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ABSTRACT 
 We investigate bias in ground motions predicted for Central and Eastern North America (CENA) using ground motion models (GMMs) 

combined with site amplification models developed in the NGA-East project. Bias is anticipated because of de-coupled procedures used 

in the development of the GMMs and site amplification models. The NGA-East GMMs were mainly calibrated by adjusting CENA data 

to a reference site condition using a site amplification model appropriate for active tectonic regions. Hence, these GMMs are likely 

biased relative to the CENA reference site condition (3000 m/sec shear wave velocity). Moreover, the NGA-East site amplification 

model recommended for hazard applications contains a simulation-based term for amplification between the reference condition and 

time-averaged shear wave velocity VS30=760 m/sec, which is uncertain and has not been calibrated against data from sites with that 

reference condition. Using the NGA-East dataset, we apply mixed-effects residual analysis and identify that period-dependent bias in 

5% damped response spectral acceleration is present across a wide frequency range, but is strongest (i.e., overestimating by a factor of 
2) at short oscillator periods <0.2 sec. Ongoing work to remedy this bias consists of expanding the NGA-East dataset with more recent 

recordings and enhanced metadata, particularly regarding site conditions.  

 

Introduction 

 In the 2018 U.S. Geological Survey (USGS) National Seismic Hazard Maps [1], ground motions for Central and 

Eastern North America (CENA) are modeled using ground motion models (GMMs) and site amplification models 

developed as a part of the NGA-East Project [2–4]. These models were developed by different teams of investigators 

and under different organizational frameworks, where 17 of them are adjusted seed GMMs developed by 

independent modelers [5] and, the remining 17 are updated NGA-East for USGS GMMs developed by an 

integrator team [6]. 

 The updated NGA-East for USGS GMMs [2,3] describe magnitude- and distance-dependent median ground 

motions, aleatory variability, and epistemic uncertainty of response spectral ordinates for periods between 0.01-10 sec. 

These models apply for a reference site condition of VS = 3000 m/sec and site decay parameter (𝜅0) of 0.006 sec [7]. 

The model development was conducted as a Senior Seismic Hazard Analysis Committee (SSHAC) Level 3 project 
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[8,9], which is a formal process involving extensive review.  

 Because of the hard-rock reference site condition of VS =3000 m/sec adopted for NGA-East, adjustments were 

required of recorded ground motions, all of which are from sites with softer-than-reference site conditions (VS30 ~150 

to 2000 m/sec). Since site-adjusted ground motions were required before model development could begin, the 

adjustments occurred relatively early in the project. In most cases, these adjustments were made using VS30-based site 

amplification models for active tectonic regions [Ref 10 or similar]. The adjusted ground motions were used in GMM 

development as a constraint on scaling relations (with distance and magnitude), but also to set constant terms in the 

models. The GMM developers realized that the VS30-scaling models could be in error. They performed mixed effects 

and Bayesian regression techniques in which residuals were analyzed, but without the development of updated 

VS30-scaling relations for CENA. Ultimately, the use of active region models was necessary given project timing; 

they were considered to be the best available site amplification models at that time.   

 This paper addresses potential bias when the resultant NGA-East GMMs are applied in combination with the NGA-

East site amplification model. We investigate whether bias exists using a mixed-effects residual analysis with NGA-

East data for 5% damped response spectral acceleration.  We also describe ongoing research to further examine the 

bias using an expanded database, and to propose potential solutions. 

  

NGA-East Model Components 

 The independently developed site amplification model for CENA that was developed for the USGS maps and 

similar applications [4,11] drew heavily upon research products from the NGA-East Geotechnical Working Group 

(GWG) [12–14]. The GWG site amplification model development was subject to extensive expert input and review 

but occurred outside of the SSHAC process.   

 The GWG site amplification models are intended to represent site amplification relative to VS = 3000 m/sec, not 

amplification relative to the NGA-East GMMs. The model has linear and nonlinear components:  

 𝐹𝑆 = 𝐹𝑙𝑖𝑛 + 𝐹𝑛𝑙  (1) 

The linear component of the model has two components:  

 𝐹𝑙𝑖𝑛 = 𝐹𝑉 + 𝐹760 (2) 

where FV describes the scaling of ground motion with VS30 relative to VS30=760 m/sec and F760 describes the 

amplification of ground motions for 760 m/sec sites relative to 3000 m/sec sites. Two components are used because 

they were derived using different procedures. FV is empirically constrained from NGA-East data [12], while F760 is 

derived from ground response simulations. This two-tier approach was required because it was not possible to 

empirically derive site amplification relative to 3000 m/sec conditions.  

 Figure 1 shows the F760 models for impedance and gradient conditions, reflecting different geologic conditions in 

CENA for sites with VS30~760 m/sec. The models have large uncertainties at short periods (< 0.2 sec), which are mainly 

related to parametric uncertainty in κ0. The models in Figure 1 cannot be readily calibrated, because there is no NGA-

East data at the 3000 m/sec site condition.  

  
Figure 1. Period-dependent amplification at   Figure 2. Slopes of VS30-scaling models for  

sites  with VS30 = 760 m/sec (impedance, gradient profiles) [4] CENA [4] and active tectonic regions [10]  



 Figure 2 compares the scaling of site response with VS30 (i.e., the slope in the FV term, Eq. 2) for CENA and active 

tectonic regions. An important distinction between the models is the weaker VS30 scaling in CENA (i.e., smaller slope 

in absolute value terms), which means that VS30 has less predictive power in CENA than in active regions. This may 

be a consequence of large impedance contrasts producing site resonances related to variably thick sediments 

deposited over hard rock [15–17].  

 

Residuals Analysis to Assess Bias 

 We assess the performance of the combined NGA-East GMMs [2,3] and linear site amplification model [4] using 

the NGA-East dataset [18]. Residuals of data relative to the combined model were computed as 

 𝑅𝑖𝑗 = 𝑙𝑛(𝑌𝑖𝑗) − [𝜇𝑙𝑛 (𝐌𝑖 , (𝑅𝑟𝑢𝑝)𝑖𝑗
, 𝑉𝑆 = 3000) + 𝐹𝑙𝑖𝑛(𝑉𝑆30)] (3) 

where Yij are recorded ground motion spectral accelerations for event 𝑖 and station 𝑗, 𝜇𝑙𝑛 is the natural log mean from 

NGA-East GMMs, which have a VS=3000 m/sec reference site condition, Mi is moment magnitude for event 𝑖, (Rrup)ij 

is rupture distance for event 𝑖 and station 𝑗, and Flin is from Eq. (2). The GMMs used for residuals analysis was the 

“Mean Model” as described in [3]. The subset of the NGA-East dataset used for these analyses were from events with 

M>4, Rrup=0-300 km, and as least 3 recordings per event .  

 Total residuals were partitioned into between-event and within-event components using mixed-effects regression 

using the lmer operator in R [19], 

 𝑅𝑖𝑗 = 𝑐𝑘 + 𝜂𝐸,𝑖 + 𝛿𝑊𝑖𝑗 (4) 

where ck represents model bias, 𝜂𝐸,𝑖 is the event term for event 𝑖, and 𝛿𝑊𝑖𝑗 is the within-event residual. Figure 3 plots 

the model bias ck as a function of oscillator period (T). The results show that non-zero bias is present over a wide 

period range, but is most appreciable for T < 0.2 s.  

 

 
Figure 3. Bias with standard error bars of NGA-East mean model [2,3] with linear site response model [4] using NGA-

East data [18]. The effect of the two versions of the F760 model were tested independently. 

 

Discussion and Conclusions 

 In the NGA-East project, the GMMs and site amplification models were developed independently and thus have a 

potential for bias. When the two models are combined and analyzed against NGA-East data, we observe an overall, 

period dependent model bias, with negative bias at short oscillator periods, and increasing positive large model bias at 

long periods (Figure 3). Two specific features of the NGA-East GMMs and site amplification model are most likely 

causes of the bias: (1) the GMM constant terms, which may have been influenced by site corrections applied in the 

model development and (2) the F760 models which carries significant parametric uncertainty in κ0. If the constant terms 

are ultimately found to be in error (which for now is only a working hypothesis), the physical meaning of that error 

would be that the GMM’s reference condition departs from the intended target of 3000 m/sec. Ongoing work seeks to 

further evaluate the bias and identify procedures by which it can be removed while maintaining an appropriate degree 

of epistemic uncertainty in the GMMs. That work involves expanding the NGA-East database, improving site 



metadata, and performing updated ground response simulations for the 760 m/sec reference condition in consideration 

of newer VS profiles and improved analysis protocols [18].  
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