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I. Technical Report 

A. Introduction 
The Dreger et al. (2013) SCEC Broadband Platform (BBP) validation exercise was an important first step 
towards a more complete validation of the SCEC BBP. This validation exercise, driven by the needs of two 
major ground motion hazard projects, evaluated the performance of the different simulation methods in 
matching median pseudo-spectral acceleration (PSA), using both recorded earthquakes and ground motion 
prediction equations (GMPEs) for validation. Future validation activities for the BBP will need to extend 
beyond validating the median PSA. These future efforts may include: repeating the Dreger et al. (2013) 
validation effort of median PSA for a larger set of validation events, incorporating bending fault models and 
multi-segment models guided by the results from dynamic models, implementing improved site response 
methods, assessing and validating the variability of ground motions, and implementing validation gauntlets, 
among others.  

In 2015, the PIs were involved in a SCEC-funded project aimed at implementing validation gauntlets, or 
rating systems for groups of ground motion parameters to be used in engineering applications. For this 
project, the PIs gathered suggestions from our GMSV TAG colleagues and selected several suites of vali-
dation metrics to be implemented. The inter-period correlation of epsilon (for PSA) is one of the parameters 
which was suggested for validation (Burks and Baker, 2014). However, it was decided that validating the 
correlation was outside the scope of the 2015 project, and that the multi-PI team would focus on the suites 
of more simple proxies such as Arias Intensity and significant duration, which can be validated record-by-
record. This project aims to build off the 2015 validation project by evaluating the inter-period correlation of 
SCEC BBP simulations.	

B. Objectives 
The objective of this project is to continue the implementation of a validation scheme for the inter-period 
correlation of epsilon (Figure 1) for PSA and Fourier Amplitude Spectra (FAS) of simulated ground motions 
on the SCEC BBP. Epsilon is the normalized difference between the observed (or predicted) FAS or PSA 
and the mean ground motion model predicted natural log FAS or PSA. Ultimately, the intent is for time 
series from the SCEC BBP to be applied directly in engineering applications. To do so, the inter-period 
correlations of epsilon need to be appropriate. The importance of the inter-period correlations of simulated 
ground motions, and particularly the implications on structural risk, is discussed in Bayless and Abrahamson 
(2017, in preparation). 

 
Figure 1. An example of the correlation of epsilon from a set of ground motions at periods 0.05 and 0.10 seconds. In this 

case the correlation coefficient, ρ = 0.69. 

Others have studied the correlation of PSA of simulated ground motions (Burks and Baker, 2014), and the 
structural response of buildings to simulated and recorded ground motions, considering epsilon (Tothong 
and Cornell, 2007). Tothong and Cornell concluded that the PSA for positive epsilon records (simulated 
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using the point source stochastic method) drop off rapidly as the period ratio increases or decreases as 
compared to the as-recorded motions, resulting in an underestimation of the inelastic response of struc-
tures. Recently, Burks and Baker (2014) examined the correlation of epsilon of a small set of SCEC BBP 
simulations. They concluded that for the Loma Prieta event, the Graves and Pitarka (2010) correlations 
approximately matched empirical models at long periods (the deterministic portion) but were underesti-
mated at short periods (the less theoretically rigorous, or stochastic portion). 

In this project, we calculate the correlations of epsilon for both FAS and PSA, for each of the seven western 
United States Dreger et al. (2013) validation events, plus two additional Japanese events, for the five avail-
able simulation methods on the SCEC BBP. The calculated correlations are compared with the observed 
correlation of FAS from datasets such as NGA-West2 and NGA-East and checked with existing empirical 
models for PSA. We have provided these results to the SCEC BBP simulation modelers, and have devel-
oped plans for collaboration with select modelers to improve the correlations in their models. 

C. Approach 
FAS and EAS Implementation 

We implement and verify computer codes on the SCEC BBP for the calculation (1) of the FAS, and (2) the 
smoothing of the FAS. These codes are based on software developed by David Boore (Boore, 2005) and 
Konno and Ohmachi (1998), respectively, to be consistent with the PEER NGA-East Ground Motion Model 
(GMM, PEER, 2015). We calculate the effective amplitude spectrum (EAS; PEER, 2015) component of the 
FAS (Equation 1). These codes are incorporated into the BBP workflow, so that future simulations produce 
the FAS as standard output, e.g. Figure 2. 

 
Figure 2. Example FAS and EAS plot created by the BBP as part of a typical simulation. 

Equation 1. The EAS component of the FAS: 

 
EAS modeling 

For each simulation method, we create an EAS database using the EAS for each simulation event, station, 
and source realization. To calculate the correlations, it is necessary to generate a ground motion model 
(GMM) for the EAS. This step proved to be the most challenging one; this topic is covered in the conclusions 
section. The epsilon (normalized residual) associated with each simulated record is derived from this GMM. 

Correlation of EAS and PSA 

𝐸𝐴𝑆(𝑓) = (
1
2
[𝐹𝐴𝑆-./(𝑓)0 + 𝐹𝐴𝑆-.0(𝑓)02 
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We calculate the inter-period correlation of epsilon for the smoothed EAS, for the seven western United 
States Dreger et al. (2013) validation events, plus two additional Japanese events, for each of the five 
available BBP simulation methods. In addition to the EAS, we calculate the inter-period correlation of epsi-
lon for the RotD50 component of the PSA. 

Feedback Loop 

We have shared the results with the SCEC BBP modeler groups, including presentations on SCEC BBP 
conference calls and at the SCEC annual meeting. Based on these results, we have developed plans for 
future collaboration with select modelers to improve the correlations in their models. 

D. Results 
We present the inter-period correlation of epsilon in the form of contour plots, and cross-sections of the 
contour plot (Figure 3a and 3b, respectively). Figure 3 displays the Baker and Jayaram (2008) empirical 
correlation coefficient model for epsilon of PSA. We use this model as a comparison for the correlations of 
the PSA of the simulations. Figure 4 displays the Bayless and Abrahamson (2017, in preparation) empirical 
correlation coefficient model for epsilon of EAS. This model is also referred to herein as the “exponential 
model” because of its simplicity. We use the exponential model for comparing the correlations of the EAS 
of the simulations. 

  
Figure 3. The Baker and Jayaram (2008) empirical PSA epsilon correlation coefficient model (a) in contour form and (b) in 

cross-section form for conditioning periods 0.1, 0.5, and 2.0 s. 

  

Figure 4. The Bayless and Abrahamson (2017, in preparation) empirical EAS epsilon correlation coefficient model (a) in 
contour form and (b) in cross-section form for conditioning frequencies 0.5, 2.0, and 10.0 Hz. 
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We have created plots analogous to Figure 3 and Figure 4 for each simulation method on the SCEC BBP: 
Graves and Pitarka (2015; gp hereafter), Atkinson and Assatourians (2015, exsim hereafter), Crempien 
and Archuleta (2015, ucsb hereafter), Olsen and Takedatsu (2015, sdsu hereafter), and Song et al. (2014, 
song hereafter). The complete set of figures are in Appendix A. 

E. Conclusions 
As mentioned above, as a requirement to calculate epsilon, we must have a smooth GMM for the EAS. We 
considered the following options for the GMM:  

1) the average spectrum over multiple realizations at each station 
2) a simple model such as the point source spectrum 
3) a newly developed EAS model, created from recorded data 
4) a newly developed EAS model, created from the simulations 

We tried option 1 initially, but determined that using the average spectrum at a site for calculating residuals 
removed desirable features in the residuals, which in turn decreases the correlation artificially. For example, 
if one site has increased low frequency content due to directivity effects, we want those epsilons to be 
present, not removed by taking the residuals relative to the average. In other words, we determined that 
we need a smooth spectrum from which to calculate residuals. This led us to option 2 which had the oppo-
site problem, namely that the point source spectrum was too generic and did not fit the simulations well 
enough. This lead to correlations biased high across a broad frequency range (for example, low frequencies 
in Figure 6). Our next option was 3, which uses a model that has already been developed to create the 
empirical EAS correlation model (Bayless and Abrahamson 2017, in preparation).  

 
Figure 5. GMM approach #1. 

 
Figure 6. GMM approach #2. 

 
Figure 7. GMM approach #3. 
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The results presented in this report are calculated using GMM option 3. Since the GMM is created using 
NGA-W2 data, this approach is most like what is done for the RotD50 residuals. However, as the results 
for the correlation of EAS epsilon show (Figures 8 through 12) this GMM method may not be entirely ade-
quate for calculating EAS correlations. This can be seen particularly at high frequencies, where the corre-
lations tend to “creep” up higher than we expect them to be. In the future, we plan to proceed with option 
4, and we anticipate that this will improve the fit of the model to the simulations, and in turn will produce the 
best description of the correlations. 

Figures 8 through 12 display the correlations calculated from each simulation method, with data from the 9 
validation event simulations, and residuals calculated using GMM option 3. Figure 8 displays exsim method 
results. As expected, since exsim is based on the “stochastic method” which assumes random phase and 
begins with white noise in the time domain, the inter-period correlations for this method are lower than the 
empirical models. In the EAS correlation cross section, a small amount of “creeping” is observed at high 
frequencies, but this is less severe than for the other methods, indicating that the EAS GMM we used fits 
the exsim simulations best out of all the methods. Also notable is that for the correlation of RotD50, although 
it drops more rapidly away from the conditioning period than the empirical model, has minimum values of 
nearly 0.4 – much higher than the empirical model.  

Figure 9 displays the gp method results. At frequencies above 1 Hz, this method is similar to exsim, and 
the correlations are therefore similarly low. The gp method exhibits more “creeping” of the correlation at 
high frequencies, indicating that the median GMM is not centered on the simulations for some stations in 
this range. At frequencies below 1 Hz, the correlations are improved. The EAS correlations still drop of too 
quickly moving away from the conditioning frequency, but the results are promising. By definition, the 
RotD50 correlations reflect the EAS correlations. This is evident for gp as the short period (<1 sec) RotD50 
correlations are low, and the long period (>1 sec) ones are closer to the empirical model. 

Figure 10 displays the sdsu method results. At low frequencies, this method is identical to gp, and therefore 
the correlations are comparable to what is discussed above at frequencies less than 1 Hz, or periods greater 
than 1 sec. At high frequencies, this method shows an abrupt drop of the correlation away from the condi-
tioning frequency, followed by moderately high correlation (between 0.7 and 0.95) over the entire frequency 
range greater than 1 Hz. It is unclear to the authors whether this is a feature of the sdsu model, or an artifact 
of the GMM poorly fitting the simulations in this frequency range. We plan to find out the source of this 
problem in next year’s project. 

Figure 11 displays the song method results. The song method uses the gp wave propagation and simulation 
code; the only differences are in the source description. This is interesting, because the song correlations 
strongly resemble the gp correlations, indicating that the differences in the source may have little effect on 
the correlations; at least with respect to these simulations. Like gp, the song correlations are closest to the 
empirical model at low frequencies, and are lower at high frequencies. At 0.2 Hz (5 sec), the song correla-
tions are particularly close to the empirical models. 

Figure 12 displays the ucsb method results. This model, like several others, has substantially lower corre-
lation than the empirical models at frequencies above 1 Hz. Likewise, the low frequency correlations are 
closer, but still low, compared to the empirical model. There is an undulating pattern in the EAS correlations, 
especially for low conditioning frequencies, at frequencies far from the conditioning frequency (e.g. the red 
and blue curves in Figure 12). We do not observe this pattern with the other methods. Although this is 
probably not important (since it’s the high correlations we are most concerned with), we plan to contact the 
ucsb modelers to find out the cause of this pattern. Also, this model exhibits the least “creeping” at high 
frequencies of the five models studied. 

We have provided these results to the SCEC BBP simulation modelers, and will continue to do so as we 
develop more refined results using GMM option 4. The results we have so far indicate that there is consid-
erable room for improvement in the simulation methods. We have already developed plans for collaboration 
with select modelers to improve the correlations in their models, and we are hopeful to accomplish a portion 
of these plans as part of our SCEC 2017 proposal. 

  



  

6 

 

F. References 
Atkinson, G. M., and K. Assatourians (2015). Implementation and validation of EXSIM (a stochastic finite-

fault ground-motion simulation algorithm, Seismol. Res. Lett. 86, no. 1, doi: 10.1785/0220140097. 

Boore, D.M. (2005). SMSIM-Fortran programs for simulating ground motions from earthquakes: Version 
2.3-A revision of OFR 96-80-A, U.S. Geological Survey open-file report, U. S. Geological Survey 
Open-File Report 00-509, revised 15 August 2005, 55 pgs. 

Baker, J.W. and Jayaram, N. (2008) Correlation of spectral acceleration values from NGA ground motion 
models. Earthquake Spectra, 24 (1), 299-317. 

Bayless, J. and Abrahamson, N. (2017) Implications of the inter-period correlation of ground motions on 
structural risk. In preparation. 

Burks, L. S., and Baker, J. W. (2014). Validation of ground motion simulations through simple proxies for 
the response of engineered systems. Bull. Seis. Soc. Am., 104(4) 1930-1946. 

Crempien, J., and R. Archuleta (2015). UCSB method for broadband ground motion from kinematic simu-
lations of earthquakes, Seismol. Res. Lett. 86, no. 1, doi: 10.1785/0220140103. 

Dreger, D.S., and Jordan, T.H. (2015). Introduction to the Focus Section on Validation of the SCEC Broad-
band Platform V14.3 Simulation Methods. Seismological Research Letters, January/February 
2015, 86, p. 15-16, doi:10.1785/0220140233 

Dreger, Douglas S. (Chair), Gregory C. Beroza, Steven M. Day, Christine A. Goulet, Thomas H. Jordan, 
Paul A. Spudich, and Jonathan P. Stewart (2013). Evaluation of SCEC Broadband Platform Phase 
1 Ground Motion Simulation Results, Submitted August 1, 2013. 

Goulet, C.A., Abrahamson, N.A., Somerville, P.G., and Wooddell, K.E. (2015) The SCEC Broadband Plat-
form Validation Exercise: Methodology for Code Validation in the Context of Seismic-Hazard Anal-
yses. Seismological Research Letters, January/February 2015, 86, p. 17-26, doi: 
10.1785/0220140104 

Graves, R.W. and A. Pitarka (2010). Broadband Ground-Motion Simulation Using a Hybrid Approach, Bull. 
Seism. Soc. Am., 100, No. 5A, pp. 2095-2123, doi:10.1785/0120100057 

Graves, R., and A. Pitarka (2015). Refinements to the Graves and Pitarka (2010) broadband ground motion 
simulation method, Seismol. Res. Lett. 86, no. 1, doi: 10.1785/0220140101.  

Konno, K. and Ohmachi, T., (1998). Ground-motion characteristics estimated from spectral ratio between 
horizontal and vertical components of microtremor, Bull. Seismol. Soc. Am. 88: 228−241. 

Olsen, K., and R. Takedatsu (2015). The SDSU broadband ground motion generation module BBtoolbox 
Version 1.5, Seismol. Res. Lett. 86, no. 1, doi: 10.1785/0220140102. 

PEER (2015) NGA-East: Median Ground-Motion Models for the Central and Eastern North America Region. 
PEER Report No. 2014/05, Pacific Earthquake Engineering Research Center, University of Cali-
fornia, Berkeley, CA. 

Song, S., Dalguer, L. A., & Mai, P. M. (2014). Pseudo-dynamic source modeling with 1-point and 2-point 
statistics of earthquake source parameters. Geophysical Journal International, 196(3), 1770-1786. 
doi: 10.1093/gji/ggt479. SCEC Contribution 2022 

Tothong, P., and C. A. Cornell (2006). An empirical ground-motion attenuation relation for inelastic spectral 
displacement, Bull. Seismol. Soc. Am. 96, no. 6, 2146–2164. 

  



  

7 

 

G. Appendix A: Additional Figures 

  

  
Figure 8. Correlation results for the exsim simulation method, created from a database of 9 validation earthquake simula-
tions. 

Top Row: EAS epsilon correlation coefficients in contour form (left) and in cross-section (right) for conditioning frequencies 
0.2, 0.5, 2.0, 5.0, and 15.0 Hz. Residuals are calculated relative to the Bayless and Abrahamson (2017, in preparation) EAS 
GMM. Dashed lines in the cross-section figure are the exponential model for the correlation of EAS epsilon at the same 
conditioning frequencies. 

Bottom Row: RotD50 epsilon correlation coefficients in contour form (left) and in cross section (right) for conditioning periods 
0.05, 0.2, 0.5, 2.0, and 5.0 seconds. Residuals are calculated relative to the geometric average of the four NGA-W2 GMMs 
for RotD50. Dashed lines in the cross-section figure are the Baker and Jayaram (2008) empirical correlation model for PSA 
at the same conditioning periods. 

 



  

8 

 

  

  
Figure 9. Correlation results for the gp simulation method, created from a database of 9 validation earthquake simulations. 

Top Row: EAS epsilon correlation coefficients in contour form (left) and in cross-section (right) for conditioning frequencies 
0.2, 0.5, 2.0, 5.0, and 15.0 Hz. Residuals are calculated relative to the Bayless and Abrahamson (2017, in preparation) EAS 
GMM. Dashed lines in the cross-section figure are the exponential model for the correlation of EAS epsilon at the same 
conditioning frequencies. 

Bottom Row: RotD50 epsilon correlation coefficients in contour form (left) and in cross section (right) for conditioning periods 
0.05, 0.2, 0.5, 2.0, and 5.0 seconds. Residuals are calculated relative to the geometric average of the four NGA-W2 GMMs 
for RotD50. Dashed lines in the cross-section figure are the Baker and Jayaram (2008) empirical correlation model for PSA 
at the same conditioning periods. 
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Figure 10. Correlation results for the sdsu simulation method, created from a database of 9 validation earthquake simula-
tions. 

Top Row: EAS epsilon correlation coefficients in contour form (left) and in cross-section (right) for conditioning frequencies 
0.2, 0.5, 2.0, 5.0, and 15.0 Hz. Residuals are calculated relative to the Bayless and Abrahamson (2017, in preparation) EAS 
GMM. Dashed lines in the cross-section figure are the exponential model for the correlation of EAS epsilon at the same 
conditioning frequencies. 

Bottom Row: RotD50 epsilon correlation coefficients in contour form (left) and in cross section (right) for conditioning periods 
0.05, 0.2, 0.5, 2.0, and 5.0 seconds. Residuals are calculated relative to the geometric average of the four NGA-W2 GMMs 
for RotD50. Dashed lines in the cross-section figure are the Baker and Jayaram (2008) empirical correlation model for PSA 
at the same conditioning periods. 
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Figure 11. Correlation results for the song simulation method, created from a database of 9 validation earthquake simula-
tions. 

Top Row: EAS epsilon correlation coefficients in contour form (left) and in cross-section (right) for conditioning frequencies 
0.2, 0.5, 2.0, 5.0, and 15.0 Hz. Residuals are calculated relative to the Bayless and Abrahamson (2017, in preparation) EAS 
GMM. Dashed lines in the cross-section figure are the exponential model for the correlation of EAS epsilon at the same 
conditioning frequencies. 

Bottom Row: RotD50 epsilon correlation coefficients in contour form (left) and in cross section (right) for conditioning periods 
0.05, 0.2, 0.5, 2.0, and 5.0 seconds. Residuals are calculated relative to the geometric average of the four NGA-W2 GMMs 
for RotD50. Dashed lines in the cross-section figure are the Baker and Jayaram (2008) empirical correlation model for PSA 
at the same conditioning periods. 



  

11 

 

  

  
Figure 12. Correlation results for the ucsb simulation method, created from a database of 9 validation earthquake simula-
tions. 

Top Row: EAS epsilon correlation coefficients in contour form (left) and in cross-section (right) for conditioning frequencies 
0.2, 0.5, 2.0, 5.0, and 15.0 Hz. Residuals are calculated relative to the Bayless and Abrahamson (2017, in preparation) EAS 
GMM. Dashed lines in the cross-section figure are the exponential model for the correlation of EAS epsilon at the same 
conditioning frequencies. 

Bottom Row: RotD50 epsilon correlation coefficients in contour form (left) and in cross section (right) for conditioning periods 
0.05, 0.2, 0.5, 2.0, and 5.0 seconds. Residuals are calculated relative to the geometric average of the four NGA-W2 GMMs 
for RotD50. Dashed lines in the cross-section figure are the Baker and Jayaram (2008) empirical correlation model for PSA 
at the same conditioning periods. 

 

 

 

 

 


