to remove the site effects and level all of the records to the same 

reference site condition. Here we only use the site amplifications for the SOSN stations 

(25 stations), as given in Table 3.2 for the selected ShakeMap parameters. It should be 

noted that three of the SOSN sites are borehole stations, namely BASO, BWLO and 

BMRO, and three of the stations are considered as reference sites (hard rock), which are 

DELO, KLBO and PLVO. We note that although we have used an inversion to find the 

site terms in this study, another alternative is to specify the site terms based on some 

combination of geological and seismological information (e.g. Braganza et al., 2015). 
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Table ‎3.2: Site amplification term (FS) for SOSN stations for selected ShakeMap 

parameters. 

    Site Amplification (ln units) 

Station Lat˚ Long˚ VS30 (m/s) PGV PGA 0.33 

Hz 

1.0 Hz 3.33 

Hz 

10 Hz 

ACTO 44.51 -73.70 966 0.79 0.87 0.56 0.53 0.82 1.19 

ALFO 47.01 -76.36 1000 -0.30 -0.30 -0.11 -0.33 -0.12 -0.53 

BANO 46.96 -76.29 1000 0.70 1.01 0.18 0.07 0.08 0.91 

BASO 46.88 -76.52 500 0.18 -0.24 0.23 0.22 0.51 -0.34 

BMRO 46.26 -77.31 500 -0.13 -0.62 0.44 0.44 0.12 -0.79 

BRCO 46.96 -76.29 311.5 1.33 1.03 0.99 1.02 1.31 1.11 

BUKO 42.79 -79.00 1000 0.06 0.19 0.12 0.13 -0.03 0.29 

BWLO 46.88 -76.52 500 -0.05 -0.36 0.24 0.39 0.07 -0.40 

CLWO 46.01 -74.95 500 1.05 1.29 0.70 1.04 1.33 0.63 

DELO 46.96 -76.29 2000 -0.09 -0.06 0.16 0.02 0.03 -0.12 

DRCO 41.09 -80.68 500 0.44 0.81 0.66 0.28 0.18 1.21 

DRWO 43.71 -78.17 500 1.39 1.33 0.94 0.98 1.67 1.43 

ELFO 43.33 -79.28 451 1.18 1.16 0.95 0.81 1.58 1.26 

KLBO 47.01 -76.36 2000 -0.16 -0.22 -0.04 0.24 -0.12 -0.13 

MEDO 42.79 -79.00 500 0.37 0.83 0.59 0.22 0.18 0.06 

PECO 46.96 -76.29 1000 0.01 0.00 -0.16 0.07 0.07 0.00 

PEMO 44.62 -74.37 591 0.41 1.05 -0.02 -0.08 0.18 0.21 

PKRO 44.51 -73.70 403 1.34 0.95 0.96 1.22 1.41 1.23 

PLIO 41.84 -81.19 2000 -0.14 0.13 -0.01 -0.16 -0.38 -0.03 

PLVO 42.79 -79.00 2000 0.08 0.47 -0.07 -0.07 -0.06 0.06 

STCO 44.51 -73.70 415 0.97 0.72 0.38 0.41 1.35 0.84 

TOBO 47.01 -76.36 1000 0.05 0.31 0.51 0.26 0.05 -0.30 

TORO 43.67 -78.23 303 1.15 1.15 1.53 2.70 1.07 1.08 

TYNO 44.51 -73.70 404 1.22 0.96 0.65 0.58 1.67 1.19 

WLVO 44.51 -73.70 1137 0.30 0.53 -0.01 0.04 0.10 0.44 
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The last output of the inversion is the source term for each of the individual events (Ei). 

The Ei term includes both the event-specific stress adjustment factor and the regional 

calibration factor. A common approach to determine the stress parameter from the Ei 

term is to match the amplitudes at high frequencies for the known moment magnitude. 

However, this approach leads to a non-unique Δσ value due to the trade-off between 

earthquake source and geometric spreading rate (Boore et al., 2010; Yenier and Atkinson, 

2014).  Moreover, the resulting Δσ has little effect at low frequencies and thus cannot 

properly calibrate the response spectral amplitudes at low frequencies (Yenier and 

Atkinson, 2015a,b). A preferred approach, which breaks the trade-off between Δσ and 

geometric spreading, is to find the Δσ value that matches the shape of the response 

spectrum for the known moment (Yenier and Atkinson, 2015a, b). This approach is 

equivalent to finding the corner frequency of the observed spectrum, and ensures that the 

calibrated model is consistent over a wide frequency range. In this study, we match the 

shape of the source term over the frequency range from 2 to 20 Hz (using higher 

frequencies to avoid low-frequency noise effects).  

We generalize the resulting values as a stress parameter model (ΔσSOSN), in which the 

stress parameter shows an increasing trend with depth (d) and magnitude (M): 

ln∆𝜎𝑆𝑂𝑆𝑁 = 6.10 + min[0,0.37(𝑑 − 7.5)] + min[0,1.12(𝑴 − 3.5)] (3.13) 

. We caution that this model is simply a convenient way to summarize the average trends 

seen in the stress parameters of the study events, as shown in Figures 3.5 and 3.6.  An 

overall misfit between empirical and predicted spectral shapes maps into the stress 

parameter as the cube of the misfit due to the relationship between corner frequency and 

stress. This results in a large scatter of determined Δσ values. Therefore, we do not 

attribute a high level of significance to the coefficients. On average, the stress parameter 

shows an increasing trend with focal depth, up to d = 7.5 km, and after that it remains 

relatively constant (≈ 300 bars), as shown in Figure 3.5. Figure 3.6 shows the estimated 

Δσ values as a function of moment magnitude (M), along with the stress model for d = 5 

and 10 km. Up to M3.5, an increasing trend is observed for the mean estimated stress 

parameter, while for M > 3.5 the stress appears to be relatively constant (≈ 450 bar). 
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These results are consistent with those of Yenier and Atkinson (2015b) for CENA.  

Figure 3.7 shows the residuals of the stress model as a function of depth and magnitude. 

The overall behavior of the residuals is satisfactory and the mean residuals attain values 

around zero;  as noted previously, however, the stress model should be viewed with 

caution given the sparse data and the scatter of values.  

 

Figure ‎3.5: Event-specific stress‎parameters‎(Δσ) determined for southern Ontario 

events shown as function of depth (d), classified for different magnitude bins. 

Diamonds show the average stress parameters at equally-spaced distance bins and 

their corresponding standard errors. Dashed lines show the proposed stress 

parameter‎model‎(ΔσSOSN; Equation 3.13) for M3 and M5. 
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Figure ‎3.6: Event-specific‎stress‎parameters‎(Δσ) determined for southern Ontario 

events shown as function of magnitude (M), classified for different depth bins. 

Diamonds show the average of stress parameters in equally-spaced magnitude bins 

and their corresponding standard errors. Dashed lines shows the proposed stress 

parameter‎model‎(ΔσSOSN Model; Equation 3.13) for d = 5 and 10 km. 

After removing the stress parameter adjustment factor (FΔσ) using the proposed stress 

model (ΔσSOSN), we can determine the regional calibration factor (C). The calibration 

factor compensates for the average difference between the observed ground-motion 

parameters and the simulated amplitudes.  This difference can be attributed to a 

combination of factors not included in the simplified version of reality that is captured by 

the simulations (Yenier and Atkinson, 2015a). By removing the estimated terms form 

Equation (3.11) we have: 

 ln𝑌𝑖𝑗 − (𝐹𝑀,𝑖 + 𝐹𝑍,𝑖𝑗) − 𝐹∆𝜎, 𝑆𝑂𝑆𝑁 − 𝛾𝑆𝑂𝑆𝑁𝐷𝑟𝑢𝑝,𝑖𝑗 − 𝐹𝑆,𝑗 = 𝐶𝑆𝑂𝑆𝑁 +  𝜂𝑖 +   𝜀𝑖𝑗, (3.14) 
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where CSOSN is the regional calibration factor, ηi is the between-event error, and εij is the 

within-event error. Here, we use a mixed effects regression of residuals according to 

Abrahamson and Youngs (1992) to solve this equation. We perform an iterative 

regression to maximize the likelihood of the model (Equation 3 in Abrahamson and 

Youngs, 1992) and estimate the regional calibration factor (CSOSN), as well as the residual 

error of the observations with respect to the model, partitioned into its between-event and 

within-event components (ηi and εij). 

 

Figure ‎3.7: Residuals between the event-specific‎Δσ values for southern Ontario 

events‎and‎the‎estimates‎of‎the‎proposed‎regional‎ΔσSOSN model (Equation 3.13) as a 

function of depth (left) and magnitude (right). Diamonds show the average of 

residuals in equally-spaced bins. 

The regional calibration factor is tabulated in Table 3.1 for the ShakeMap parameters and 

also shown in Figure 3.8. The CSOSN obtains almost a constant value at high frequencies 

(> 7.8 Hz), and shows an increasing trend at decreasing frequencies (< 2 Hz). The 

increasing trend observed at low frequencies may be due to inherent limitations of 

stochastic methods at low frequencies; specifically, stochastic methods do not model 

surface wave phases or coherent pulses well. The calibration factor can be modeled as a 

quadratic function constrained at low and high frequencies: 
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𝐶𝑆𝑂𝑆𝑁

= {

−0.25                                                                                                    𝑓 ≤ 0.5 𝐻𝑧

+0.31 [ln(𝑓)]2 − 0.55 ln(f) − 0.77                          0.5 𝐻𝑧 < 𝑓 ≤ 7.8 𝐻𝑧
−0.6                                                                                                   𝑓 > 7.8 𝐻𝑧

 

(3.15) 

 

Figure ‎3.8: Calibration factor obtained for southern Ontario database (solid line; 

shading shows standard error).  Solid line with circles shows the proposed 

calibration factor model. 

. The error terms (ηi and εij) are normally distributed (in ln units) and have standard 

deviations 𝜏 and φ, respectively.  Thus the total standard deviation (σ) of Equation (3.14) 

can be written as: 

𝜎 =√𝜏2 + φ2, (3.16) 
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The value of 𝜎 is in the range of 0.50 to 0.58 ln units (see Table 3.1), which is smaller 

than values found in other studies (e.g. Hassani and Atkinson, 2015). This could be due 

to a variety of factors, such as use of a regionally-confined database (southern Ontario 

database) instead of using a much broader region like CENA. Another important factor is 

the way that we define site amplifications for the study sites. Here we obtain site 

amplifications relative to the assumed reference site condition (VS30 ~ 2000 m/s) by 

inverting the observed data, instead of by assuming Vs30-based empirical amplification 

function derived from studies in other regions (e.g. Boore et al., 2014). Atkinson (2013) 

obtained relatively low ground-motion variability when considering a tightly-constrained 

CENA database using only recorded ground motions on hard rock sites in Charlevoix 

seismic zone. This again suggests that we are able to reduce a large portion of GMPE 

uncertainties by using a regionally-constrained database, as well as using the records 

from the same site condition, or leveling them to the same reference site condition using 

an appropriate site amplification model for the region. 

In Figure 3.9, the between-event residuals η are plotted as function of focal depth (d). The 

overall behavior of the residuals at all frequencies is satisfactory. The residuals do not 

show any apparent magnitude dependency. However, at 0.5 Hz for small magnitude 

events (M ≤ 3.5) there is a tendency to higher average residuals for shallow events, and 

also a tendency to lower average residuals for deeper events. This may be due to the fact 

that we have very few observations at 0.5 Hz for small magnitude events, which limits 

our ability to distinguish any magnitude or depth dependency. For ShakeMap 

applications, we note that we effectively compensate for the between-event term error by 

adjusting the main source parameters (M and Δσ) to match the observed ShakeMap 

parameters.  
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Figure ‎3.9: Between-event residuals (η) as a function of depth (d), for different 

magnitude ranges. Diamonds show the average residuals at equally-spaced depth 

bins and their standard errors. 

Figure 3.10 shows the within-event residuals as function of distance. The residuals do not 

show any apparent distance or magnitude dependency, and the average residual values 

attain a zero value at all distance bins. This implies that the assumed geometrical 

spreading model and the estimated regional anelastic attenuation model work well in 

matching the observed ground-motion data. The only exception is at near distances (Drup 

< 30 km) where the model overpredicts the sparse amplitude data on average by ~ 0.1 ln 

unit (about 10%).  
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Figure ‎3.10: Within-event residuals (ε) as a function of distance, classified for 

different magnitude bins. Diamonds show the average residuals at equally log-

spaced distance bins and their standard errors. 

In Figure 3.11, the within-event residuals are plotted as a function of VS30 to investigate 

how well the site amplification effects have been removed. The average of the within-

event residuals attains a near-zero value for all NEHRP site classes. This suggest that we 

are able to successfully remove the site effects and level the observed data to the assumed 

reference site condition (VS30 ~ 2000 m/s). 

The final SOSN GMPE model can be written as: 

ln(𝑌) = 𝐹𝑀 + 𝐹𝑍 + 𝐹∆𝜎, 𝑆𝑂𝑆𝑁 + 𝛾𝑆𝑂𝑆𝑁𝐷𝑟𝑢𝑝 + 𝐹𝑆 + 𝐶𝑆𝑂𝑆𝑁, (3.17) 
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Figure ‎3.11: Within-event residuals (ε) as a function of VS30, classified in distance 

bins. Diamonds show the average residuals at NEHRP site classes and their 

standard errors. 

which includes the assumed magnitude scaling and geometrical spreading functions, and 

the derived models for the stress parameter, anelastic attenuation, site amplification, and 

calibration factor (respectively). Equation (3.17) can be used to predict median 

amplitudes of PGV (cm/s), PGA (g) and 5%-damped PSA (g) in southern Ontario, using 

the coefficient values in Tables A1 and A2, and in Table 3.1. Note that adjustment of 

PGA and PSA to units of cm/s
2 

can be made by adjusting the constant, CSOSN (see Table 

3.1). In Figure 3.12, we show how the generic SOSN GMPE model (no event-specific 

parameters) compares with  observed southern Ontario ground motions for events in three 

magnitude ranges (M3.3-3.7; 4.3-4.7; and 5.0-5.2). The observed data are all leveled to 

the reference site condition (VS30~2000 m/s) by removing the site amplifications as 



64 

 

derived from Equation (3.11). We also plot the equivalent GMPEs of Yenier and 

Atkinson (2015b; noted as YA15) for CENA, corrected to the same site condition. The 

proposed SOSN GMPE model matches the observed regional data at all distances and 

magnitude bins, as would be expected. It shows similar ground-motion amplitudes as the 

YA15 model. This is consistent with previous studies which showed similarity of the 

observed ground-motion amplitudes between the  central United States and southeastern 

Canada (e.g. Hassani and Atkinson, 2015). One noted difference is that the SOSN GMPE 

model predicts larger ground-motion amplitudes at distances Drup ≥ 200 km at high 

frequencies f ≥ 5 Hz. This is due the slower anelastic attenuation obtained for southern 

Ontario in comparison with the YA15 model, which is more apparent at higher 

frequencies. Another notable difference is that the SOSN GMPE model predicts larger 

amplitudes at low frequencies (0.5 Hz). This reflects an observational difference that 

comes from calibration to the SOSN database, which is suggesting relatively higher 

amplitudes at lower frequencies, possibly due to surface wave effects in the region.  

However, we note that the sparse observational data at low frequencies (f ≤ 0.5 Hz) 

hinder any robust conclusion.  

Figure 3.13 shows the comparison between the SOSN and YA15 GMPE models, for 

southern Ontario and CENA, respectively, for M5 and M7.5 for the hard rock site 

condition (VS30 ~ 2000 m/s), to investigate how the models scale ground motions for 

larger magnitude events. The comparison between the SOSN GMPE and the YA15 

models shows the same features seen in Figure 3.12, as the magnitude scaling (FM) and 

geometrical spreading (FZ) functions are the same in both models. The slower anelastic 

attenuation in southern Ontario results in larger ground-motion amplitudes at regional 

distances (Drup ≥ 200 km), which is more apparent at high frequencies (f ≥ 5 Hz). At low 

frequencies (0.5 Hz) we observe a significant difference between the predictions of the 

models as noted above. 
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Figure ‎3.12: Proposed SOSN GMPE model for M3.5 (±0.2), 4.5(±0.2) and 5.1(±0.1) 

for hard rock site condition (VS30 ≈‎2000‎m/s)‎compared‎with‎the‎southern‎Ontario‎

observed data leveled to the assumed reference site condition. YA15 GMPE model 

(Yenier and Atkinson, 2015b) for the same site condition is also shown. 
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Figure ‎3.13: Comparison between SOSN and YA15 (Yenier and Atkinson, 2015b) 

GMPE models for M5 and 7.5 for hard rock site condition (VS30 ≈‎2000‎m/s). 

3.4 Real-time M and Δσ estimation for SOSN network 

In this section, we use the regionally-adjusted SOSN GMPE (Equation 3.17) and the 

selected ShakeMap parameters to develop a simplified procedure for real-time moment 

magnitude and stress parameter estimation, and event-specific GMPE calibration.  We 

make use of the GMPE given by Equation (3.17), but as described further below we re-

arrange its form to facilitate robust determination of source parameters in real time.  The 

rationale is that Equation (3.17) describes a forward model for ground motion, given 

magnitude and stress, whereas we seek to determine those source parameters from the 

recorded ground motions, and do so in a way that is quick and easily automated. We use 

the ShakeMap parameters from SOSN stations as these are the only stations accessible in 
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real-time. We consider events with at least three observed records on the SOSN seismic 

network at Drup ≤ 600 km, which includes 37 events.  

 

Figure ‎3.14: Left: Comparison between M and its estimated value from SOSN 

(MSOSN) using low-frequency ShakeMap parameters. Right: Comparison between 

the shape-based‎estimate‎of‎stress‎parameter‎(Δσ) and the estimate using high-

frequency‎ShakeMap‎parameters‎(ΔσSOSN). Dashed line shows 1:1 ratio, and shaded 

area shows standard deviation. 

We first remove the site effects from the observed SOSN ShakeMap parameters, and 

level the observed data to the reference site condition (VS30 ~ 2000 m/s), using the derived 

terms for SOSN stations as provided in Table 3.2. Note that in this study we only 

consider linear site effects because our motions are predominantly too weak to invoke 

non-linear response. If this approach were to be used for larger magnitude events (M > 6) 

for near-source soft soil stations, an empirical nonlinear site effects function could be 

implemented to remove nonlinear site effects (e.g. Boore et al. 2014) 

For each event, we use PSA1Hz observations (in cm/s
2
 units) to estimate M. Because we 

want to determine both M and Δσ from the ground motions in real-time, we seek to 

simplify the parameterization that we derived more rigorously in Equation (3.17). For the 

purposes of estimating M, we note that 1-Hz PSA should scale approximately as:  



68 

 

ln(𝑃𝑆𝐴1𝐻𝑧) = 𝐶1𝑴+ 𝐶2 ln(𝑅) + 𝐶3𝐷𝑟𝑢𝑝 + 𝐶4, (3.18) 

This is the simplest of all GMPE forms that can be used to characterize observed spectral 

amplitudes across a broad range of distances (e.g. Atkinson, 2013).  The form is 

particularly convenient because it can be rapidly and easily inverted. To linearize the 

source term of our generic GMPE (FE = FM +FZ), we use Equations (3.2) to (3.4) to 

calculate FE for magnitude values from 2.5 to 6 in 0.1 unit increments, assuming a value 

of Δσ = 450 bars, which is the average regional stress parameter value for M >3.5 and d = 

10 km (an assumed nominal focal depth).  Recall that PSA at 1 Hz is not sensitive to 

stress, so the use of an average value for this calculation is sufficient. The slope of the 

calculated values of FE versus M can be mapped into the C1 term of Equation (3.18), 

while the intercept maps into the C4 term. We fix the pseudo-depth at 0 so that R ~ Drup ~ 

Dhypo; this assumption is also not critical because most observations are at regional 

distances. C2 can be calculated from the distance-dependent part of the geometrical 

spreading function (Equation 3.8 and 3.9). Note that the magnitude-dependent part of the 

geometrical spreading function, which is also a function of distance, is mapped into C1, 

while its constant portion is mapped into C4. C3 is the anelastic attenuation coefficient.  

The constant, C4, includes the contributions noted above, plus the regional calibration 

factor from Equation (3.15).  It is easy to verify that the simplified equation that we have 

derived provides a reasonable approximation to the values given by Equation (3.17) for 

PSA1Hz for M3.5 to 6, for distances from 0 to 600 km. In summary, Equation (3.18) 

provides a convenient approximation to the GMPE model for 1-Hz amplitudes that 

simplifies M estimation:  C1 is a linearized magnitude scaling coefficient, C2 is a 

simplified geometrical spreading coefficient, C3 is the anelastic attenuation coefficient 

and C4 is the constant of the equation (for PSA in cm/s
2
).  The coefficient values are 

given in Table 3.3 for 1 Hz and 0.33 Hz (in case we want to use 0.33 Hz data to estimate 

M for M > 4, as described further below).    

We can readily invert Equation (3.18) to find M for each recorded value of PSA1Hz: 

𝑴 = (ln(𝑃𝑆𝐴1𝐻𝑧) − 𝐶2 ln(𝑅) − 𝐶3𝐷𝑟𝑢𝑝 − 𝐶4)/𝐶1, (3.19) 
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We take the average value of M over all SOSN stations. Based on the study events, the 

typical standard deviation of the estimation of M for an event (station-to-station 

variability) is 0.1 magnitude units. We caution that if the average estimate of M is larger 

than 4, PSA at 0.33 Hz will provide a more accurate estimate of M, because motions at 1 

Hz become sensitive to Δσ as magnitude increases.  The 0.33 Hz PSA remains insensitive 

to Δσ effects at least for M ≤ 6. Therefore, if the M obtained from PSA1Hz is larger than 4, 

we switch to PSA at 0.33 Hz and recalculate M. Having made an initial estimate of M, 

we can adjust the pseudo-depth (h), effective distance (R) and rupture distance (Drup) 

values and recalculate M to refine its value slightly. (Note: If this approach is to be used 

for large magnitude events (M > 6), we suggest not to linearize the source term, as the 

combination of the FM and FΔσ terms gets more complicated. In this case, it would be 

better to implement a grid search to find M and Δσ from PSA at 0.33 Hz using tabulated 

ground-motion prediction values). 

Table ‎3.3: Coefficients of Equation (3.18) for 1 Hz and 0.33 Hz PSA, in units of 

cm/s
2
. 

Data range C1 C2 C3 C4 

1.00 Hz, R ≤ 50 km 2.50+0.03ln(R) -1.60 -0.0013 -6.6 

1.00 Hz, R > 50 km 2.50+0.03ln(R) -0.80 -0.0013 -9.73 

0.33 Hz, R ≤ 50 Km 2.38+0.07ln(R) -1.81 -0.0013 -7.87 

0.33 Hz, R > 50 km 2.38+0.07ln(R) -1.01 -0.0013 -11.00 

Figure 3.14 compares the estimated magnitude using the proposed procedure (MSOSN) 

with known values of M, as extracted from the southern Ontario database (see Section 

3.6). It is acknowledged that for smaller events there is considerable overlap in the 

information used to determine the values of M, so they are not considered as independent 

estimates but rather as a check on the simplified procedure. The average of residuals 

between MSOSN and M attains a near zero value with standard deviation of 0.1. This 

suggests that we are able to use low frequency ShakeMap parameters (1 Hz PSA for M ≤ 

4 and 0.33 Hz PSA for M > 4) as described in the foregoing to successfully estimate M, 

with a standard error of 0.1 units relative to other equivalent measures. 
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After finding M, we now wish to invert Equation (3.17) to estimate Δσ using the high-

frequency ShakeMap parameters. The preferred high-frequency ShakeMap parameter is 

10 Hz PSA, although we could use PGA if the 10 Hz PSA values are not available. We 

rewrite Equation (3.17), for PSA10Hz,as: 

𝐹∆𝜎 = ln(𝑃𝑆𝐴10𝐻𝑧) − 𝐹𝑀 − 𝐹𝑍 − 𝛾𝑆𝑂𝑆𝑁𝐷𝑟𝑢𝑝 − 𝐶𝑆𝑂𝑆𝑁-6.888, (3.20) 

where PSA10Hz is the 10 Hz PSA in cm/s
2
 (note subtraction of 6.888 ln units for 

conversion to cm/s
2
). FM and FZ are the magnitude scaling and geometrical spreading 

functions, which can be easily calculated from Equations (3.3) and (3.8) respectively. 

γSOSN and CSOSN are the regional anelastic attenuation and calibration factors, obtained 

from Table 3.1. By recalling from Equation (3.4) that 𝐹∆𝜎 = 𝑒∆𝜎ln(∆𝜎 100⁄ ), we can 

rewrite Equation (3.20) as: 

ln(∆𝜎) = (ln(𝑃𝑆𝐴10𝐻𝑧) − 𝐹𝑀 − 𝐹𝑍 − 𝛾𝑆𝑂𝑆𝑁𝐷𝑟𝑢𝑝 − 𝐶𝑆𝑂𝑆𝑁 − 6.888)/𝑒∆𝜎 +

ln (100), 

(3.21) 

where eΔσ is calculated from M using Equation (3.5), knowing that for Δσ> 100 bars, FΔσ 

is positive, while for Δσ ≤ 100 bars FΔσ is negative. Note that Equation (3.20) and (3.21) 

could also be written for PGA. We find Δσ for each of the SOSN stations and confine the 

estimated value to 10 ≤ Δσ ≤ 1000 bar to be consistent with the original format of the 

generic GMPE approach (Yenier and Atkinson 2015b). The average Δσ value is obtained 

by taking the geomean of the Δσ values from all SOSN stations.  

Figure 3.14 compares the estimated stress parameter (ΔσSOSN) using the high frequency 

ShakeMap parameters with the shape-based stress parameter obtained from the source 

terms of Equation (3.11). For this comparison, we used PGA for M ≤ 4 and 10 Hz PSA 

for M > 4. The average of the residuals between ΔσSOSN and Δσ attains a near-zero value 

with a standard deviation of 0.49 ln units. It confirms that we are able to use high 

frequency ShakeMap parameters to successfully estimate stress parameter, though there 

is significant scatter introduced by using a single ground-motion variable instead of the 

entire spectral shape. 
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Figure ‎3.15: Comparison between the event-specific SOSN GMPEs and observed 

SOSN ShakeMap parameters adjusted for the reference site condition (VS30 ≈‎2000‎

m/s) for three different events. 

Using the estimated M (MSOSN) and Δσ (ΔσSOSN) values, we can rapidly define event-

specific GMPEs which are fully compatible with the observed data. This is done by using 

MSOSN and ΔσSOSN in Equation (3.17), along with the regionally-adjusted attenuation and 

calibration factor. The resulting event-specific GMPE is developed for the reference site 

condition, and can be used with a regional site amplification map to produce real-time 
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ShakeMaps. In Figure 3.15, we display the performance of the event-specific GMPEs 

against the observed SOSN data for selected events: the 2010/06/23 Val-des-Bois M5.1, 

the 2011/03/16 M3.6, and the 2013/05/17 M4.4 earthquakes. The observed data are all 

adjusted to the equivalent amplitudes for the reference site condition (VS30 ~ 2000 m/s). 

The event-specific GMPEs closely follow the observed data at all distances for all 

ShakeMap parameters.  

3.5 Conclusion 

We can make reliable estimates of M and Δσ in near-real-time using commonly-available 

ShakeMap parameters. These two source parameters are the essential input to an 

equivalent point-source stochastic model that can be optimized for the attenuation and 

site response attributes of a region of interest, allowing rapid event-specific GMPEs to be 

defined. The SOSN seismic network is used to show the application of this approach. In 

summary, we first used the southern Ontario database to derive a regionally-adjusted 

GMPE model, by deriving regional stress parameter, anelastic attenuation, calibration 

factor, and site amplification models from the observed data. This model can be used to 

define event-specific GMPEs in near-real-time by using the event estimates of M and Δσ. 

This same approach could readily be used for other seismic networks in different 

seismotectonic regions. It is particularly useful for applications where ShakeMaps are 

desired for small-to-moderate events in sparsely-instrumented regions.  

3.6 Data and Resources 

The ground-motion database of this study was extracted from the larger database used by 

Hassani and Atkinson (2015) for CENA. In summary, they utilized data from three 

different sources. The processed ground-motion parameters (PGA, PGV and PSA) were 

obtained either from the NGA-East database, which provides 5%-damped RotD50 

response of horizontal ground motions (www.peer.berkeley.edu, last accessed October 

2014), or were extracted from the Engineering Seismology Toolbox website which 

provides 3-component processed ground-motion parameters (www.seismotoolbox.ca, last 

accessed December 2013). Additional unprocessed data were obtained from the 

Automatic Data Request Manager Facility (AutoDRM of the Geological Survey of 

http://www.peer.berkeley.edu/
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Canada (autodrm@seismo.nrcan.gc.ca, last contacted December 2013). For unprocessed 

data of U.S. stations, including data from the U.S Transportable Array (TA) stations in 

southern Ontario, horizontal velocity waveforms were obtained from the IRIS AutoDRM 

(breq_fast@iris.washington.edu, last contacted December 2013). VS30 and moment 

magnitude information was also extracted from the database of Hassani and Atkinson 

(2015). We used MATLAB (www.mathworks.com, last accessed January 2015) for 

regression of the ground-motion amplitudes and CoPlot (www.cohort.com, last accessed 

January 2015) for making the figures. Information on the SOSN is available at 

www.gp.uwo.ca (last accessed January 2015).  Time history simulations were made using 

the SMSIM program of Boore (2005). 
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Chapter 4 

4 Fundamental Frequency as a descriptive variable for 
site response in central and eastern North America 

In this chapter, we first introduce a new proxy measure for VS30 (time-averaged shear-

wave velocity in the upper 30 m) for central and eastern North America (CENA). The 

new proxy is the site fundamental frequency (fpeak), measured from the horizontal-to 

vertical (H/V) spectral ratios of recorded ground motions. We correlate the measuredVS30 

values at recording stations with the corresponding fpeak values to obtain a predictive 

relationship forVS30. The uncertainty of theVS30 estimate using the fpeak-based model is 

small (0.14 log10 units) in comparison to that for the proxy-based methods (e.g., 

topographic slope and surface geology proxies) used in the Next Generation Attenuation-

East (NGA-East) database (0.25 log10 units). 

In the next step, we explore the applicability of the Next Generation Attenuation-West2 

site-effects model (Seyhan and Stewart, 2014), which is aVS30-based model, to sites in 

CENA, using the NGA-East ground-motion database. We determine residual site terms 

by comparing the observed CENA ground-motion amplitudes, adjusted to B/C site 

condition (VS30= 760m/s) using the western site-effects model, to the corresponding 

predicted amplitudes of a CENA ground-motion prediction equation for B/C site 

condition (Yenier and Atkinson, 2015). Plotting the residual site terms versus their 

corresponding site fundamental frequencies (fpeak) reveals significant fpeak-dependent 

trends at all frequencies. Average residual site terms for CENA sites, after the western 

site amplifications have been removed, can be as large as 0.45 in log10 units (2.8 in 

nonlog units) around f ≈ fpeak. The results of this study reveals the inadequacy of the 

western site-effects model to sites in CENA, demonstrate the importance of a well-

calibrated regional site-effects model for CENA and the importance of fpeak as a site 

indicator. 
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4.1 Fundamental frequency as a VS30 proxy for central 
and eastern North America3 

4.1.1 Introduction 

One of the most important issues in developing accurate and useful ground-motion 

prediction equations (GMPEs) is the effective use of limited regional site information in 

developing a site effects model. Amplitudes of ground motions can be amplified 

significantly as they propagate through a soft soil layer (Borcherdt, 1970; Anderson et al., 

1986; Shearer and Orcutt, 1987). There are two general approaches that are commonly 

used for determining site amplification. In the first approach site amplification is 

determined relative to a reference site condition by comparing ground motions at soil and 

reference sites. One variation of this method is to assume that the attenuation difference 

between two nearby soil and reference rock stations at sufficient distance from the source 

is negligible, and the corresponding spectral ratio would represent the relative soil site 

amplification (Borcherdt, 1970). Andrews (1986) recast the method into a generalized-

inverse (GI) problem by simultaneously solving an equation parameterizing the ground-

motion amplitudes for multiply-recorded events in terms of site effect, source term, and 

attenuation. In both of these approaches site amplification is obtained relative to a 

reference site condition. However, it is not always feasible to find a suitable reference 

site.  

In the second approach, site amplification does not rely on a reference site. Nakamura 

(1989) first introduced the horizontal-to-vertical spectral ratio method (H/V) to determine 

site amplification using ambient noise. The main assumption of this method is that 

horizontal-component ground motions are amplified around the fundamental frequency 

of a site, while the vertical-component of ground motion does not experience significant 

amplification. Therefore, the H/V ratio provides a good estimate of the dominant 

frequency and corresponding amplification of the site. Although this method was first 

developed based on microtremor analysis, it was more widely developed and justified for 

                                                 
3
 A version of this section has been published. Hassani, B., and G.M. Atkinson (2016). Applicability of the 

site fundamental frequency as a VS30 proxy for Central and Eastern North America, Bull. Seismol. Soc. Am. 

106, 653-664. 
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strong ground-motion data in subsequent studies (Lermo and Chávez-García, 1993; 

Bonilla et al., 1997; Ghofrani et al., 2013). Moreover, Kawase et al. (2011), using the 

diffuse-field concept, showed that the H/V spectral ratio of the observed ground-motion 

is proportional to the one-dimensional transfer functions of S-wave motions relative to P-

wave motions, implying that the H/V ratio may be inverted to obtain a velocity model 

from the bedrock to the surface. 

It is generally accepted that the peak frequency obtained from the H/V method, obtained 

using either ambient noise or strong-ground-motion data is a robust estimate of the 

fundamental frequency of a soil layer (Lermo and Chávez-García, 1993; Field and Jacob, 

1995; Bonilla et al., 1997; Konno and Ohmachi, 1998; Kawase et al., 2011; Ghofrani et 

al., 2013); moreover, this value can be closely correlated to alternative site parameters 

such as time-averaged shear-wave velocity in the upper 30 m (VS30) (e.g. Ghofrani and 

Atkinson, 2014). However, it is also generally accepted that the H/V method tends to 

underestimate the amplitude of site amplification (Field and Jacob, 1995; Bonilla et al., 

1997). This occurs because the vertical component may also have some amplification at 

the fundamental frequency, contrary to the underlying assumption of negligible 

amplification on the vertical component.  

In modern empirical GMPE models, site effects are usually characterized by a set of 

simplified parameters (often only one) that characterize the overall near-surface state. 

Common site parameters include site fundamental frequency (fpeak) (e.g. Zhao et al., 

2006b) and VS30 (e.g. Boore et al., 2014). VS30 is currently the most prevalent site 

parameter in GMPE models. An example of recent empirical GMPEs which use VS30 as 

the explanatory variable for site effects is the second generation Pacific Earthquake 

Engineering Research–Next Generation Attenuation-West (PEER–NGA-West2) 

equations set, which has been developed for shallow crustal earthquakes in active 

tectonic regions (Bozorgnia et al., 2014). Another example is the NGA GMPE models for 

central and eastern North America (CENA), developed as part of the NGA-East project 

(Goulet et al., 2015). In both the NGA-East and NGA-West2 GMPEs, VS30 was selected 

as the main input parameter to model the site effects. However, there is a significant 

difference between NGA-West2 and NGA-East in the number of measurement-based 
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VS30 values. While in the NGA-West2 database almost 50% of the recording stations have 

measured VS30 values (Seyhan et al., 2014), in the NGA-East database only 6% of the 

recording stations (84 out of 1379 stations) have measured VS30 values (Goulet et al., 

2014). Therefore, most of the “preferred” VS30 values in the NGA-East database are 

derived from a weighted average of different proxy-based VS30 estimates; these proxies 

include topographic slope (Wald and Allen, 2007), terrain category (Yong et al., 2012), 

surface geology (Kottke et al., 2012), hybrid slope-geology (Thompson and Silva, 2013), 

and P-wave seismogram (Kim et al., 2015) proxies. For the measurement-based VS30 

values the assumed uncertainty or dispersion (based-10 log standard deviation, σlogV) in 

the estimation of VS30 is small, only 0.04. For the proxy-based VS30 values, the assigned 

uncertainty is derived from a weighted average of different proxies’ uncertainty. For the 

NGA-East database, these values range from 0.20 to 0.25, whereas for the NGA-West2 

database the proxies have somewhat lower uncertainty (0.15 to 0.20 log10 units) (Seyhan 

et al., 2014). The large uncertainty in the estimation of VS30 can translate into errors in the 

assumed site amplification and hence increased ground-motion variability for the NGA-

East GMPE models, in comparison to the NGA-West2 models.  

In this study, we use the NGA-East database to show that the site fundamental frequency 

(fpeak) is a more accurate VS30 proxy than the proxies used in the NGA-East database (e.g. 

topographic slope and surface geology proxies). We use the H/V spectral ratio approach 

to determine the fundamental frequencies of the recording stations and develop a 

relationship between VS30 and fpeak. The use of fpeak as a proxy for site response is 

particularly effective for sites in CENA, which tend to be characterized by large 

responses at dominant frequencies, which range from 1 Hz to 10 Hz, depending on the 

depth of the soil. The use of fpeak as a proxy for site response works well because in 

CENA the depth to bedrock, and hence fpeak, is the most diagnostic predictor of the 

expected site response. The uncertainty of the VS30 estimate using the fpeak-based model is 

significantly lower than that for the proxy-based methods used in the NGA-East database. 

The results of this study can be used to recalculate the VS30 values more accurately for 

stations with known fpeak values and potentially reduce the overall variability of the 

developed NGA-East GMPE models. However, the means of achieving greater 

variability reductions would be to measure fpeak at all recording stations (which could be 
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done using inexpensive microtremor surveys) and re-parameterize the site response 

accordingly. 

 

Figure ‎4.1: Geographic distribution of study events and stations. 

4.1.2 Database 

Figure 4.1 is a map of recording stations and events used in this study. Most of the 

ground-motion database was compiled from the NGA-East database, supplemented by 

some additional data from Ontario (see Section 4.1.7). The database consists of three-

component peak ground-motion amplitudes (peak ground acceleration [PGA], peak 

ground velocity [PGV]) and response spectra (5% damped pseudoacceleration [PSA]) 

sampled at 28 equally log-spaced frequencies from 0.1 to 50 Hz. Most of the ground-

motion data had been already processed as part of the NGA-East project (Goulet et al., 

2014). For the remaining data, the processing of the waveforms involved baseline 

correction, windowing, tapering, digital filtering, removing instrumental response, and 

obtaining response spectra and Fourier spectra at defined frequencies band, as described 

by Assatourians and Atkinson (2010). We retain data only for those frequencies with a 
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signal-to-noise ratio greater than 2. We use records for events having moment magnitude 

(M) greater than 2.5, recorded on stations with hypocentral distance Rhypo ≤ 800 km; we 

use only those stations that recorded at least three such events. The NGA-East databse 

includes 1379 stations. The selected database consists of 5783 three-component ground-

motion parameter sets (PGA, PGV and PSA) from 225 events and 535 stations. Figure 

4.2 shows the magnitude-distance distribution of the database, distinguished by NEHRP 

(National Earthquake Hazards Reduction Program) site class; it also shows a histogram 

of the number of stations for each of the NEHRP site classes. Most of the observed data 

are recordings from small to moderate magnitudes (2.5 ≤ M ≤ 4.5) at regional distances ( 

100 ≤ Rhypo ≤ 800 km). 

 

Figure ‎4.2: (a): Magnitude-distance distribution of the database, by NEHRP site 

class; (b): histogram of number of stations in each site class. 

4.1.3 H/V Spectral ratio calculation 

The conventional method for calculating the H/V spectral ratios is to use the Fourier 

amplitude spectra from S-wave windows. However, as discussed by Zhao et al. (2006a), 

smoothing the Fourier spectra is an essential part of the H/V calculation, in order to 

extract the spectral peaks corresponding to site response. An expedient alternative 
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method to calculate H/V spectral ratios is to use the 5% damped response spectra (PSA). 

An advantage of using response spectra is that the damping ratio (e.g. 5%) acts as a 

smoothing function for the input signal and the smoothing effect is the same for all 

records in the database. Moreover, PSA is more widely available. In this study we use the 

response spectra to calculate the H/V spectral ratios. We define the H/V spectral ratio as 

the geometric mean of the response spectra of the two horizontal components divided by 

the response spectrum of the corresponding vertical component: 

log(𝐻 𝑉⁄ )𝑖𝑗 = 0.5(log(𝐻1)𝑖𝑗 + log(𝐻2)𝑖𝑗) − log(𝑉𝑖𝑗), (4.1) 

where (𝐻 𝑉⁄ )𝑖𝑗 is the H/V spectrum of event i recorded at station j, (𝐻1)𝑖𝑗 and (𝐻2)𝑖𝑗 are 

the response spectra of the two horizontal components, and (𝑉)𝑖𝑗 is the response 

spectrum of the corresponding vertical component. Note that we use base-10 log units 

throughout. The average H/V spectrum for station j is obtained as the geometric mean of 

the individual H/V spectra of the recorded events at station j: 

log(𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗,𝑓 =
∑ log(𝐻 𝑉⁄ )𝑖𝑗
𝑛𝑗,𝑓
𝑖=1

𝑛𝑗,𝑓
, 

(4.2) 

where (𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗,𝑓 is the average H/V spectrum and 𝑛𝑗,𝑓  is the number of the recorded 

events at station j at frequency f. (𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗,𝑓 is calculated in the usable frequency 

bandwidth of station j. The usable frequency bandwidth is defined as a sequence of 

frequencies in which we have at least three recorded events at all of the data points. We 

note that the number of data points at each frequency (𝑛𝑗,𝑓) may vary. We retain those 

H/V spectra having usable frequency bandwidth of at least 10 consecutive points (out of 

28 equally log-spaced frequencies from 0.1 to 50 Hz). This criterion ensures sufficient 

bandwidth to determine the site fundamental frequency (fpeak).  

The procedure that we use to determine the site fundamental frequency in an objective 

and reproducible way is described in the Appendix. Among 1379 stations of the NGA-

East database, only 535 recorded at least three events. For these 535 stations, 286 (54%) 

show a single significant peak (e.g. station 128A in Figure A.1), 29 (5%) show two 
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distinct significant peaks (e.g. station P26A), and 220 stations (41%) show no significant 

peak (e.g. station DMCQ). For stations with two significant peaks, we assume the 

significant peak with higher amplification is the primary site response peak. Recording 

stations with no significant peaks can be subclassified into two categories. The first 

category includes stations on hard rock, which have either a flat or rising H/V curve. The 

second category includes jagged-shape H/V curves with no clear peaks, usually the result 

of limited available bandwidth or a small number of recorded events.  

 

4.1.4 Estimating VS30 at seismographic stations based on their 
fundamental frequencies 

It has been shown that the frequency corresponding to the peak of the H/V spectral ratio 

is approximately equivalent to the site fundamental frequency (fpeak) (Nakamura, 1989; 

Kawase et al., 2011; Ghofrani et al., 2013). For a simple one- dimensional single-layer 

model over a half-space, if we have a soil site with average shear- wave velocity of 𝑉𝐿 

overlaying a much harder layer with average shear-wave velocity of 𝑉𝑅, the first 

dominant frequency of the site can be written as (Kramer, 1996): 

𝑓𝑝𝑒𝑎𝑘 = 𝑉𝐿 4𝑑𝐿⁄ , (4.3) 

where 𝑑𝐿 is the thickness of the soil layer. Assuming 𝑑𝐿 ≤ 30𝑚, VS30 can be written as: 

𝑉𝑆30 = 30 (𝑑𝐿 𝑉𝐿⁄⁄ + 𝑑𝑅 𝑉𝑅⁄ ), (4.4) 

where 𝑑𝑅 is the thickness of the hard rock layer (e.g. lying below the soil layer but < 30 

m from the ground surface). By replacing 𝑑𝐿 𝑉𝐿⁄  with 1 4𝑓𝑝𝑒𝑎𝑘⁄  using Equation (4.3) and 

replacing 𝑑𝑅 with 30 − 𝑑𝐿 we have: 
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Figure ‎4.3: Expected relationship between VS30 and fpeak  (Equation 4.5) for different 

sets of impedance ratio (IR) and VR (bedrock velocity) values. 

 

𝑉𝑆30 =
30

1
4𝑓𝑝𝑒𝑎𝑘

(1 −
𝑉𝐿
𝑉𝑅
) +

30
𝑉𝑅 

 
(4.5) 

, where 𝑉𝐿/𝑉𝑅 is approximately the impedance ratio (IR) of the sediment layer over the 

half-space (assuming the same density for the soil layer and the half-space). Equation 

(4.5) implies that for sediments shallower than 30 m, the relation between fpeak and VS30 

depends on the impedance ratio and the shear-wave velocity of the half-space. If the 

impedance ratio is small enough (IR ≤ 0.2), it has little effect in Equation (4.5). 

Consequently, the relation between fpeak and VS30 is dominated by the shear-wave velocity 

of the half-space (𝑉𝑅). Figure 4.3 shows the estimated VS30 values as a function of fpeak for 

different impedance ratios and 𝑉𝑅 values, based on Equation (4.5). Note that VS30 

increases with increasing fpeak, with shallow sites (high fpeak) having high VS30 due to the 
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influence of the underlying bedrock. For lower fpeak values (≤ 2 Hz), corresponding to 

deeper sites, as long as the impedance ratio is small enough (≤ 0.2), all of the different 

combinations of 𝑉𝑅 and IR result in approximately the same VS30 estimate.  

 

Figure ‎4.4: Adopted shear-wave velocity (𝑽𝑺) profile as a function of depth (Z) for a 

single-layer model with constant velocity of VL = 250 m/s, thickness of dL = 50 m, 

and VR = 2000 m/s. 

In order to consider the relation between fpeak and VS30 in more detail, we implement the 

Joyner et al. (1981) square root impedance ratio method (SRI) to estimate the theoretical 

site amplifications for chosen shear-wave velocity profiles, and determine the 

corresponding VS30 and fpeak values. The SRI method is a rapid way to calculate a linear 

and smooth site amplification using an input shear-wave velocity profile. The 

assumptions of the method are that the site amplification is not sensitive to details of the 

shear-wave velocity profile, and that the amplification at a selected frequency is 

controlled by the shear-wave velocity structure up to a depth which represents 1 4⁄  of a 

wavelength (Boore and Joyner, 1997; Boore, 2003; 2013). The selected shear-wave 

velocity profile represents a soil layer with constant shear-wave velocity of VL, thickness 

of dL, and density of 𝜌𝐿, overlying a hard substratum. For the substratum we adopt the 

CENA shear-wave velocity profile of Frankel et al. (1996) for depths from dL (with VR) to 

8 km (3600 m/s) and assume 𝜌𝐿 = 2.5 𝑔𝑟/𝑐𝑚3. The selected shear-wave velocity profile 



86 

 

for dL = 50 m, VL = 250 m/s and VR = 2000 m/s (the reference model) is shown in Figure 

4.4. 

 

Figure ‎4.5: Site amplification as a function of frequency for different quality factor 

(Q) values for the reference shear-wave velocity profile (Figure 4). 

The effect of the near surface attenuation can be considered as: 

exp (−𝜋𝜅0𝑓), (4.6) 

where 𝜅0 is the near surface diminution term (Anderson and Hough, 1984). Near-surface 

attenuation effects can also be considered using the surface layer quality factor (Q). The 

relation between Q and 𝜅0 can be written as: 

𝜅0 = 𝑑𝐿/(𝑉𝐿  𝑄), (4.7) 
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where 𝑑𝐿/𝑉𝐿 corresponds to the one-way travel time of shear-wave in the sediment layer. 

Figure 4.5 shows the theoretical site amplifications multiplied by the near-surface 

attenuation effect for three different Q values of 5, 15 and 30, which correspond to 𝜅0 of 

0.040, 0.013 and, 0.007, respectively. Here, we use the reference profile described above 

and shown in Figure 4.4. It can be seen that the site fundamental frequency is 

independent of the selected Q or 𝜅0 values. The same fundamental frequency value (1.25 

Hz) can also be obtained using Equation (4.3).  

Using the SRI method we are able to calculate the expected fpeak and VS30 for a selected 

shear-wave velocity profile, while by varying the VL, dL and VR values we are able to 

define the relation between fpeak and VS30 for different profiles. Figure 4.6 shows VS30 as a 

function of fpeak for the reference shear-wave velocity profile, but varying VL (150, 250 

and 350 m/s) and dL (from 2 m to 200 m). Here, VR is fixed to 2000 m/s and Q = 15 

(although Q is unimportant as shown in Figure 4.5). For all of the VL values, the relation 

between fpeak and VS30 follows a bilinear trend with a hinge frequency (fhinge) in the 

middle. The hinge frequency corresponds to a sediment layer with dL = 30 m. For peak 

frequency smaller than fhinge or sediments deeper than 30 m, VS30 remains constant, and is 

equal VL. For peak frequencies higher than fhinge or sediments shallower than 30 m, VS30 

has an increasing trend with increasing fpeak values; all of the curves follow the same 

general trend. 
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Figure ‎4.6: Expected relationship between VS30 and fpeak for three different layer 

velocity (VL) values using the reference shear-wave velocity profile (Figure 4.4). For 

each of the curves the thickness of the layer (dL) varies from 2 m to 200 m and Q = 

15. 

In Figure 4.7, we fix VL to 250 m/s. For VR values of 760, 1500, 2000, and 3000 m/s we 

define the relation between fpeak and VS30. Here again, dL varies from 2 m to 200 m, and Q 

= 15. As we can see here, fhinge is the same ( ~ 2 Hz) for all of the VR values. This is due 

to the fact that the VL value is the same for all of the assumed shear-wave velocity 

profiles. Moreover, for frequencies higher than fhinge (sediments shallower than 30 m), for 

higher VR values, VS30 increases more rapidly with increasing fpeak.  
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Figure ‎4.7: Expected relationship between VS30 and fpeak for four different bedrock 

velocity (VR) values using the reference shear-wave velocity profile (Figure 4.4) For 

each of the curves, the layer thickness (dL) varies from 2 m to 200 m and Q = 15. 

Finally, we plot the measurement-based VS30 values as a function of their corresponding 

fpeak values in Figure 4.8. We also plot the expected VS30-fpeak relation using Equation 

(4.5) for VR = 2000 m/s and IR =0.1, and the corresponding expectations from the SRI 

method for the reference shear-wave velocity profile ( different combination of VL and VR 

values). It can be seen that there is good agreement between the observed VS30- fpeak pairs 

and the expected relationship based on Equation (4.5), for VR = 2000 m/s and IR =0.1, for 

fpeak > 2 Hz. There is also a good match between the observed VS30-fpeak pairs and the 

expectations of the SRI method (for VL =250 m/s and VR = 2000 m/s). This implies that 

for the plotted VS30 - fpeak pairs, bedrock shear-wave velocity (VR) is close to 2000 m/s on 

average, assuming a simple single-layer model. The observed deviations of the datapoints 

in Figure 4.8 from the conceptual model may be related to different VR values from that 

assumed, and also to complexity relative to the assumed single-layer model. For sites 
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with fpeak ≤ 2 Hz, the average VS30 value is ~ 250 m/s. Thus a bilinear equation can be 

used to predict VS30 values using known fpeak values: 

log(𝑉𝑆30) = {
2.2(±0.04)+ 0.63(±0.06)𝑙𝑜𝑔10 (𝑓𝑝𝑒𝑎𝑘)                    𝑓 > 2 𝐻𝑧

 𝑙𝑜𝑔10(250)                                                                       𝑓 ≤ 2 𝐻𝑧
 

(4.8) 

 

Figure ‎4.8: Measured VS30 values for CENA sites plotted versus their fpeak values 

(circles). The SRI method results for the reference shear-wave velocity profile, for 

different combinations of layer velocity (VL) and bedrock velocity (VR) are also 

shown. The output of Equation (4.5) for VR = 2000 m/s and impedance ratio (IR) of 

0.1 is also shown (squares). 

. The standard deviation of Equation (4.8) is equal to 0.14 in log10 units. The uncertainty 

of the VS30 estimate using the fpeak-based model is much lower (0.14, log10 units) than that 

for the proxy-based methods used in the NGA-East database (0.25 log10 units). Figure 4.9 

shows the proposed fpeak-based VS30 models for CENA (this study) compared to those for 

the NGA-West2 and Japan databases (Ghofrani and Atkinson, 2014). The observed 
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differences may be attributable to differences in the underlying shear-wave velocity (VR) 

of the regions beneath the soil profiles. The CENA fpeak-based VS30 model implies the 

highest bedrock velocities amongst the models.  

 

Figure ‎4.9: Measured VS30 values in CENA plotted versus their corresponding fpeak 

values (circles). Solid line shows the fitted model and its corresponding standard 

deviation (shaded area). Dotted line and dashed line show models for NGA-West2 

and Japan recording stations, respectively (Ghofrani and Atkinson, 2014). 

We note that the proposed fpeak-based VS30 proxy shown in Equation (4.8) is based on the 

limited number of sites with measured VS30 and determined fpeak values in the NGA-East 

database (only 41 sites). This relation can be improved in future by implementing more 

VS30 measurments and applying ambient noise studies for sites. By having more data, it is 

also possible to regionalize the model for sub-regions in CENA with different VR and VL 

values. Moreover, for sites with fpeak ≤ 2 Hz we assumed that VS30 ~ 250 m/s based on the 

measured VS30 values for those stations. We note that for deep sediments (sediments 

deeper than 30 m) VS30 is not an ideal site indicator as it doesn’t provide any information 
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from deeper sediment layers. On the other hand, fpeak is directly related to both sediment 

shear-wave velocity (VL) and sediment depth (dL), and it may not correlated with VS30 in 

the manner proposed here. For example, for a site with VL = 500 m/s and dL = 125, VS30 

and fpeak would be equal to 500 m/s and 1 Hz respectively. Therefore, we caution the user 

to consider the geological condition of the area of interest before applying the proposed 

model for deeper sediments (fpeak ≤ 2 Hz). 

4.1.5 Variability of the NGA-East GMPE models using the fpeak-
based VS30 model 

As we showed earlier, using the proposed fpeak-based VS30 model (Equation 4.8) the 

standard deviation of the VS30 estimates can be reduced significantly relative to the NGA-

East proxy-based VS30 estimate (~44% reduction in standard deviation). The new fpeak-

based VS30 model can be used to update the VS30 estimates for the 315 sites (out of 1379 

sites) for which fpeak can be determined. It is of interest to see how the new estimates of 

VS30 affect the overall variability of recently-proposed NGA-East GMPE models (Goulet 

et al., 2015). We consider the Yenier and Atkinson (2015) generic GMPE model (YA15) 

as an example. YA15 is a robust simulation-based generic GMPE, which was developed 

for B/C site conditions (VS30 = 760 m/s), after using the Boore et al. (2014) site effects 

model from NGA-West2 to subtract assumed site amplifications from the observed 

ground-motion amplitudes. We use a selected database to calculate the variability 

parameters. The selected database only includes stations with determined fpeak values, to 

enable evaluation of how the new estimates of VS30 affect the variability parameters. We 

perform a simple test to see if the variability of the residuals for this GMPE is reduced by 

replacing the VS30 values from the NGA-East database with the fpeak-based values derived 

in this study.  

We calculate the residuals in both cases: 

log(𝑟𝑒𝑖𝑗) = log(𝑜𝑏𝑠𝑖𝑗, 𝐵/𝐶) − log(𝑝𝑟𝑒𝑖𝑗, 𝐵/𝐶), (4.9) 

where 𝑟𝑒𝑖𝑗 is the residual estimated for event i at station j, 𝑜𝑏𝑠𝑖𝑗,𝐵/𝐶 is the observed 

ground-motion parameter adjusted for B/C site condition using the Boore et al. (2014) 
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site amplification model (using VS30 from either the NGA-East database or the fpeak-based 

estimate), and 𝑝𝑟𝑒𝑖𝑗,𝐵/𝐶 is the YA15 predicted ground-motion parameter for B/C site 

condition for the corresponding record. We calculate the residuals for PSA at 0.5 Hz to 

20 Hz in 17 equally log-spaced frequencies. The residuals from Equation (4.8) can be 

written as: 

log(𝑟𝑒𝑖𝑗) =  𝐶 + 𝜂𝑖 +   𝜀𝑖𝑗, (4.10) 

where C is the bias of the selected GMPE model, 𝜂𝑖 is the random event term for event i, 

and 𝜀𝑖𝑗 represents the within-event residual term for station j recorded at event i. We 

apply a mixed effect regression of residuals according to Abrahamson and Youngs (1992) 

to solve Equation (4.10) and perform an iterative regression to maximize the likelihood of 

the equation. The error terms (𝜂𝑖 and 𝜀𝑖𝑗) are normally distributed (in log10 units) and 

have standard deviations τ and φ, respectively. The total standard deviation (σ) is: 

𝜎 =√𝜏2 + 𝜑2, (4.11) 

Figure 4.10 shows the estimated between-event standard deviation (τ) and within-event 

standard deviation for both cases.  We have converted these residuals to natural log units 

for the purposes of the plot, in order to facilitate comparisons with the NGA studies of 

these results (the NGA studies use natural log units). We note that the ground-motion 

variability parameters (τ and φ) at 1 ≤ f ≤ 10 Hz are reduced using the proposed fpeak-

based VS30 model. The variability reduction is mostly apparent in the within-event 

variability. This is expected as we only updated VS30 values, which are the site-term 

indicator in the selected GMPE model. Overall, we are able to reduce sigma (Equation 

4.11) by 3% on average for PSA at 1 Hz to 10 Hz, just by improving the VS30 estimate for 

those sites having a determined value of fpeak. The reason that the reduction in error is not 

more significant may be due to the fact that we use the Boore et al. (2014) site effects 

model to remove the site amplification in CENA, which implicitly assumes that 

amplification is related to VS30 in the same way as for active tectonic regions. This is 

likely not an applicable model for many CENA sites, which are dominated by resonant 
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response of a layer over hard rock. Recently, Hassani and Atkinson (2016b) examined the 

applicability of the NGA-West2 site effects model (Boore et al., 2014), which is a VS30-

based model, to sites in CENA. They determined residual site terms by comparing the 

observed ground-motion amplitudes adjusted to B/C site condition using the (Boore et al., 

2014) site effects model to the corresponding predicted amplitudes of a selected CENA 

ground-motion prediction equation for B/C site condition (Yenier and Atkinson, 2015; 

YA15). These authors found significant fpeak-dependent residual site terms at all 

frequencies for CENA sites, when western VS30-based models are used. Average residual 

site terms can be as large as 0.45 in log10 units, which reveals significant limitations of 

such site effects models when applied to CENA ground motions. Therefore, a well-

calibrated regional site effects model should be used in order to examine the efficiency of 

the proposed fpeak-based site characterization. 

 

Figure ‎4.10: Between-event (τ, left plot) and within-event (φ, right plot) standard 

deviations using the NGA-East‎“preferred”‎VS30 values (solid line), and using the 

fpeak-based VS30 estimates (dashed line). Note that variability parameters are in 

natural log units (ln) to facilitate comparisons with other studies. 
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4.1.6 Conclusion 

VS30 is the most commonly-used site effects parameter, and the error in VS30 estimates can 

directly affect the variability of GMPE models. In this study, we show that the site 

fundamental frequency, measured by the H/V ratio, is a particularly effective proxy for 

VS30 for many sites in CENA. Using fpeak, we are able to significantly reduce the error of 

VS30 compared to VS30 estimates based on topographic slope and surface geology proxies. 

However, the applicability of fpeak as a VS30 proxy is limited compared to topographic 

slope and surface geology proxies, which are universally available for the whole CENA 

region. Specifically, we were only able to determine fpeak for 23% of the recording 

stations in the NGA-East database (315 out of 1379 sites), due to limited available 

bandwidth or a small number of recorded events. However, the range of applicability 

would increase by implementing ambient noise studies and/or by recording additional 

ground-motion data at stations without a clear fpeak. The results of this study can be used 

to update VS30 estimates for sites with known fpeak values in CENA and improve GMPE 

models. The same approach can also be implemented for other regions to improve VS30 

estimates. However, we emphasize that VS30 is not a good choice of site characterization 

variable for sites in which the response is dominated by the fundamental frequency of a 

soil layer overlying a much harder substratum. For such sites, fpeak is a more meaningful 

site descriptor. We recommend that site characterization include an estimate of the 

dominant frequency of a site, in addition to an estimate of its stiffness. 

4.1.7 Data and Resources 

The ground-motion database for calculating H/V spectral ratios was extracted from 

several sources. The processed ground-motion parameters (PGA, PGV and PSA) were 

obtained either from the early release of the NGA-East database as provided by Chris 

Cramer (https://umdrive.memphis.edu/ccramer/public/NGAeast/, last accessed December 

2013), which includes both horizontal and vertical ground-motion parameters, or were 

extracted from the Engineering Seismology Toolbox website (www.seismotoolbox.ca, 

last accessed December 2013). Additional unprocessed data were extracted form Hassani 

and Atkinson (2015). For calculating the selected GMPE model variability, we used the 

latest version of the NGA-East database (Goulet et al., 2014). We used MATLAB 
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(www.mathworks.com, last contacted August 2015) for implementation of regressions 

and site fundamental frequency detection procedures, and we used CoPlot 

(www.cohort.com, last contacted August 2015) for making the figures. 
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4.2 Applicability of the NGA-West2 Site effects model 
for central and eastern North America4 

4.2.1 Introduction 

Ground-motion prediction equations (GMPEs) are a key component in seismic hazard 

analysis. GMPEs predict the expected median ground-motion amplitudes by using 

source, path and site terms to describe how ground-motion amplitudes scale with 

magnitude, distance and site conditions. In modern empirical GMPEs, site effects are 

usually characterized by a set of simplified parameters (often only one) that characterize 

the overall near-surface state. Common site parameters include site fundamental 

frequency (fpeak) (Zhao et al., 2006b) and VS30 (time-averaged shear-wave velocity in the 

upper 30 m) (e.g. Bozorgnia et al., 2014). VS30 is currently the most prevalent site 

parameter for development of GMPE models, especially in North America. For example, 

the well-known Next Generation Attenuation GMPEs (NGA-West1 and NGA-West2; 

Bozorgnia et al., 2014), developed for shallow crustal earthquakes in active tectonic 

regions, use VS30 as the site parameter. As part of the NGA-West2 project, Seyhan and 

Stewart (2014) (SS14) derived a semi-empirical VS30-based site amplification model 

based on the NGA-West2 data and simulations. Their model was adopted as the site term 

in the Boore et al. (2014; BSSA14) NGA-West2 GMPE model. In the SS14 model, the 

amplitude and frequency-dependent site effects are defined as a function of VS30, relative 

to a reference site condition. The reference condition is a site for which VS30 = 760 m/s; 

this is the B/C boundary between NEHRP site classes (National Earthquake Hazard 

Reduction Program) (NEHRP, 2000). The SS14 model includes both linear and nonlinear 

site effects. For the linear part of the model, site effects scale linearly with the logarithm 

of VS30 at all frequencies. For the rest of the NGA-West2 GMPE models (Abrahamson et 

al., 2014; Campbell and Bozorgnia, 2014; Chiou and Youngs, 2014; Idriss, 2014), VS30 

was also chosen as the main input parameter for their selected site functional forms. The 

site functional forms may differ slightly from one to another; however in all of the 

western models the linear part of the site response scales linearly with the logarithm of 

                                                 
4
 A version of this section has been published. Hassani, B., and G.M. Atkinson (2016). Applicability of the 

NGA-West2 Site Effects Model for Central and Eastern North America, Bull. Seismol. Soc. Am. 106, In 

press. 
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VS30 in a way that is very similar to the SS14 model. While the use of VS30 as an effective 

predictive variable for site effects has been well-documented for western North America 

(WNA), (e.g Abrahamson et al., 2014; Boore et al., 2014; Campbell and Bozorgnia, 

2014; Chiou and Youngs, 2014; Idriss, 2014) it is not clear if such models apply to sites 

in central and eastern North America (CENA). The typical geological setting in many 

parts of CENA, where site response is often dominated by the fundamental frequency 

(fpeak) of a soil layer overlying a much harder substratum, is much different than that in 

WNA.  

 

Figure ‎4.11: Epicenters of study events and locations of recording stations in central 

and eastern North America (CENA). Dashed line shows the assumed Gulf coast 

boundary (Dreiling et al., 2014), and solid line shows the boundary between East 

and Central regions. 
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Recently, the Pacific Earthquake Engineering Research–Next Generation Attenuation-

East (NGA-East) project published a comprehensive set of GMPE models for CENA, 

intended to be applicable for shallow crustal earthquakes in stable tectonic regions 

(Goulet et al., 2015). For the NGA-East project, VS30 was also selected as the main site 

conditions indicator, to mirror its use in the NGA-West models and also its general use in 

North American building code applications. However, no regional model for how site 

amplification in CENA scales with VS30 has been proposed, due to a lack of empirical 

data to calibrate such a model. Therefore, many of the GMPE modelers used western-

based site effects models to level the observed ground-motion amplitudes in CENA to a 

common reference condition (Hassani and Atkinson, 2015; Pezeshk et al., 2015; 

Shahjouei and Pezeshk, 2015; Yenier and Atkinson, 2015). Some modelers developed 

their own VS30-based functional forms (Al-Noman and Cramer, 2015; Darragh et al., 

2015; Graizer, 2015; Hollenback et al., 2015) using the reported VS30 values of the NGA-

East database (Goulet et al., 2014), and some modelers did not apply any site adjustment, 

instead using a VS30-limited dataset (e.g. such as sites with VS30 ≥ 760 m/s or VS30 ≈ 2000 

m/s) to justify their models (Boore, 2015; Frankel, 2015). 

In the NGA-East database only 6% of the recording stations have measured VS30 values 

(Goulet et al., 2014). Therefore, most of the reported VS30 values in the NGA-East 

database are derived from a weighted average of different proxy-based VS30 estimates; 

these proxies include topographic slope (Wald and Allen, 2007) and a set of surface-

geology proxies (Kottke et al., 2012).  The proxy-based VS30 estimates have large 

assigned uncertainties (0.20 to 0.25 log10 units). Therefore, even the GMPE modelers that 

developed a regional VS30-based site functional form have large uncertainties in the site-

effects component of their prediction models. 

In CENA, VS30 may not be the best choice of site variable, as it may be a poor proxy for 

site response (Castellaro et al., 2008). It was originally developed based on empirical 

observations that show how the amplification of ground motion behaves in California 

(Borcherdt, 1994), where alluvial soils transition gradually to rock as depth increases, 

generally without any clear interface between soil and rock. CENA has been tectonically 

stable over the last several hundred million years, resulting in competent crustal 
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conditions that are generally characterized by high velocities and low attenuation.  Much 

of CENA was glaciated about 10,000 to 13,000 years ago, resulting in many areas in 

which post-glacial soil profiles overlie much harder bedrock (e.g. Murphy and Eaton, 

2005; Dreiling et al., 2014). Typical near-surface velocities for bedrock in CENA are in 

the range from 1800 to 3500 m/s, while post-glacial soils can have near-surface velocities 

<150 m/s (Motazedian et al., 2011). Thus there are many regions in which post-glacial 

soils, which may be shallow or deep, overlie a much harder glaciated bedrock surface, 

providing a sharp impedance contrast and setting up the conditions for strong 

amplification at the fundamental frequency of the site.  

In this study we explore the applicability of empirical site effects models developed for 

WNA for sites in CENA. We adopt the SS14 site effects model (as representative of 

WNA site models). We use the SS14 site model to adjust the NGA-East observed 

ground-motion amplitudes to reference B/C site conditions, using the reported VS30 values 

of the NGA-East database (Goulet et al., 2014). Then, we use the Yenier and Atkinson 

(2015) (hereafter YA15) GMPE model, which was calibrated for the NGA-East database 

with the reference B/C site conditions, to find the residual between the observed and 

predicted ground-motion amplitudes. This measures the effectiveness of the SS14 site 

model, because the YA15 model also used SS14 to adjust the NGA-East amplitudes to 

the B/C reference condition, before model calibration. Specifically, their model 

calibration optimizes the fit of the YA15 GMPE to the site-corrected amplitudes of the 

NGA-East database. Therefore, the residuals of YA15 as a function of unexplored site 

variables, such as the peak frequency of the H/V ratio at a site, reveal trends not 

accounted-for in the VS30 -based site model from WNA that was used in its development.  

By analyzing the residuals of the NGA-East ground motions with respect to the YA15 

GMPE, we determine the residual site terms of the recording stations in CENA (i.e. after 

the SS14 model effects based on VS30  have been removed). We observe significant site 

term residuals that are centered around the site fundamental frequency (fpeak), where the 

site fundamental frequency is determined by the H/V ratios of the NGA-East 5% damped 

pseudoacceleration [PSA] data. This trend persists even if we consider only sites for 

which VS30 has been determined by direct measurement. Finally, we compare the site 
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terms for CENA recording stations with their corresponding horizontal to vertical 

spectral ratios (H/V). This comparison indicates that H/V provides a robust preliminary 

site effects model for CENA recording stations, which may be more applicable than the 

use of VS30 as it is able to reflect the observed fpeak -dependent site term trends. 

 

Figure ‎4.12: Left: Magnitude-distance distribution of study database; data points 

are shown with different symbols for NEHRP (National Earthquake Hazards 

Reduction Program) site classes (A: VS30 > 1500 m/s, B: 760 m/s < VS30 ≤‎1500‎m/s,‎

C: 360 m/s < VS30 ≤‎760‎m/s,‎D:‎180‎m/s < VS30 ≤‎360‎m/s‎and‎E:‎VS30 ≤‎180‎m/s)‎

(NEHRP, 2000). Right: Histogram of number of stations in each of the NEHRP site 

classes. 

4.2.2 Database 

We use the ground-motion data for the events and stations as shown in Figure 4.11. This 

is the same CENA ground-motion database as used by Hassani and Atkinson (2015), 

which was compiled from the NGA-East database (Goulet et al., 2014), supplemented by 

some additional data from Ontario (See Section 4.2.5). The database consists of 

horizontal-component peak ground-motion amplitudes (peak ground acceleration [PGA], 

peak ground velocity [PGV]) and response spectra (5% damped pseudo-spectral 
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acceleration [PSA]) sampled at 16 equally log-spaced frequencies from 0.5 to 15.8 Hz. 

We use events having moment magnitude (M) greater than 3 that were recorded on at 

least three stations with rupture distance Drup ≤ 600 km; we use only those stations that 

recorded at least three such events. We removed recorded ground motions in the Gulf 

Coast region (Figure 4.11) from our database, because of significantly deep sediments in 

this region which cause considerably different attenuation behavior (Electric Power 

Research Institute [EPRI], 2004; Dreiling et al., 2014). 

 

Figure ‎4.13: Within-event residuals (ε) as a function of rupture distance (Drup), 

classified for different magnitude bins and shown for four frequencies (0.5, 1.0, 5.0, 

and 10 Hz). Squares show the average residuals at equally log-spaced distance bins 

and their standard errors. 



103 

 

The distribution of the database in magnitude, distance and site condition is shown in 

Figure 4.12. The selected database consists of 3274 horizontal-component ground-motion 

parameter sets (PGA, PGV and PSA) from 118 events and 361 stations. Note that the 

largest event in the CENA database has M5.8, and we have few observations at close 

distances (≤ 50 km). Therefore, we can assume that the rupture distance (Drup) is 

equivalent to the hypocentral distance. We can also assume that site response effects are 

linear, as the number of records that might potentially include any nonlinear effects is 

negligible.  

Site fundamental frequencies (fpeak) and horizontal to vertical spectral ratios (H/V) were 

extracted from Hassani and Atkinson (2016a), in which we used 5% damped PSA spectra 

of the NGA-East database to calculate H/V spectral ratios and determine the site 

fundamental frequencies (fpeak) for the recording stations in CENA. H/V spectral ratios 

are available for 353 of the stations (i.e.  there are 353 stations that have the required 

minimum of three recordings), of which fpeak values are clearly observed for 192 stations. 

4.2.3 Determination of residual site terms 

We determine residual site terms by analysing the residuals calculated from the observed 

ground-motion amplitudes with respect to the corresponding predictions from a selected 

GMPE model. We first use the Seyhan and Stewart (2014) site effects model (SS14) to 

adjust all observed ground-motion amplitudes to the equivalent amplitudes for B/C site 

conditions (the reference condition), using the assigned VS30 value in the NGA-East 

database for each record (Goulet et al., 2014). The predicted ground-motion amplitudes 

for each record are calculated using the Yenier and Atkinson (2015) generic GMPE 

model (YA15) for the same reference B/C site conditions. The YA15 model is 

particularly suitable because it is a robust simulation-based generic GMPE that has been 

calibrated to match the NGA-East database, using the same SS14 site effects model. We 

already know that the YA15 model is free of residual trends in magnitude, distance and 

VS30 (Yenier and Atkinson, 2015). Thus we can use residuals with respect to this model to 

look for trends in other variables not included in the model. Specifically, we search for 

residual site effects that were not accommodated by the use of VS30 as a site effects 

predictive variable. We define the residuals as: 
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log(𝑟𝑒𝑖𝑗,𝐵/𝐶) = log(𝑜𝑏𝑠𝑖𝑗, 𝐵/𝐶) − log(𝑝𝑟𝑒𝑖𝑗, 𝐵/𝐶), (4.12) 

where 𝑟𝑒𝑖𝑗,𝐵/𝐶 is the residual estimated for event i at station j, 𝑜𝑏𝑠𝑖𝑗,𝐵/𝐶  is the observed 

ground-motion parameter adjusted for B/C site conditions using the SS14 site 

amplification model, and 𝑝𝑟𝑒𝑖𝑗,𝐵/𝐶 is the YA15 predicted ground-motion parameter for 

B/C site conditions for the corresponding record. We calculate the residuals for PSA at 

0.5 Hz to 15.8 Hz in 16 equally log-spaced frequencies. The residuals obtained from 

Equation (4.12) can be written as: 

log (𝑟𝑒𝑖𝑗, 𝐵/𝐶) = 𝑆𝑗 + 𝜂𝑖 + 𝜀𝑖𝑗, (4.13) 

where 𝑆𝑗 is the site term for site j (relative to the reference B/C site conditions) after 

removing the site effects using the SS14 site amplification model, 𝜂𝑖 is the random event 

term for event i, and 𝜀𝑖𝑗 represents the within-event residual term for station j recorded at 

event i. We apply a mixed effect regression of residuals according to (Abrahamson and 

Youngs, 1992) to solve Equation (4.13) and perform an iterative regression to maximize 

the likelihood of the equation. The error terms (𝜂𝑖 and 𝜀𝑖𝑗) are normally distributed (in 

log10 units) and have standard deviations τ and φ, respectively. The total standard 

deviation (σ) is: 

𝜎 =√𝜏2 + 𝜑2, (4.14) 

Figure 4.13 shows the within-event residuals (ε) as function of distance (Drup). The 

residuals are classified for different magnitude bins. The residuals do not show any 

apparent distance or magnitude dependency, and the average residual values attain a zero 

value at all distance bins, indicating good agreement between the model and the data. 

This is as we would expect because the YA15 model was calibrated to the NGA-East 

database. The only exception is at near distances (Drup < 30 km) at low frequencies (f < 1 

Hz), where the YA15 model underestimates the sparse amplitude data on average by ~ 

0.1 log10 units (~ 25%).  
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Figure ‎4.14: Between-event residuals (η) as a function of moment magnitude (M), 

classified for different depth (d) bins. Squares show the average residuals at equally-

spaced magnitude bins and their standard errors. 

In Figure 4.14, the between-event residuals η are plotted as a function of moment 

magnitude (M) and classified for different depth bins. The overall behavior of the 

residuals at all frequencies is again satisfactory, as we would expect. However we note 

that at 0.5 Hz for small magnitude events (M ≤ 3.5) there is a tendency to higher average 

residuals for shallow events (depth ≤ 10 km), though observations are sparse. From the 

foregoing, we conclude that the YA15 GMPE is predicting the database well with respect 

to the modeled parameters. However, it may also be noted that the variability is high. The 

value of σ is in the range of 0.34 to 0.39 log10 units for 0.5 Hz ≤ f ≤ 15 Hz. Atkinson et al. 
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(2015) found smaller σ values (0.21 to 0.25 log10 units) when they used only data in 

southern Ontario and removed the regional site effects as obtained from inversion. 

Atkinson (2013) also found smaller σ values when using only the data in the Charlevoix 

seismic zone, recorded on hard rock sites. The large σ observed here can include the 

effects of a number of factors, such as use of a broader region like CENA instead of a 

confined database (e.g. southern Ontario or Charlevoix seismic zone).  

 

Figure ‎4.15: Residual site terms (S) plotted versus their corresponding fundamental 

frequencies (fpeak), and classified for Central and East regions (as shown in Figure 

4.11). Plus signs shows the sites with measured VS30 values (Goulet et al., 2014). 

Squares show the residual site term averages in equally log-spaced fpeak bins and 

their standard errors. Dashed line shows average value of total site terms, as 

obtained when no site adjustment was applied to the observed data (no SS14 site 

adjustment). 
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Another important factor in the large variability is the way that we define site effects for 

the study sites. We hypothesize that much of the variability is attributable to site effects 

that are not well-modeled using the SS14 site model in VS30. To explore this hypothesis, 

we use Equation (4.13) to calculate average residual site terms for each station in the 

database having at least three recordings; these site terms contain any site effects that 

were not already removed by the SS14 site effects model. Figure 4.15 plots these residual 

site terms as a function of site fundamental frequency (fpeak). The site fundamental 

frequencies were extracted from Hassani and Atkinson (2016a). We observe that there is 

a significant dependence of the residual site terms on fpeak, which represents an additional 

site effect not handled by the assumed SS14 model in VS30. Sites in the East region (see 

Figure 4.11) mostly have high fpeak values (fpeak > 5 Hz), implying shallow sediments over 

a harder layer, while sites in the Central region mostly have low to intermediate fpeak 

values ( 0.1 Hz< fpeak < 5 Hz), implying deeper sediments. We observe the maximum 

residual site terms values near fpeak ≈ f, implying that there is a dominant site fundamental 

frequency effect in the observed residual site terms. The maximum value of the residual 

site amplification is approximately 0.3 log10 units on average (a factor of two) for 

frequencies between 0.5 to 15.8 Hz. Thus the unmodeled site effects in CENA around the 

predominant frequency are very significant. 

To see how the accuracy of VS30 estimates may affect the fpeak-dependent site terms, we 

also plot the residual site terms considering just those sites with measured VS30 values 

reported in the NGA-East database (Goulet et al., 2014). As shown on Figure 4.15, sites 

with measured VS30 values also show significant fpeak-dependent site terms at various 

frequencies; however, the number of sites with measured VS30 values is limited (41 

stations).  

It is also interesting to see the trend of the determined site terms versus fpeak, without 

applying any site effects adjustment to the observed data. In order to do that, we 

recalculate the residuals in Equation (4.12) without applying the SS14 (or any other) site 

correction factors [e.g. log (reij) = log (obsij) – log (preij, B/C)], and use Equation (4.13) to 

determine the total site terms relative to the predictions for B/C. These total site terms are 

also shown in Figure 4.15. As we would expect, the total site terms are higher than the 
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residual site terms, indicating that using the western site effects model is better than no 

site adjustment at all. At lower frequencies (f < 1 Hz), the SS14 site effects model handles 

the CENA site effects relatively well, accounting for much of the observed total 

amplification relative to B/C. At higher frequencies the SS14 model accounts for very 

little of the observed amplification, leaving behind a large residual fpeak -dependent site 

term. The likely explanation is that site terms at low frequencies are controlled by deeper, 

more gradational soil profiles compared to site terms at high frequencies. The most 

important differences in soil profiles between WNA and CENA are that shallow-to-

intermediate depth deposits are often underlain by a harder substratum, leading to 

significant amplification peaks that are particularly apparent at high frequencies. 

 

Figure ‎4.16: Average total site terms (no site adjustment) (solid lines), average H/V 

spectral ratios extracted from Hassani and Atkinson (2016b) (circles), and average 

SS14 site effects model calculated using the reported VS30 values reported from the 

NGA-East database (squares). Amplifications are plotted as a function of site 

fundamental frequency (fpeak) for the sites in the database. 
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From Figure 4.15, it can be noted that ground-motion variability increases at higher 

frequencies (≥ 5 Hz). This could be partly due to regional attenuation differences carried 

within the NGA-East database, which may map into the site terms and increase the data 

scatter. For instance, Atkinson et al. (2015) found lower regional anelastic attenuation 

when they only used the southern Ontario ground-motion database, in comparison to the 

corresponding  attenuation obtained for the whole NGA-East database (Yenier and 

Atkinson, 2015). Moreover, there are many stations near the Gulf Coast boundary, which 

could be partly affected by the high attenuation of the Gulf Coast zone. These effects are 

more apparent at higher frequencies (≥ 5 Hz) and can result in negative residual site 

terms (e.g. some of the sites with 1 Hz ≤ fpeak ≤ 2 Hz have negative residuals at higher 

frequencies). 

The obvious dependence of the site amplification terms on peak frequency motivates us 

to consider the use of the H/V ratio as a site variable. The main assumption of this 

method is that horizontal-component ground motions are amplified around the 

fundamental frequency of a site, while the vertical-component of ground motion 

experiences relatively little net amplification (Nakamura, 1989; Lermo and Chávez-

García, 1993). Therefore, the H/V ratio provides a good estimate of the dominant 

frequency and corresponding amplification of the site. Hassani and Atkinson (2016b) 

calculated the H/V spectral ratios for the NGA-East recording stations using the PSA 

database. Here, we compare these H/V response spectral ratios with the total site terms 

relative to B/C, as determined from this study. Figure 4.16 shows the comparison 

between the average total site terms obtained from Equation (4.13) (no site corrections 

applied to data), the average H/V spectral ratios, and also the average of site terms 

predicted by the SS14 site effects model, based on the reported VS30 values from the 

NGA-East database. There is excellent agreement between the average total site terms 

from Equation (4.13) and the average H/V spectral ratios, indicating that H/V is a good 

predictor of the observed fpeak-dependent site term trends at all frequencies. At some 

frequencies the H/V method tends to slightly overpredict the amplitude of the observed 

site terms. This might be because the total site terms obtained from Equation (4.13) are 

relative to B/C site conditions, while the H/V spectral ratio is reflecting the total 

amplification from a firmer underlying basement condition. By contrast, we note that the 
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SS14 site correction terms tend to follow the observed fpeak dependent site terms trends at 

low frequencies (up to 1 Hz), although slightly underpredicting the site terms around f ≈ 

fpeak. . At higher frequencies (e.g. near 5 Hz) the SS14 site effects model does not track 

the observed fpeak -dependent site term trends at all, and underpredicts the site terms by as 

much as 0.45 log10 units (e.g. by a factor of three) around f ≈ fpeak.  

 

Figure ‎4.17: Total site terms (no site adjustment) are plotted versus SS14 site effect 

terms as obtained using the reported VS30 values from the NGA-East database 

(circles). Correlation coefficients are also shown for the selected frequencies. 
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To investigate the site terms in more detail, the correlation between the total site terms of 

Equation (4.13) (no site adjustment), and the estimates of the SS14 site effects model 

using the reported VS30 values of NGA-East database are plotted in Figure 4.17 for 

several frequencies; the corresponding correlation coefficients (r) are also shown. As we 

observe here, the correlation coefficient degrades as we move toward higher frequencies 

due to increased data scatter. At low frequencies (f ≤ 1 Hz), site terms in CENA can be 

modelled fairly effectively by VS30 , though  with significant scatter. At higher 

frequencies, site terms cannot be properly modelled using VS30 because of very large 

scatter, and the correlation coefficient (r) drops significantly. This implies that VS30 is not 

a good site indicator for CENA for frequencies f > 1 Hz, where the largest site terms will 

be observed at f ≈ fpeak. 

Figure 4.18 shows the correlation between the total site terms from Equation (4.13) (no 

site adjustment) and the corresponding H/V spectral ratios. It can be seen that there is a 

good correlation between the observed site terms and estimates of H/V spectral ratios. 

The data scatter still increases with increasing frequency; however, the scatter is 

significantly smaller than that obtained using the SS14 site amplification model (Figure 

4.17). The increase in the data scatter at higher frequencies could be due to regional 

attenuation differences in the NGA-East database as discussed earlier.  

 Finally, in Figure 4.19 we compare the correlation coefficients obtained using the SS14 

site effects model based on VS30 as a site predictor variable to those based on using the 

H/V spectral ratio as a site predictor variable. For the SS14 site effects model, the 

correlation coefficient starts to drop rapidly for frequencies greater than 1 Hz, becoming 

as low as ~ 0.2 at 10 Hz. For the H/V spectral ratio site effects model, the correlation 

coefficient is ~0.7 for frequencies up to 5 Hz, and starts to drop at higher frequencies as 

the scatter in the data increases. However, at all frequencies the correlation coefficients 

achieved using H/V spectral ratios to estimate site response are significantly better than 

the equivalent values obtained using the VS30-based model. This indicates that in the 

absence of a well-calibrated regional site effects model for CENA based on VS30, H/V 

spectral ratios can be used to provide a site effects model which is able to properly reflect 

the observed fpeak-dependent site terms for CENA recording stations. Such a model 
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renders the NGA-East database more useful, in that it enables site effects to be more 

effectively removed in GMPE modeling, thus allowing a reduction in aleatory variability. 

 

Figure ‎4.18: Total site terms (no site adjustment) are plotted versus the amplitude of 

the H/V spectral ratio, for four selected frequencies. Correlation coefficients are also 

shown. 
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Figure ‎4.19: Correlation coefficients between the observed total site terms (no site 

adjustment) and a selected site effects model are plotted for two cases: 1) using the 

SS14 site effects model (triangles), and 2) using a site effects model based on the H/V 

spectral ratio (dashed line). 

4.2.4 Conclusion 

In the absence of a regional site effects model in VS30 developed specifically for CENA, 

GMPE developers tend to use generic site effect models from data-rich regions like 

WNA. However, the applicability of such VS30–based models to sites in CENA appears to 

be marginal. In this study, we have shown that WNA VS30-based models, such as those 

used in the NGA-West2 project, underpredict the observed site terms for CENA 

recording stations at frequencies around f ≈ fpeak by a factor of about two. We find that at 

low frequencies (f < 1 Hz), CENA site terms can be modeled by VS30; however at higher 

frequencies the CENA site amplifications do not correlate with VS30. By contrast, H/V 

spectral ratios are an effective site amplification predictive variable for CENA recording 

stations, properly matching the observed fpeak-dependant site terms. The results of this 
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study show the necessity of developing a well-calibrated regional site effects model for 

CENA, which should include an estimate of the dominant frequency of a site as well as 

an estimate of its stiffness. 

4.2.5 Data and Resources 

The ground-motion database of this study is the same as the database developed by 

Hassani and Atkinson (2015). In summary, most of the data in their database were 

extracted from the NGA-East database (Goulet et al., 2014) which were already 

processed and include PGA, PGV and PSA for the rotation-angle independent geometric 

average of horizontal ground-motion amplitudes (RotD50) (Boore, 2010). The rest of the 

processed data were obtained from the Engineering Seismology Toolbox website, which 

includes three-component processed ground-motion parameters (www.seismotoolbox.ca; 

last accessed December 2013). The unprocessed data were either obtained from the 

Automatic Data Request Manager Facility (AutoDRM) of the Geological Survey of 

Canada (autodrm@seismo.nrcan.gc.ca; last contacted December 2013) or the AutoDRM 

of the Incorporated Research Institutions for Seismology 

(breq_fast@iris.washington.edu, last contacted December 2013). The processing of the 

unprocessed data was as described by (Assatourians and Atkinson, 2010). For the 

unprocessed data and the data extracted from Engineering Seismology Toolbox website, 

the geometric mean of the horizontal components was used, which is approximately 

equivalent to RotD50. We used MATLAB for all of the regressions 

(www.mathworks.com, last contacted November 2015), and we used CoPlot for making 

the figures (www.cohort.com, last contacted November 2015). 
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Chapter 5 

5 Site effects model for central and eastern North 
America based on peak frequency5 

In the last chapter we showed the inadequacy of the western site-effects models which are 

VS30-based (time-averaged shear-wave velocity in the upper 30 m) when applied to sites 

in central and eastern North America (CENA). We also showed the importance of the site 

fundamental frequency (fpeak) as a site indicator for sites in CENA. In this chapter, we 

develop a regional site-effects model for CENA based on an analysis of the residuals of 

observed ground-motion parameters relative to two regional ground-motion prediction 

equations (GMPEs): one model has a hard-rock (site class A) reference site condition 

while the other is referenced to B/C boundary site condition (site classification of 

National Earthquake Hazard Reduction Program). We derive an fpeak-based site 

amplification model with respect to B/C and hard-rock reference site conditions. 

Implementing the fpeak-based model, we reduce random variability in amplitudes (sigma) 

by 10% on average, for a selected database from the Next Generation Attenuations-East 

(NGA-East) Project, relative to the value obtained when using a generic site effects 

model parameterized by VS30. 

5.1 Introduction 

Ground-motion prediction equations (GMPEs) are a widely-used tool in seismic hazard 

analysis. GMPEs describe ground-motion amplitudes as a function of explanatory 

variables characterizing the effects of source, path and site. An important issue in GMPE 

development is the definition of a site effects model that will capture the salient effects of 

the surficial geology and topography, using very limited site-specific information. 

Common site parameters  in modern empirical GMPE models include site fundamental 

frequency (fpeak) (e.g. Zhao et al., 2006b) and time-averaged shear-wave velocity in the 

upper 30 m (VS30) (e.g. Boore et al., 2014). VS30 is currently the most prevalent site 

                                                 
5
 A version of this chapter has been submitted for publication. Hassani, B., and G.M. Atkinson (2016). Site 

Effects Model for Central and Eastern North America Based on Peak Frequency, Bull. Seismol. Soc. Am. 

Submitted. 
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parameter in GMPE models; it provides a good index of the site stiffness that can be 

obtained by a site-specific study or estimated using a proxy such as topographic slope 

(Wald and Allen, 2007). However, the uncertainty in the GMPE model is affected by the 

use of a single-index parameter to describe a range of geological conditions; that 

uncertainty is compounded when the value of the index parameter is estimated based on a 

proxy. 

An example of recent empirical GMPEs which use VS30 as the site indicator is the set of 

Next Generation Attenuation-West (NGA-West2) models (e.g Abrahamson et al., 2014; 

Boore et al., 2014; Campbell and Bozorgnia, 2014; Chiou and Youngs, 2014; Idriss, 

2014), developed for shallow crustal earthquakes in active tectonic regions (Bozorgnia et 

al., 2014). In all of the NGA-West2 models the linear component of the site response 

scales with the logarithm of VS30. Another example of recent empirical GMPEs which use 

VS30 as the site indicator is the Next Generation Attenuation-East (NGA-East) project 

which produced a set of GMPE models applicable for shallow crustal earthquakes in 

stable tectonic regions, specifically central and eastern North America (CENA) (Goulet et 

al., 2015). In the absence of a well-calibrated regional site effects model for CENA, many 

of the NGA-East GMPE modelers used a western-based site effects model based on VS30, 

such as that of Seyhan and Stewart (2014), to level the observed ground-motion 

amplitudes in CENA to a common reference site condition (e.g.(Hassani and Atkinson, 

2015; Pezeshk et al., 2015; Shahjouei and Pezeshk, 2015; Yenier and Atkinson, 2015). 

However, it is not clear if the assumed site response model is applicable to CENA. VS30-

based site amplification models were originally developed based on empirical 

observations that show how the amplification of ground motion behaves in California 

(Borcherdt, 1994), where the crust has been recently shaped by active tectonism, and 

where alluvial soils transition gradually to rock as depth increases, often without any 

sharp interface between soil and rock.  

There are numerous studies which have questioned the applicability of VS30 as an 

appropriate site condition indicator (e.g. Castellaro et al., 2008; Kokusho and Sato, 2008), 

especially for: (i) sediments deeper than 30 m; (ii) shallow sediments overlying a much 

harder layer, which results in resonant response in the intermediate-to-high frequency 
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band; and (iii) sites with complex geology or topography. The most-commonly proposed 

alternative site variables are those that take account of sediment thickness, either directly 

or through the site fundamental frequency (fpeak; inversely related to the sediment 

thickness) (e.g Rodriguez-Marek et al., 2001; Cadet et al., 2010). Zhao et al. (2006a) used 

horizontal-to-vertical spectral ratios to classify sites in Japan. Fukushima et al. (2007) 

used the same scheme for a database composed mainly form European earthquakes. In 

another study, Di Alessandro et al. (2012) modified the site classification of Zhao et al. 

(2006a) to characterize sites in Italy. A more detailed classification scheme was recently 

proposed by Pitilakis et al., (2012, 2013) which uses geotechnical parameters such as 

standard penetration test blow count, plasticity index and undrained shear strength, in 

combination with site fundamental frequency, sediment thickness and average shear-

wave velocity, in deriving normalized response spectra for different site classes.  

CENA has been tectonically stable over the last several hundred million years, resulting 

in competent crustal conditions that are generally characterized by high velocities and 

low attenuation. There are many regions in which post-glacial soils, which may be 

shallow or deep, overlie a much harder glaciated bedrock surface, providing a sharp 

impedance contrast and setting up the conditions for strong amplification at the 

fundamental frequency of the site. Moreover, in the NGA-East database only 6% of the 

recording stations have measured VS30 values (Goulet et al., 2014). Over 90% of the 

reported VS30 values are derived from proxy-based estimates such as topographic slope 

(Wald and Allen, 2007) and surface-geology (Kottke et al., 2012), carrying with them 

large estimation uncertainties (0.20 to 0.25 log10 units) (Goulet et al., 2014). Thus even 

an appropriate regional VS30-based model would potentially transfer the large 

measurement uncertainties in VS30 into GMPE uncertainties.  

Hassani and Atkinson (2016b) explored this issue by using the NGA-East database to 

plot residual site terms, relative to a CENA GMPE as given for B/C site condition, as a 

function of the site fundamental frequencies (fpeak). (Note: B/C is a NEHRP [National 

Earthquake Hazard Reduction Program, 2000] site condition given by VS30 = 760 m/s). 

They observed significant residual trends in fpeak at all frequencies. The residual site terms 

can be as large as 0.45 in log10 units of amplitude (nearly a factor of 3) around f ≈ fpeak. 
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This demonstrates the importance of fpeak as a site indicator for recording stations in 

CENA, and provided the motivation for the current study. 

In this study, we develop fpeak-based site amplification models for CENA based on the 

analysis of residuals obtained relative to two CENA GMPE models. The first GMPE 

model is the Yenier and Atkinson (2015) (YA15) model developed for B/C site condition 

in CENA. YA15 is a simulation-based generic GMPE that has been calibrated to match 

the NGA-East database, after first using the Seyhan and Stewart (2014) (SS14) site 

effects model to level all amplitudes to B/C site condition (and thus implicitly assuming 

that the SS14 model is applicable to CENA). The second model is the Atkinson et al. 

(2015) GMPE model developed for hard-rock site condition (NEHRP site class A, with 

VS30 > 1500 m/s) in the region covered by the southern Ontario seismographic network 

(SOSN). The Atkinson et al. (2015) (SOSN) model is likewise a simulation-based GMPE 

model, and has the same magnitude scaling and geometrical spreading terms as the YA15 

model. 
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Figure ‎5.1: Epicenters of study events and locations of recording stations in the 

region. Dashed line represents the assumed Gulf coast boundary (Dreiling et al., 

2014), and solid line shows the boundary between East and Central regions. 

The key difference is that in the SOSN model, to adjust the observed amplitudes to the 

reference hard-rock site conditions that are typical of seismograph sites in eastern 

Canada, the site terms for non-rock sites were determined empirically, using the 

generalized inversion scheme proposed by Andrews (1986) (Atkinson et al., 2015). We 

know from these previous studies that both models are calibrated to match the empirical 

data, and will therefore have no significant residual trends in magnitude and distance 

(Atkinson et al., 2015; Yenier and Atkinson, 2015). The substantive difference between 

the two models is the different reference site condition (B/C versus hard-rock) (Atkinson 

et al., 2015; Yenier and Atkinson, 2015). What we wish to explore are the behavior of the 

residuals with respect to site effect variables not included in the models, specifically fpeak . 

Therefore, we analyze the residuals obtained relative to the two GMPE models (SOSN 
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and YA15) as a function of fpeak. For the SOSN GMPE, the identified residual trends 

represent unmodeled site amplification effects with respect to the reference hard-rock site 

condition. For the YA15 model the residual trends are referenced to B/C site conditions. 

 

Figure ‎5.2: (a): Magnitude-distance distribution of study database; data points are 

shown with different symbols for NEHRP (National Earthquake Hazards Reduction 

Program) site classes (A: VS30 > 1500 m/s, B: 760 m/s < VS30 ≤‎1500‎m/s,‎C:‎360‎m/s‎<‎

VS30 ≤‎760‎m/s,‎D:‎180‎m/s‎<‎VS30 ≤‎360‎m/s‎and‎E:‎VS30 ≤‎180‎m/s)‎(NEHRP, 2000): 

Histogram of number of stations in each of the NEHRP site classes. 

5.2 Database 

The ground-motion database of this study is the same as that used by Hassani and 

Atkinson (2015). In summary, most of the data comes from the NGA-East database 

(Goulet et al., 2014), which is supplemented by additional data from southern Ontario 

(See Section 5.5). The database includes horizontal-component peak ground-motion 

amplitudes (peak ground acceleration [PGA], peak ground velocity [PGV]) and response 

spectra (5% damped pseudoacceleration [PSA]) sampled at 16 equally log-spaced 

frequencies from 0.5 to 15.8 Hz. We use events having moment magnitude (M) greater 
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than 3 that were recorded on at least three stations with rupture distance Drup ≤ 600 km; 

we use only those stations that recorded at least three such events. Figure 5.1 is a map 

showing the locations of the events and stations in CENA. We excluded the Gulf Coast 

region (Figure 5.1) because of known deep sediments in this region which cause 

considerably different attenuation behavior (Electric Power Research Institute [EPRI], 

2004; Dreiling et al., 2014). The database includes 3274 horizontal-component ground-

motion parameter sets (PGA, PGV and PSA) from 118 events and 361 stations. Figure 

5.2 shows the distribution of the database in magnitude-distance space, and by site class. 

The largest events in the CENA database have M < 6, and there are few observations at 

close distances (≤ 50 km). Therefore, we can assume that the rupture distance (Drup) is 

equivalent to the hypocentral distance. We can also assume that site response effects are 

linear, as the number of records that might potentially include significant nonlinear 

effects is negligible. 

Site fundamental frequencies (fpeak) and horizontal to vertical spectral ratios (H/V) were 

extracted from Hassani and Atkinson (2016a), who calculated these parameters from the 

same CENA  response spectra database used in this study; thus the H/V ratios are for 

response spectra (not Fourier spectra). H/V spectral ratios are available for 353 of the 

stations (i.e. there are 353 stations that have the required minimum of three recordings), 

of which fpeak values are clearly observed for 192 stations. 
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Figure ‎5.3: Within-event residuals (ε) as a function of rupture distance (Drup) 

determined using the YA15 GMPE model (Yenier and Atkinson, 2015), classified 

for different magnitude bins and shown for four frequencies (0.5, 1.0, 5.0, and 10 

Hz). Squares show the average residuals at equally log-spaced distance bins and 

their standard errors. 

 

5.3 Determination of site terms 

Site terms are determined for each station by analysing the residuals calculated from the 

observed ground-motion amplitudes with respect to the corresponding predictions from 

the two GMPE models. The predicted ground-motion amplitudes are obtained using the 
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Yenier and Atkinson (2015) GMPE model (YA15) for B/C reference site condition, and 

using the Atkinson et al. (2015) GMPE model (SOSN) for hard-rock site conditions (~ 

site class A). We define the residuals as: 

log(𝑟𝑒𝑖𝑗) = log(𝑜𝑏𝑠𝑖𝑗) − log(𝑝𝑟𝑒𝑖𝑗), (5.1) 

where 𝑟𝑒𝑖𝑗 is the residual estimated for event i at station j relative to either the YA15 or 

SOSN GMPE model, 𝑜𝑏𝑠𝑖𝑗 is the observed ground-motion parameter, and 𝑝𝑟𝑒𝑖𝑗 is the 

predicted ground-motion amplitude (by either YA15 or SOSN) for the corresponding 

record. We calculate the residuals for each of the ground-motion parameters (PGA, PGV, 

and PSA at different frequencies). The residuals obtained from Equation (5.1) can be 

written as: 

log (𝑟𝑒𝑖𝑗) = 𝑆𝑗 + 𝜂𝑖 + 𝜀𝑖𝑗, (5.2) 

where 𝑆𝑗 is the site term for site j with respect to the reference site condition of the YA15 

GMPE model (B/C site condition) or SOSN GMPE model (~ site class A), 𝜂𝑖 is the 

random event term for event i, and 𝜀𝑖𝑗 represents the within-event residual term for 

station j recorded at event i. To solve Equation (5.2), we apply a mixed effect regression 

of residuals according to Abrahamson and Youngs (1992) to find the variability 

parameters and the site terms for each of the GMPE models. 

Figure 5.3 shows the within-event residuals (ε) as function of distance (Drup) for the 

residuals calculated relative to YA15 GMPE model. The residuals are classified for 

different magnitude bins. The residuals do not show any apparent distance or magnitude 

dependency, and the average residual values attain a zero value at all distance bins, 

indicating good agreement between the model and the data. This is as we would expect 

because the YA15 model was calibrated to the observed data. The only exception is at 

near distances (Drup < 30 km) at low frequencies (f < 1 Hz), where the YA15 model 

underestimates the sparse amplitude data on average by ~ 0.1 log10 units (~ 25%).  
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Figure ‎5.4: Between-event residuals (η) as a function of moment magnitude (M) 

determined using the YA15 GMPE model (Yenier and Atkinson, 2015), classified 

for different depth (d) bins. Squares show the average residuals at equally-spaced 

magnitude bins and their standard errors. 

 

Figure 5.4 shows the between-event residuals η plotted as a function of moment 

magnitude (M) and classified for different depth bins for the YA15 GMPE model. The 

overall behavior of the residuals at all frequencies is satisfactory. However, we note that 

at 0.5 Hz for small magnitude events (M ≤ 3.5) there is a tendency to higher average 

residuals for shallow events (depth ≤ 10 km), though observations are sparse. For the 

SOSN GMPE model we also observe no apparent magnitude and distance dependency in 
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the  within-event (ε) and between-event (η) residual terms, and the residual trends are 

well-behaved (not shown here; see Atkinson et al., 2015). As expected, the residuals 

suggest that the YA15 and SOSN GMPE models are well-calibrated, in that the assumed 

magnitude-scaling and attenuation functions are consistent with the observed ground-

motion data in CENA. 

 

Figure ‎5.5: Site terms with respect to B/C reference site condition determined using 

the YA15 GMPE model (Yenier and Atkinson, 2015) (SYA15) plotted versus their 

corresponding fundamental frequencies (fpeak), and classified for Central and East 

regions (as shown in Figure 5.1). Squares show the site term averages in equally log-

spaced fpeak bins and their standard errors. Dashed lines show the fpeak -dependent 

site term model as given by Equation (5.3). 

Figure 5.5 shows the site terms with respect to the B/C reference site condition that are 

obtained by plotting the residuals of the YA15 GMPE model (𝑆𝑌𝐴15, Equation 5.2) as a 

function of site fundamental frequency (fpeak); the site term model developed in the 

following section is also shown. The site terms have been averaged in equally log-spaced 

fpeak bins. Site terms are plotted with different symbols for East and Central regions 
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(Figure 5.1) to investigate any regional dependency. Sites in the Central region mostly 

have low to intermediate fpeak values (0.1 Hz< fpeak < 5 Hz), representing deep sediments, 

while sites in the East region mostly have intermediate to high fpeak values (fpeak > 5 Hz), 

representing shallow sediments. However, the overall fpeak-dependent trends are the same 

for both regions. As seen in the figure, the average of the site terms is almost constant for 

sites with fpeak ≤ 0.5 Hz (very deep sediments), except at f = 0.5 Hz, for which the data are 

sparse. Site terms increase with increasing fpeak values, reaching the maximum value at 

fpeak ≈ f ; the peak amplification is approximately 0.5 in log10 units. Site terms decrease as 

we move away from fpeak ≈ f, levelling off for sites with fpeak ≥ 20 Hz (very shallow 

sediments). The observed trend implies that there is a dominant site fundamental 

frequency effect in the observed site terms at all frequencies, which was not captured by 

levelling the observations to B/C reference site conditions. It can also be noted that the 

scatter in the site terms increases at higher frequencies. This may reflect regional 

attenuation differences in the NGA-East database which have been mapped into the site 

terms. For instance, ground motions recorded in southern Ontario exhibit slightly lower 

anelastic attenuation compared to the rest of the NGA-East database (Atkinson et al., 

2015), which is more apparent at higher frequencies (≥ 5 Hz). Moreover, there are many 

stations near the Gulf Coast boundary which may be partly affected by the high 

attenuation of the Gulf Coast region, and this effect could be mapped into the 

corresponding site terms at higher frequencies (≥ 5 Hz). Another explanantion for the 

observed scatter at higher frequeines could be that the wavefield is significantly affected 

by small-scale heterogeneities within the crust. Thus overall the scatter of the observed 

ground-motion amplitudes at higher frequencies tends to be relatively large. 

 

Figure 5.6 shows the site terms with respect to hard-rock site condition (~site class A) as 

obtained by analyzing the residuals relative to the SOSN GMPE model (𝑆𝑆𝑂𝑆𝑁, Equation 

5.2) as a function of site fundamental frequency (fpeak). The fpeak dependent trend of the 

site terms follows that observed for the YA15 GMPE model (Figure 5.5). However, the 

amplitudes of the site terms are different, because the reference site condition of the two 

GMPE models are different (hard-rock vs. B/C reference site condition). Relative to the 
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hard-rock SOSN model, site terms are almost constant for sites with fpeak ≤ 0.5 Hz, they 

increase to their maximum value at fpeak ≈ f, then they decrease at higher fpeak values, 

levelling off for sites with fpeak ≥ 20 Hz.  

 

Figure ‎5.6: Site terms with respect to hard-rock reference site condition (~site class 

A) determined using the SOSN GMPE model (Atkinson et al., 2015) (SSOSN) plotted 

versus their corresponding fundamental frequencies (fpeak), and classified for 

Central and East regions (as shown in Figure 5.1). Squares show the site term 

averages in equally log-spaced fpeak bins and their standard errors. Dashed lines 

show the fpeak-dependent site term model as given by Equation (5.3). 

To shed more light on the  site terms, we calculate the difference between the individual 

site terms with respect to hard-rock (site class A) as obtained using the SOSN GMPE 

model from Equation (5.2), and the corresponding individual site terms with respect to 

B/C reference site condition as obtained using the YA15 GMPE model (SSOSN - SYA15). 

This difference is equivalent to the ratio of the YA15 predicted ground-motion amplitude 

for B/C reference site conditions to the corresponding SOSN predicted ground-motion 

amplitude for hard-rock site conditions [e.g. 𝑙𝑜𝑔10 (𝑝𝑟𝑒𝑌𝐴15/𝑝𝑟𝑒𝑆𝑂𝑆𝑁)] and thus is a 
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measure of the average amplification of B/C sites in CENA relative to hard-rock sites. 

The individual site term differences, as well as their frequency-binned averages and the 

smoothed averages (using a weighted 5-point moving average function), are shown in 

Figure 5.7. We also show the conversion factors proposed by Boore (2015) for adjusting 

the ground-motion amplitudes for different reference site conditions in CENA. Boore 

(2015) (B15) calculated the expected value of the adjustment factors needed to convert 

ground-motion amplitudes at sites with VS30 = 760 m/s and VS30 = 2000 to equivalent 

values for sites with VS30 = 3000 m/s (very hard rock), using the ratios of the simulated 

ground-motion amplitudes for the selected reference site condition; the simulations 

included the amplification through a typical shear-wave velocity profile specified for 

each reference condition. There is good overall consistency between the conversion 

factors obtained here (CSOSN/YA15) and their expected values based on Boore’s simulations 

assuming near-surface attenuation of 𝜅0= 0.03 s (using the Atkinson (2004) attenuation 

model). We note that the 𝜅0 for the reference site condition of the SOSN GMPE (hard-

rock) is close to the value assumed by Boore (2015) (𝜅0 = 0.006 )for hard-rock, while 

the assumed 𝜅0 for the YA15 GMPE model is 0.025 s. Therefore the comparison with 

Boore’s simulations for 𝜅0= 0.03 s is appropriate. The observed discrepancies may reflect 

differences in the shear wave velocity profiles assumed in the simulations and those 

assumed for the selected GMPE models of this study (SOSN and YA15). 

The apparently-strong influence of fpeak on the site terms motivates us to use the 

horizontal-to-vertical component response spectral ratio (H/V) as a site term index 

variable. The implicit assumption of this method is that the horizontal components of 

ground motions are amplified around the fundamental frequency of a site, while the 

vertical-component of ground motion experiences much less amplification (Nakamura, 

1989; Lermo and Chávez-García, 1993). Therefore, the H/V ratio provides a good 

estimate of the dominant frequency and expected amplification of the site.  We focus on 

the H/V from response spectra for simplicity and expediency, because our ultimate goal 

involves modeling ground motion in the response spectral domain. We use fpeak as 

calculated from the H/V spectral ratios by Hassani and Atkinson (2016b) for the NGA-

East recording stations as a predictive variable for site response; these values are shown 
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in Figure 5.8. As we can see in the figure, the average of the H/V spectral ratios follows 

the same trends observed in the site terms obtained from the residual analysis of the 

YA15 and SOSN GMPE models, although with different amplitudes. We also observe 

that the scatter of the site terms obtained from H/V spectral ratios is significantly reduced 

at higher frequencies (≥ 5 Hz) compared to the site terms obtained from the GMPE 

models. This is probably because the propagation mechanism is similar for both 

components, and is effectively removed by taking the H/V ratio. 

 

Figure ‎5.7: (a): Difference of the estimated site terms with respect to hard-rock site 

conditions (site class A) obtained using the SOSN GMPE model (Equation 5.2) and 

the site terms obtained with respect to B/C reference site condition obtained using 

the YA15 GMPE model (SSOSN - SYA15). The average values in equally log-spaced 

frequency bins and their corresponding standard deviations are also shown, as well 

as the smoothed model (CA / B/C); (b): comparison between the empirical conversion 

ratio (CA / B/C) and the simulation-based conversion ratio of Boore (2015) for M4 

distances of 50, 200 and 500 km and kappa (𝜿𝟎) values of 0.01, 0.02 and 0.03 s (for 

sites with VS30 = 760 m/s relative to sites with VS30 = 2000 m/s, using the Atkinson 

(2004) attenuation model). 
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We define a fpeak -based site effects model  (𝐶𝑠(𝑓, 𝑓𝑝𝑒𝑎𝑘)) using a simple function to 

match the observed trends. As shown in Figure 5.9 we define: 

𝐶𝑠(𝑓, 𝑓𝑝𝑒𝑎𝑘)

=

{
  
 

  
 
𝐶1                                                                                               𝑓𝑝𝑒𝑎𝑘 < 0.5 𝐻𝑧

𝐶1 + [
𝐶2 − 𝐶1

𝑙𝑜𝑔(𝑓/0.5)
] × log(𝑓𝑝𝑒𝑎𝑘/0.5)                        0.5 𝐻𝑧 ≤ 𝑓𝑝𝑒𝑎𝑘 < 𝑓

𝐶2 + [
𝐶3 − 𝐶2
log(20/𝑓)

] × [log(𝑓𝑝𝑒𝑎𝑘/𝑓)]                          𝑓 ≤ 𝑓𝑝𝑒𝑎𝑘 < 20 𝐻𝑧

𝐶3                                                                                                20 𝐻𝑧 ≤ 𝑓𝑝𝑒𝑎𝑘

 

(5.3) 

, where C1 is the constant site term value for sites with fpeak < 0.5 Hz (very deep 

sediments), C2 is the maximum site term value at fpeak ≈ f, and C3 is the constant site term 

value for sites with fpeak ≥ 20 Hz (very shallow sediments) (as shown in Figure 5.5, 5.6 

and 5.8). We use L1-norm regression to find the coefficients for the site terms with 

respect to each of the GMPE models (SOSN and YA15), and also the site terms implied 

by the H/V spectral ratios. Figure 5.10, 5.11 and 5.12 show the frequency-dependent 

coefficients (C1, C2, and C3), which are listed in Table 5.1. The coefficients are smoothed 

in the frequency domain by applying a weighted 5-point moving average smoothing 

function. The fpeak -based site term models for PGA and PGV are also shown. For PGV, 

the site terms are maximized for sites with fpeak ≈ 2 Hz, while for PGA the site terms are 

maximized for sites with fpeak ≈ 5 Hz. It may be noted that the PGA site terms and the 5 

Hz site terms are quite similar (i.e. compare to Figures 5.5 and 5.6).  

Using the defined site term model (Equation 5.3), we can determine the corresponding 

site amplifications for selected fpeak values. Figure 5.13 shows the site amplifications for 

various fpeak values relative to the SOSN and YA15 GMPE models for the applicable 

reference site conditions (Equation 5.3 and Table 5.1). Note that the amplifications are in 

non-log units. The site amplifications with respect to the SOSN model should be closer to 

the absolute site amplifications, in comparison to those with respect to the YA15 model, 

because of the difference in reference site conditions (A vs. B/C). 
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Figure ‎5.8: H/V spectral ratios extracted from Hassani and Atkinson (2016b) plotted 

versus their corresponding fundamental frequencies (fpeak), and classified for 

Central and East regions (as shown in Figure 5. 1). Squares show the H/V ratios 

averages in equally log-spaced fpeak bins and their standard errors. Dashed lines 

show the fpeak -dependent H/V model as given by Equation (5.3). 

Based on the site term model (Equation 5.3) and its coefficients (Table 5.1), we can 

calculate the expected value of the H/V ratio at sites with known fpeak values, which is 

shown in Figure 5.14. We can also examine the degree of consistency between the site 

amplification estimated directly from H/V and that obtained using the GMPE-based 

models (Equation 5.2). We find the difference of the individual site terms with respect to 

site class A site condition as determined using the SOSN GMPE model (Equation 5.2) 

and the corresponding individual H/V spectral ratios (SSOSN– H/V). We also find the 

difference of the individual site terms with respect to B/C site conditions as determined 

using the YA15 GMPE model (Equation 5.2) and the corresponding individual H/V 

spectral ratios (SYA15– H/V). The average values of these differences, for each of the 
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reference site conditions, are also shown in Figure 5.14 (CA / H/V and CB/C / H/V) and 

presented in Table 5.1. This quantity shows how good a job the H/V ratio does as a 

measure of the actual site amplification, and tells us something about how much 

amplification may exist on the vertical component. For the SOSN GMPE model (site 

terms relative to site class A reference site condition) (CA / H/V), there is good agreement 

between the average site terms and H/V spectral ratios up to 4 Hz. At higher frequencies 

H/V spectral ratios tend to overestimate the site amplification term (with respect to hard-

rock site condition), which may be due to relative difference in 𝜅0 effects on the 

horizontal and vertical components. For the corresponding comparison with the site 

amplification relative to theYA15 GMPE model (CB/C / H/V), it is inferred that the H/V 

spectral ratios may overestimate the site terms at frequencies lower than 6 Hz. At higher 

frequencies there is good agreement between the two models, perhaps because 𝜅0 effects 

for B/C site conditions counterbalance the amplification on the vertical components.  

 

Figure ‎5.9: The proposed fpeak-based site term model (Equation 5.3). 
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Table ‎5.1: fpeak -based site term model coefficients (Equation 5.3) obtained with 

respect to B/C and site class A reference site conditions using the selected GMPE 

models (YA15 and SOSN). The corresponding coeffecients for fpeak-based H/V 

spectral ratio model are presented here too. The conversion factor between different 

reference site conditions are also shown here. 

Frequency 

(Hz) 

B/C (log10) A (log10) H/V (log10) CA / B/C 

(log10) 

CA / HV 

(log10) 

CB/C / HV  

(log10) 
C1 C2 C3 C1 C2 C3 C1 C2 C3 

PGV
*
      

(2 Hz) 

0.19 0.45 -0.01 0.29 0.51 0.10 0.30 0.48 0.20 0.08 -0.02 -0.10 

PGA
*
     

(5 Hz) 

0.13 0.50 0.26 -0.02 0.34 0.19 0.21 0.44 0.32 -0.12 -0.12 0.00 

0.50 0.50 0.50 0.04 0.51 0.51 0.04 0.40 0.40 0.11 0.01 -0.02 0.00 

0.63 0.48 0.47 0.01 0.51 0.52 0.04 0.40 0.48 0.09 0.04 -0.01 -0.03 

0.79 0.44 0.43 -0.02 0.51 0.52 0.05 0.39 0.52 0.08 0.08 0.02 -0.07 

1.00 0.37 0.40 -0.06 0.49 0.52 0.06 0.36 0.56 0.06 0.12 0.02 -0.12 

1.26 0.29 0.38 -0.09 0.43 0.52 0.06 0.31 0.57 0.06 0.14 0.01 -0.14 

1.58 0.21 0.38 -0.13 0.34 0.52 0.04 0.27 0.59 0.06 0.14 -0.01 -0.16 

2.00 0.16 0.40 -0.15 0.27 0.53 0.03 0.24 0.59 0.06 0.13 -0.02 -0.15 

2.51 0.11 0.43 -0.14 0.19 0.52 0.02 0.22 0.59 0.07 0.10 -0.03 -0.14 

3.16 0.10 0.46 -0.12 0.13 0.51 0.02 0.19 0.58 0.08 0.06 -0.04 -0.12 

3.98 0.09 0.51 -0.09 0.07 0.51 0.00 0.16 0.57 0.10 0.01 -0.06 -0.08 

5.01 0.09 0.55 -0.04 0.02 0.48 -0.01 0.15 0.55 0.11 -0.06 -0.10 -0.05 

6.31 0.09 0.57 0.01 -0.04 0.44 -0.02 0.14 0.54 0.14 -0.11 -0.15 -0.01 

7.94 0.09 0.57 0.06 -0.07 0.41 0.00 0.13 0.52 0.17 -0.15 -0.17 0.02 

10.00 0.09 0.55 0.12 -0.07 0.38 0.04 0.12 0.49 0.22 -0.16 -0.16 0.03 

12.59 0.09 0.48 0.17 -0.07 0.34 0.10 0.12 0.46 0.27 -0.14 -0.13 0.02 

15.85 0.09 0.40 0.23 -0.07 0.31 0.19 0.12 0.42 0.33 -0.09 -0.03 0.05 

*
 For PGV, the site terms are maximized at fpeak = 2 Hz and for PGA the site terms are 

maximized at fpeak = 5 Hz. 
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Figure ‎5.10: (a), (b) and (c): fpeak -based site term model coefficients with respect to 

B/C reference site conditions as determined for YA15 GMPE model, with their 

corresponding standard errors and smoothed coefficients; (d) residual model for 

PGV and PGA as a function of fpeak with respect to B/C reference site condition. 
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Figure ‎5.11: (a), (b) and (c): fpeak -based site term model coefficients with respect to 

hard-rock reference site conditions as determined for SOSN GMPE model, with 

their corresponding standard errors and smoothed coefficients; (d) residual model 

for PGV and PGA as a function of fpeak with respect to hard-rock reference site 

condition. 
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Figure ‎5.12: (a), (b) and (c): fpeak -based H/V model coefficients with their 

corresponding standard errors and smoothed coefficients; (d) H/V model for PGV 

and PGA as a function of fpeak. 
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Figure ‎5.13: (a): fpeak -based site amplification with respect to site class A plotted for 

different fpeak values; (b): fpeak-based site amplification model with respect to B/C 

plotted for the same fpeak values. Note that the amplifications are in non-log units. 

In Figure 5.15, we compare our fpeak-dependent site amplification model with that derived 

by Zhao et al. (2006b) using Japanese strong ground-motion data. Zhao et al. (2006b) 

regressed response spectral data to obtain a site amplification model using a classification 

proposed by Molas and Yamazaki (1995). Based on their classification, hard rock sites 

have no fpeak and VS30 > 1100 m/s; site class I (SC I) is the rock site condition including 

sites with fpeak > 5 Hz and VS30 > 600 m/s; site class II (SC II) is the hard soil site 

condition including sites with 2.5 Hz < fpeak ≤ 5 Hz and 300 < VS30 ≤ 600 m/s; site class 

III is the medium soil condition, including sites with 1.67 Hz < fpeak ≤ 5 Hz, and site class 

IV is the soft soil condition including sites with fpeak ≤ 1.67 Hz and VS30 ≤ 200 m/s. Zhao 

et al. (2006b) site amplifications are plotted with respect to SC I. We plotted our site 

amplification model with respect to site class A using the coefficients presented in Table 

5.1 and Equation (5.3) for the same fpeak values reported by Zhao et al. (2006b) for each 

of the site classes, which are 1.1 Hz for SC IV, 2 Hz for SC III, 4 Hz for SC II, and 12 Hz 

for SC I. In order to derive a smooth amplification model, for each of the assumed fpeak 

values we implemented a Monte Carlo simulation assuming a log-normal distribution for 
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fpeak with arbitrary standard deviation of 0.1. We took the average of 1000 simulations 

and smoothed the final spectrum using a weighted 5-point moving average function. 

Comparing the two amplification models shows very similar shape for all of the site 

classes for frequencies lower than 10 Hz. Interestingly, the CENA sites show lower 

amplifications near 1 Hz, and higher amplifications near 4 Hz, relative to similar sites in 

Japan, pointing to the importance of regional factors in controlling site amplification. For 

frequencies higher than 10 Hz, Japanese sites have larger amplification than those in 

CENA. This may reflect the lower kappa values for rock in CENA (Silva, 1995) relative 

to Japan (Van Houtte et al., 2011).  

 

Figure ‎5.14: fpeak -based H/V spectral ratio model plotted for different fpeak values. 

Note that the amplifications are in non-log units. (b) Average difference of the 

estimated site terms with respect to site class A reference site condition (hard-rock) 

determined using the SOSN GMPE model (Equation 5.2) and the corresponding 

H/V spectral ratios (CA / H/V) for individual stations; average difference of the 

estimated site terms with respect to B/C reference site condition determined using 

the YA15 GMPE model (Equation 5.2) and the corresponding H/V spectral ratios 

(CB/C / H/V) for individual stations. 
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Figure ‎5.15: Comparison between the proposed fpeak-based amplification model of 

this study with respect to site class A and the amplification values derived by Zhao 

et al. (2006b) for four site classes in Japan (SC I, II, III, and IV) (with respect to SC 

I), based on the Molas and Yamazaki (1995) classification. Selected fpeak values for 

each of the site classes are shown with vertical dashed lines. 

Finally, we compare the predicted response spectra for four NEHRP site classes (site 

class E assuming VS30 = 150 m/s, site class D assuming VS30 = 300 m/s, site class C 

assuming VS30 = 500 m/s, and site class B assuming VS30 = 900 m/s) for a typical weak-

motion scenario, an event of M5 at 100 km, using two site amplification models. The first 

amplification model is the fpeak-based amplification model of this study with respect to 

B/C reference site conditions using the coefficients presented in of Table 5.1 and 

Equation (5.3). In order to obtain a smooth amplification model we perform a Monte 

Carlo simulation as discussed earlier and find the average of 1000 simulations. The 

second amplification model is the SS14 VS30-based amplification function. To facilitate 

the comparisons we assume a simple soil profile, consisting of a single soil layer, less 

than 30 m thick, having layer velocity of VL = 150, 250, 350, or 550 m/s overlying a hard 
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substratum with shear-wave velocity of VR = 2000 m/s. Since fpeak = VL/ 4dL (Kramer, 

1996) for a single layer model, and VS30 = 30 (𝑑𝐿 𝑉𝐿⁄⁄ + 𝑑𝑅 𝑉𝑅⁄ ) , in which dL and dR are 

the travel distances in the layer and rock, respectively, we can find combinations of fpeak, 

dL and dR such that we obtain VS30 = 150 m/s for site class E, VS30 = 300 m/s for site class 

D, VS30 = 500 m/s for site class C, and VS30 = 900 m/s for site class B. Figure 5.16 shows 

the response spectra for the four site classes using the YA15 GMPE model for an event 

with M5, depth of 10 km at Drup = 100 km, applying the SS14 VS30-based amplification 

model for the assumed VS30 values (150, 300, 500 and 900 m/s), in comparison to the 

corresponding response spectra applying the fpeak-based amplification model of this study. 

For some of the site classes only a few VL values provide combinations that obtain the 

target VS30 values. For example, for site class E with assumed VS30 = 150 m/s, the only 

applicable model is VL = 150 m/s, dL = 30 m , and dR = 0 m. Therefore, in this case we 

only have one fpeak value for site class E (fpeak  = 1.25 Hz). For most sites classes, 

alternative parameter combinations are possible for the target Vs30. The variation of fpeak 

values within each of the site classes for different parameter combinations is not 

significant. It is interesting to note that for site class E, the SS14 VS30-based amplification 

model results in higher response spectral amplitudes in comparison with the response 

spectrum obtained using the fpeak-based model. For other site classes we observe similar 

response spectral amplitudes for frequencies lower than 2 Hz. However, for frequencies 

higher than 2 Hz, the SS14 amplification model underestimates the response spectral 

amplitudes relative to those suggested by the fpeak-based amplification model. Overall, we 

can clearly see how the site fundamental frequency can affect the shape and the 

amplitude of the response spectrum and amplify it around f ≈ fpeak, an important feature of 

site response that is difficult to capture using a VS30-based model.  
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Figure ‎5.16: Comparison between the response spectra obtained from YA15 GMPE 

model for an event with M5 and depth of 10 km at Drup = 100 km using two 

different site amplification models: fpeak-based amplification model of this study with 

respect to B/C site condition, and the SS14 VS30-based amplification model. 

Comparison are made for four NEHRP site classes:  E with VS30 = 150 m/s, D with 

VS30 = 300 m/s, C with VS30 = 500 m/s, and B with VS30 = 900 m/s. Vertical dashed 

lines shows the derived fpeak values assuming different sediment shear-wave 

velocities (VL). 
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5.3.1 Variability analysis 

It is of interest to see how the fpeak -based site amplification model affects the sigma value 

(σ) of the selected GMPE models in comparison with VS30- based site amplification 

models. In order to investigate that, we use the YA15 GMPE model, which is already 

adjusted for B/C site conditions using the SS14 (Seyhan and Stewart, 2014) NGA-West2 

amplification model. We consider the variability for the subset of data comprised of 

stations with determined fpeak values. 

We calculate the residuals in both cases: 

log(𝑟𝑒𝑖𝑗,𝐵/𝐶) = log(𝑜𝑏𝑠𝑖𝑗, 𝐵/𝐶) − log(𝑝𝑟𝑒𝑖𝑗, 𝐵/𝐶), (5.4) 

where 𝑟𝑒𝑖𝑗,𝐵/𝐶 is the residual estimated for event i at station j, 𝑜𝑏𝑠𝑖𝑗,𝐵/𝐶  is the observed 

ground-motion parameter adjusted for B/C site condition using either the SS14 site 

amplification model or the fpeak -based site amplification model obtained for the YA15 

GMPE (Equation 5.3 and Table 5.1), and 𝑝𝑟𝑒𝑖𝑗,𝐵/𝐶 is the predicted ground-motion 

parameter for B/C site condition for the corresponding record, according to YA15. The 

residuals can be written as: 

log(𝑟𝑒𝑖𝑗,𝐵/𝐶) =  𝐶 + 𝜂𝑖 +   𝜀𝑖𝑗, (5.5) 

where C is the bias of the selected GMPE model, 𝜂𝑖 is the random event term for event i, 

and 𝜀𝑖𝑗 represents the within-event residual term for station j recorded at event i. We 

apply a mixed effect regression of residuals according to Abrahamson and Youngs (1992) 

to solve Equation (5.5) and perform an iterative regression to maximize the likelihood of 

the equation. The error terms (𝜂𝑖 and 𝜀𝑖𝑗) are normally distributed (in log10 units) and 

have standard deviations τ and φ, respectively. The total standard deviation (σ) is: 

𝜎 =√𝜏2 + φ2, (5.6) 

Figure 5.17 shows the  sigma values in ln units (to be comparable with other GMPE 

developers models) for both of the amplification models. Using the proposed fpeak -based 
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site amplification model, we are able to reduce sigma by 10% on average for frequencies 

larger than 1 Hz in comparison to the sigma value we determined using the SS14 VS30- 

based model. For frequencies lower than 1 Hz the reduction in sigma is not significant. 

This can be explained by the fact that western VS30-based site amplification models 

correlate well with the estimated site terms in CENA at frequencies lower than 1 Hz, as 

pointed out by Hassani and Atkinson (2016a). The likely explanation is that site terms at 

low frequencies are controlled by deeper, more gradational soil profiles compared to site 

terms at high frequencies. The most important differences in soil profiles between WNA 

and CENA are that shallow-to-intermediate depth deposits are often underlain by a harder 

substratum in CENA, leading to significant amplification peaks that are particularly 

apparent at high frequencies.  

To further investigate the variability reduction from the proposed fpeak -based site 

amplification model, we break down the within-event variability terms as follows (Al 

Atik et al., 2010): 

𝜀𝑖𝑗 = 𝛿𝑆2𝑆𝑗 + 𝑆𝑊𝑆𝑖𝑗, (5.7) 

where 𝛿𝑆2𝑆𝑗 is the average site-to-site variability for station j, and 𝑆𝑊𝑆𝑖𝑗 is the within-

site residual for event i at station j. The standard deviation of the site-to-site term is 

denoted as 𝜑𝑆2𝑆, and the standard deviation of within-site residuals (single-station sigma) 

is denoted as 𝜑𝑆𝑆. We perform another mixed-effect regression of residuals (Abrahamson 

and Youngs, 1992) to solve Equation (5.7). The variability terms obtained from Equation 

5.6 (τ and φ) as well as the within-event variability terms obtained from Equation (5.7) 

(𝜑𝑆2𝑆 and 𝜑𝑆𝑆) are shown in Figure 5.15. As we observe here, the reduction in φ plays the 

main role in the reduction of sigma, because we have improved only the site 

amplification model. Moreover, by further breaking down the within-event terms it can 

be see that the almost all of the reduction in φ comes from the reduction in site-to-site 

variability (𝜑𝑆2𝑆) and not the within-site variability. We are able to reduce 𝜑𝑆2𝑆 on 

average by 20% for frequencies between 1 and 10 Hz.  
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Figure ‎5.17: Comparison of variability parameters for the YA15 GMPE model for 

two different site amplification models; the fpeak -based model (Equation 5.3), and 

the SS14 site amplification model (Seyhan and Stewart, 2014). 

5.4 Conclusion 

Site amplification models based on VS30 are common in modern GMPE models, but their 

applicability in CENA is marginal, as the site terms for many of the sites reflect a strong 

effect of the site fundamental frequency. In this study, we developed an fpeak -based site 
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effects model for CENA by analyzing the residuals for two regional GMPE models 

(YA15 and SOSN ), referenced to B/C site condition (VS30 = 760 m/s) and hard-rock site 

condition (VS30 ≈ 2000 m/s, ~ site class A), respectively. We showed that sigma (σ) can 

be reduced by 10% using the fpeak -based model instead of a VS30-based model. This 

reduction is largely attributeable to a 20% reduction in the site-to-site variability terms 

(𝜑𝑆2𝑆). We note that the derived amplification model is only applicable for linear site 

effects. In cases where nonlinearity effects could be significant (e.g. large magnitude 

events at nearby distances), a nonlinear amplification model from other studies should be 

implemented to adjust the amplification level. An important factor that was ignored in 

our site term parameterization was the effect of the sediment stiffness (e.g. average shear-

wave velocity of the sediment layer) on the observed site terms. Although site 

fundamental frequency inherently carries some corresponding sediment stiffness 

information (e.g. fpeak = VL/4dL), for a fixed fpeak value there is a trade-off between the 

sediment layer shear-wave velocity (VL) and it’s corresponding depth (dL). Sites with 

similar fpeak values can have different amplification levels due to stiffness variations. 

Some portion of the variability that we observed in our model might be due to this effect. 

Hence, more reduction in GMPE variability might be possible using a more refined 

amplification model (considering both fpeak and VS30). However, considering the limited 

available information on VS30 values for sites in the NGA-East database, it is not currently 

feasible to derive a reliable model that directly incorporates stiffness, in our view. 

Moreover, there are other important factors that can significantly affect the amplification 

at a selected site such as topography and geologic complexity. For the derived 

amplification model, these effects are averaged out over the study sites. For any specific 

site, the actual site amplification may differ significantly from the average function. 

5.5 Data and Resources 

The ground-motion database of this study is that developed by Hassani and Atkinson 

(2015). Most of the data were extracted from the NGA-East database (Goulet et al., 2014) 

which were already processed and include PGA, PGV and PSA for the rotation-angle 

independent geometric average of horizontal ground-motion amplitudes (RotD50) 

(Boore, 2010). The rest of the processed data were obtained from the Engineering 
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Seismology Toolbox website, which includes three-component processed ground-motion 

parameters (www.seismotoolbox.ca; last accessed December 2013). The unprocessed 

data were either obtained from the Automatic Data Request Manager Facility 

(AutoDRM) of the Geological Survey of Canada (autodrm@seismo.nrcan.gc.ca; last 

contacted December 2013) or the AutoDRM of the Incorporated Research Institutions for 

Seismology (breq_fast@iris.washington.edu, last contacted December 2013). The 

processing of the unprocessed data was as described by (Assatourians and Atkinson, 

2010). For the unprocessed data and the data extracted from Engineering Seismology 

Toolbox website, the geomean of the horizontal components was used, which is 

approximately equivalent to RotD50. We used MATLAB for all of the regressions 

(www.mathworks.com, last contacted January 2015), and we used CoPlot for making the 

figures (www.cohort.com, last contacted January 2015). 
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Chapter 6 

6 Summary, Conclusions and Future Studies 

6.1 Summary 

In Chapter 2, we updated the referenced empirical GMPE model for CENA. The 

proposed model is in agreement with regional ground-motion data to a distance of 400 

km, while being constrained to follow the overall scaling behavior of ground motion that 

is observed for larger events in active tectonic regions. The predicted ground-motion 

amplitudes of the CENA referenced empirical model are very similar to the equivalent 

California values of BSSA14 model at close distances (R ≤50 km), at low to moderate 

frequencies (f ≤ 5 Hz). At regional distances (R > 50 km) and at high frequencies (f >5 

Hz), the CENA data suggest higher ground-motion amplitudes than the BSSA14 

reference model, presumably due to lower attenuation and higher stress for CENA events 

relative to those in active tectonic regions. We also showed that the referenced empirical 

approach predicts ground motions that are consistent with those that would be produced 

by the hybrid empirical approach, considering recent equivalent point-source models that 

match both CENA and California ground-motion databases. 

In Chapter 3, we proposed an algorithm for determining moment magnitude (M) and 

stress parameter (Δσ) in near-real-time in the immediate aftermath of a small to moderate 

earthquake (M ~3 to 6), from ShakeMap ground motion parameters (PSA at 1 Hz, 0.33 

Hz, 10 Hz and/or PGA). These two source parameters are the essential input to an 

equivalent point-source stochastic model that can be optimized for the attenuation and 

site response attributes of a region of interest, allowing rapid event-specific GMPEs to be 

defined. To show the application of the approach, we used southern Ontario ground 

motions to derive a regionally-adjusted generic GMPE model, determining regional stress 

parameter, anelastic attenuation, calibration factor, and site amplification models from 

the observed data. Then, using the estimated regional models, we showed how to invert 

ShakeMaps parameters to estimate moment magnitude and stress parameter in near-real-

time, in order to define an event-specific GMPE for an event that just happened. This 
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same approach could readily be used for other seismic networks in different 

seismotectonic regions. It is particularly useful for applications where ShakeMaps are 

desired for small-to-moderate events in sparsely-instrumented regions. 

In chapter 4, we established the utility of fpeak as a site response indicator, and its use as a 

proxy measure for VS30 for sites in CENA. fpeak is measured from the horizontal–to-

vertical spectral ratios (H/V) of recorded ground motion (or ambient noise). In this study, 

H/V spectral ratios were obtained from 5%-damped pseudo spectral acceleration (PSA) 

from seismograph stations in CENA using the NGA-East database. We correlated the 

measured VS30 values at recording stations with the corresponding fpeak values to obtain a 

predictive relationship for VS30. The uncertainty of the VS30 estimate using the fpeak-based 

model is small (0.14 log10 units) in comparison to that for the proxy-based methods (e.g. 

topographic slope and surface geology proxies) used in the NGA-East database (0.25 

log10 units). We also examined the applicability of the NGA-West2 site effects model 

(Seyhan and Stewart, 2014), which is a VS30-based model, to sites in CENA, using the 

NGA-East ground-motion database. We determined residual site terms by comparing the 

observed CENA ground-motion amplitudes, adjusted to B/C reference site conditions 

using the western site-effects model, to the corresponding predicted amplitudes of a 

CENA ground-motion prediction equation for B/C site conditions (Yenier and Atkinson, 

2015; YA15). The CENA prediction model used the same western site model to level the 

database before model development. Thus residual trends reveal inadequacies of the 

western site effects model when applied to CENA ground motions. Plotting the residual 

site terms versus their corresponding fpeak values reveals significant fpeak-dependent trends 

at all frequencies. Average residual site terms for CENA sites, after the western site 

amplifications have been removed, can be as large as 0.45 in log10 units (2.8 in non-log 

units) around f ≈ fpeak. Correlating the site terms with western site effects predictions 

reveals that at f < 1 Hz, site terms in CENA scale with VS30 in a manner that is similar to 

the way they behave in the NGA-West2 database. However, at higher frequencies the 

correlation of site amplification with VS30 decreases markedly in CENA. By contrast, the 

H/V spectral ratio (as obtained from the NGA-East ground-motion data) is a good 

predictor of the observed fpeak-dependent site terms, suggesting that H/V is a more 
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reliable predictor of site amplification for the recording stations of the NGA-East 

database.  

Finally in chapter 5, we derived an fpeak-based site effects model for sites in CENA by 

finding the site terms (no site correction) relative to two of the regional GMPE models 

with different reference site conditions. Site terms were determined with respect to the a 

reference GMPE model for B/C reference site conditions, and a reference GMPE model 

for hard rock site conditions (~ site class A) as discussed in Chapter 3. Using the derived 

fpeak-based model and a selected database, we are able to reduce sigma (σ) by 10% on 

average comparing to the one we determined from the VS30- site effects model. By further 

analyzing the variability parameters, we show that the main reduction in sigma comes 

from the reduction in the site correction variability (𝜑𝑆2𝑆) and not the random site term 

variability (𝜑𝑆𝑆). The results of this study emphasises the importance of fpeak and 

inadequacy of VS30 as the appropriate site effects indicator for sites in CENA.  

6.2 Conclusions 

The main conclusions of this study are as follows: 

 The referenced empirical model suggests that ground-motion amplitudes in 

CENA are similar to those predicted by the BSSA14 reference model for 

California at distances smaller than 50 km at frequencies ≤5 Hz. 

 At higher frequencies and larger distances, CENA ground-motion amplitudes are 

significantly higher than predicted by the BSSA14 model, reflecting higher stress 

parameter and lesser attenuation in ENA relative to active tectonic regions.  

 The trend lines obtained from the referenced empirical approach follow the 

predictions of the hybrid empirical method well overall, at least for small to 

moderate magnitude events (e.g. M4). This shows that the approach is in 

demonstrable agreement with predictions that would be made using the hybrid 

empirical approach for CENA.  

 The updated referenced empirical GMPE model of this study can replace the 

former referenced empirical GMPE model for probabilistic seismic hazard 

analysis of sites in CENA. 
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 Reliable near-real-time estimates of M and Δσ can be computed using commonly-

available ShakeMap parameters. The methodology is based on relating ShakeMap 

parameters to source and attenuation parameters within the context of a generic 

stochastic point-source model, which allows rapid event-specific GMPEs to be 

defined. M can be estimated from low frequency ShakeMap ground-motion 

parameters (0.33 and 1 Hz PSA), while Δσ can be estimated form high frequency 

ShakeMap parameters (10 Hz PSA and PGA). 

 A regionally adjusted GMPE model is developed for southern Ontario for hard-

rock reference site condition using the generic GMPE approach of Yenier and 

Atkinson (2015). The model parameters are derived based on the observed 

ground-motion amplitudes in southern Ontario.  

 Slightly slower anelastic attenuation is observed in southern Ontario compared to 

CENA as a whole.  

 We show that fpeak values derived from H/V of ground motion or ambient noise 

can be used as a reliable proxy measure for VS30 for sites in CENA. The 

uncertainty of the VS30 estimate using the fpeak-based model is small (0.14 log10 

units) in comparison to that for the proxy-based methods (e.g. topographic slope 

and surface geology proxies) used in the NGA-East database (0.25 log10 units). 

 In CENA, VS30 may not be the best choice of site variable, as it may be a poor 

proxy for site response. Western site-effects models (e.g. SS14) do not work well 

in CENA, leaving residual site terms as large as 0.45 in log10 units (2.8 in non-log 

units) around f ≈ fpeak. 

 For frequencies less than 1 Hz, site terms in CENA scale with VS30 in a manner 

that is similar to the way they behave in active tectonic regions. However, at 

higher frequencies the correlation of site amplification with VS30 decreases 

markedly in CENA. 

 H/V is a more reliable predictor of site amplification than VS30 for sites in CENA. 

 A regional amplification model is developed for sites in CENA based on 

empirical observations. The proposed model is fpeak-dependent to mirror the 

strong observed amplification at the fundamental frequency of the sites in CENA. 
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 Using the fpeak-dependent amplification model we are able to reduce variability in 

ground motions (σ) by 10% relative to that obtained with a VS30-based model. The 

reduction in σ is mainly apparent in within-event standard deviation (φ); most of 

this reduction comes from the variability reduction in the site-to-site correction 

terms (𝜑𝑆2𝑆) (20% reduction) and not the random variability of the single-station 

terms (𝜑𝑆𝑆). 

6.3 Suggestions and Future Studies 

In Chapter 2, we updated the referenced empirical GMPE model for CENA. This model 

can be implemented in probabilistic seismic hazard analysis of sites in CENA and, along 

with other models, can update hazard maps used in building codes. In Chapter 3, we 

showed that how we can develop a regionally adjusted GMPE model for regions with 

sparse seismicity. The approach developed here can be easily implemented for other 

seismic networks to drive near real-time estimations of moment magnitude and stress 

parameter. This approach is particularly useful for applications where ShakeMaps are 

desired for small-to-moderate events in sparsely-instrumented regions. 

In order to have a better assessment of the near-real time estimates of moment magnitude 

and stress parameter and their corresponding variabilities, we can implement the 

proposed approach in a real-time seismic network for future events. Event-specific 

GMPE models can be developed for an event that just happened knowing the near-real 

time estimates of moment magnitude and stress parameter and also using the regionally 

adjusted GMPE model. These models can later be used along with the observed data in 

seismographic stations and also an amplification map for a region of interest to derive 

ShakeMaps or interactive ground-motion maps for the ground surface which are fully 

compatible with the observed data, the regionally adjusted GMPE model, as well as the 

regional amplification model. Future work includes the continued calibration and testing 

of this approach. 

The fpeak-based VS30 proxy proposed in Chapter 4 was obtained from a limited number of 

measurement-based VS30 values (only 41 stations), and a limited number of sites with 

determined fpeak values (only 23% of the NGA-East recording stations). This relation can 
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be improved significantly in future by conducting site specific studies to gather more 

detailed information from which to develop correlations between VS30 and fpeak values. It 

would also be possible to regionalize the model for sub-regions in CENA having 

different velocity structures.  

In order to define the fpeak values for all of the seismographic stations in CENA, one 

practical approach is to use H/V spectral ratios determined from the selected noise 

windows of the stations. This can be done by retrieving pre-event and post-event noise 

data from IRIS for all of the stations in CENA. 

This thesis demonstrated that western VS30-based site effects models are not able to 

capture the observed fpeak-dependent site term trends in CENA. The proposed fpeak-based 

site amplification model of this study can be used as the site effects indicator for future 

regional GMPE models of CENA. 

In order to develop this model further, it would be useful to conduct ambient noise 

studies at all of the NGA-East recording stations. An improvement to the fpeak-based site 

effects model would be adding a stiffness indicator (e.g. VS30) to the site effects functional 

form, which would require more VS30 measurements in CENA.  Alternatively, other 

parameters that would address stiffness in site response modeling could be explored. 
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Appendices 

Appendix A.Generic GMPE model coefficients for 
ShakeMap ground-motion parameters 

Table A.1: Model coefficients of the magnitude scaling term (FM) and the 

geometrical spreading function (FZ) in the generic GMPE (from Yenier and 

Atkinson, 2015b).  PGV is in cm/s, PGA and PSA are in g. 

Frequency 
(Hz) 

Mh e0 e1 e2 e3 b3 b4 

PGV 5.90 5.96 1.03 -0.17 1.08 -0.58 0.057 

PGA 5.85 2.22 0.69 -0.14 0.77 -0.62 0.060 

0.33 6.65 0.52 1.91 -0.09 1.42 -0.51 0.068 

1.00 6.45 1.99 1.34 -0.25 0.98 -0.30 0.028 

3.33 5.85 2.63 0.85 -0.36 0.88 -0.21 0.005 

10.00 5.45 2.78 0.71 -0.26 0.79 -0.38 0.025 

Table A.2: Model coefficients of the stress adjustment factor (FΔσ) in the generic 

GMPE (from Yenier and Atkinson, 2015b). PGV is in cm/s, PGA and PSA are in g. 

Frequency 
(Hz) 

s0 s1 s2 s3 s4 

PGV -2.25 1.95 -0.52 0.061 -0.0027 

PGA -2.13 1.94 -0.50 0.058 -0.0025 

0.33 -7.98 6.64 -1.92 0.237 -0.0104 

1.00 1.07 -0.46 0.04 0.010 -0.0011 

3.33 -0.32 -0.14 0.17 -0.029 0.0014 

10.00 -4.05 3.10 -0.76 0.083 -0.0034 
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Table A.2: (cont’d) 

Frequency 
(Hz) 

s5 s6 s7 s8 s9 

PGV -1.76 1.38 -0.33 0.035 -0.0014 

PGA -1.44 1.24 -0.29 0.030 -0.0012 

0.33 -4.18 3.32 -0.89 0.099 -0.0039 

1.00 -4.47 4.05 -1.27 0.171 -0.0081 

3.33 2.25 -2.00 0.63 -0.077 0.0033 

10.00 -2.45 1.57 -0.29 0.023 -0.0007 

 

Table A.3: Anelastic attenuation coefficients to adjust the generic GMPE for CENA. 

The corresponding values for California are also shown. 

Frequency 

(Hz) 
γCENA γCalifornia 

PGV -0.0028 -0.0063 

PGA -0.0047 -0.0098 

0.33 -0.0011 -0.0027 

1.00 -0.0013 -0.0051 

3.33 -0.0031 -0.0094 

10.00 -0.0056 -0.0125 
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Appendix B. Site fundamental frequency (fpeak) 
determination procedure 

In the following we describe the procedure used to determine the site fundamental 

frequencies (fpeak) for the recording stations of this study. 

We calculate the average of (𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗,𝑓 (Equation 4.2) over the usable frequency 

bandwidth of station j as: 

log(𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗 =
∑ log(𝐻 𝑉⁄ )𝑗,𝑓
𝑓2
𝑓1

𝑛𝑗
 

(B.1) 

, where (𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗 is the average of (𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗,𝑓 over the usable frequency bandwidth of 

station j, f1 and f2 are the first and the last usable frequencies of station j respectively, and 

𝑛𝑗  is the number of frequencies in the bandwidth of station j (from f1 to f2). 

In order to determine fpeak, we first find the local maxima points of the H/V spectral 

ratios. Figure B.1 shows the selected local maxima points for four of the stations. As we 

observe here, not all of the selected local maxima points represent the site fundamental 

frequency. Some of the selected points show amplifications smaller than (𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗, some 

of them are close to each other without any significant trough between them, and some of 

them are due to peak-to-peak variability of the H/V spectra. Therefore, we need to define 

a set of criteria which enable us to determine the significant peaks and consequently the 

main site fundamental frequency. First, we define significant peaks as local maxima 

points with amplifications larger than (𝐻 𝑉⁄̅̅ ̅̅ ̅̅ )𝑗 and having a value of >0.3 (minimum 

amplification of 2 in non-log units). For each of these selected local maxima points we 

calculate the difference between their corresponding amplification values (Apeak) and 

𝐻 𝑉⁄̅̅ ̅̅ ̅̅  (H/V frequency bandwidth average, Equation B.1) (𝐴𝑝𝑒𝑎𝑘 − 𝐻 𝑉⁄̅̅ ̅̅ ̅̅ ) as shown in 

Figure B.1. In Figure B.2 we plot this difference for the first two local maxima points 

(those with the highest 𝐴𝑝𝑒𝑎𝑘 − 𝐻 𝑉⁄̅̅ ̅̅ ̅̅  values) as a function of their corresponding peak 

frequencies for all of the stations. The average 𝐴𝑝𝑒𝑎𝑘 − 𝐻 𝑉⁄̅̅ ̅̅ ̅̅  value attains a value of 

~0.17, and does not show any apparent frequency dependency. Figure B.2 also shows the 
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histogram of the number of local maxima points as a function of their 𝐴𝑝𝑒𝑎𝑘 − 𝐻 𝑉⁄̅̅ ̅̅ ̅̅  

values. We only consider local maxima with amplifications larger than 𝐻 𝑉⁄̅̅ ̅̅ ̅̅ + 0.17 , and 

value > 0.3, as points which could represent the significant peaks in site response. We 

then fit a Gaussian function to the neighborhood of the selected local maxima points, and 

using the fitted curve we estimate the value at which the function peaks. This provides a 

more stable fpeak determination as the number of frequency points are limited (28 points in 

the frequency range of 0.1 to 50 Hz) and the H/V spectra are not entirely smooth. The 

neighboring points are defined as the points that are above 𝐻 𝑉⁄̅̅ ̅̅ ̅̅  in vicinity of the selected 

significant peaks. We define the Gaussian function as (Ghofrani and Atkinson, 2014): 

𝑌 = 𝑎 × exp(− (𝑋 𝑤)⁄ 2
) + 𝑐, (B.2) 

where a, w and c are the coefficients of the Gaussian function and X is: 

𝑋 = log(𝑓 𝑓𝑝𝑒𝑎𝑘)⁄ . (B.3) 

For each of the selected significant peaks, we use the simplex search method of Lagarias 

et al. (1998) to estimate the coefficients of Equation (B.2) and fpeak in Equation (B.3) 

These fitted Gaussian curves are also shown on Figure B.1, along with the determined 

significant peaks. 
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Figure B.1: Individual H/V spectra for four example stations (dotted lines), with 

average H/V spectra ( H/Vf ) (solid line). Dashed lines show average H/V spectra  

( H/V , Equation B.1) over all frequencies, while triangles show local maxima points. 

Double headed arrow shows the difference between the selected local maxima 

amplification (Apeak) and the bandwidth average of H/V spectra (Apeak- H/V ). 

Circles show the fitted Gaussian curves, and diamonds show the selected significant 

peaks. VS30 values are the reported NGA-East‎“preferred”‎VS30 values. 
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Figure B.2: (a): Difference between the amplification of the local maxima points 

(Apeak) and the H/V bandwidth average (Apeak- H/V ), shown for the highest two local 

maxima points. Squares show the average of Apeak- H/V  values in equally log-spaced 

frequency bins, and their corresponding standard error bars. Dashed line shows the 

average of Apeak- H/V  obtained from all data points, and (b): histogram of Apeak-

H/V ; average Apeak- H/V  is shown by dashed line. 
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