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Abstract 
 
In Part (1) we evaluate the simulation residuals (relative to data) for seven crustal earthquake 
simulations from the Phase 1 SCEC Broadband Platform Validation project, utilizing the 50 source 
realizations of each validation event, and 5 different simulation methods. We compare the variability of 
the residuals with the 2013 NGA-West2 empirical models, both for individual events, and for the entire 
validation catalog as a whole. The variability of the empirically-derived GMPEs, while not perfect for 
comparisons, serve as guidelines for the variability of the simulation residuals. Additionally, the 
variability of the 5 simulation methods are compared with each other. We find the variability of event 
terms to be smaller than those from the GMPEs, as expected, for all methods but one. And we find that 
generally, the total standard deviations behavior are in line with those from the NGA-West2 GMPEs, 
especially for the California events and for the panel-recommended simulation methods. In Part (2) we 
implement new median validation metrics (Anderson, 2004) in the time and frequency domains for use 
with future validation type simulations, and apply them to the existing validation events. These new 
GOF metrics utilize various intensity measures (IMs) to supplement the currently utilized measures – 
Pseudo Spectral Acceleration (PSA) GOF, and the GOF criteria of Olsen and Mayhew (2010). Finally, 
working in close collaboration with SCEC IT, we integrate the new validation metrics within the BBP. 
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Motivation 
 
The SCEC Broadband Ground Motion Simulation Platform has become an important resource for 
researchers and practitioners who need to use strong ground motion simulations. Recently, the first 
validation phase of the SCEC Broadband Platform (BBP) was evaluated for the suitability of simulated 
pseudo-spectral acceleration (PSA) for use in engineering applications (Dreger et al., 2013). Efforts such 
as the aforementioned “Validation Project” are critical steps in gaining credibility and acceptance of the 
SCEC BBP for use in engineering practice. This SCEC research project contributes to the validation 
process in two ways: (1) by evaluating the variability of the existing simulation methods, and (2) by 
implementing new goodness-of-fit (GOF) criteria for validating median values.  
 
The Dreger et al. (2013) validation project investigated simulation methods by comparing the mean 
ground motion estimates without consideration of their random, or aleatory variability (dispersion). As 
discussed by Norman Abrahamson at the 2013 SCEC Annual Meeting Workshop for the Broadband 
Platform, future phases of the BBP validation project will need to validate the aleatory variability of the 
ground motions estimated by simulation methods (Abrahamson, 2013a).  
 
Currently, the PI’s are not aware of any research efforts made to validate the aleatory variability of 
ground motion simulations on the platform. Stewart and Seyhan (2011) calculated residuals for the 
broadband ShakeOut simulations using the Graves & Pitarka (2010) simulation method. However, these 
residuals were calculated relative to the 2008 NGA GMPEs instead of recordings, and the simulations 
were performed separately from the BBP. The authors separated event terms to calculate within-event 
dispersions relative to the average of the GMPEs, finding that at close distances “dispersions are 
generally consistent to the 2008 NGA GMPEs” with the simulation dispersion being lower at periods 
longer than 0.1 sec. At larger distances, the authors found a more consistent misfit between the GMPEs 
and the simulations, noting that in all cases the simulation dispersion is lower than those from the 
empirical models. These findings can be observed in Figure 1.  
 

 
Figure 1.  Comparison of within-event standard deviation for ShakeOut simulations (solid line) and empirical 2008 

NGA models, at close distances (top) and long distances (bottom). Source: Steward and Seyhan (2011). 
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In Part (1) we have evaluated the simulation residuals (relative to data) from the Phase 1 BBP Validation 
project in accordance with the Al Atik et al. (2010) notation, utilizing the 50 source realizations of each 
validation event, and 5 different simulation methods. Included is a comparison of the variability of the 
residuals with the 2013 NGA-West2 empirical models, both for individual events, and for the entire 
validation catalog as a whole.  
 
In Part (2) we implement new median validation metrics (Anderson, 2004) in the time and frequency 
domains for use with validation type simulations. These new GOF metrics utilize various intensity 
measures (IMs) to supplement the currently utilized measures – Pseudo Spectral Acceleration (PSA) 
GOF, and the GOF criteria of Olsen and Mayhew (2010). We have interacted closely with SCEC IT to 
integrate the new validation metrics within the BBP, and as a result they will become available in the 
next few months for future validation studies.  
 

Objectives 
 
The main objectives of this project are to: 

• Evaluate the current panel-recommended simulation methods [GP: Graves and Pitarka (2010), 
EXSIM: Motazedian and Atkinson (2005), SDSU: Mai et al. (2010)] and the two other methods 
currently on the platform [UCSB: Schmedes et al. (2010; 2011), CSM: Zeng et al. (1994)] for their 
ability to capture the between and within-event dispersion of ground motions for the set of BBP 
validation events, and compare with empirical ground motion prediction models (mainly NGA-
West2 models).  

• Evaluate the difference in between-event and within-event dispersion between the different 
simulation methodologies themselves. 

• Apply the Anderson (2004) GOF criteria for validating simulation waveforms to the existing 
validation simulations on the BBP and make these GOF metrics available for future validations. 

 

Part (1): Variability of 7 Validation Events 

Procedure 
 
The representation of spectral acceleration from event, e, at a single location, s, for the purposes of 
ground motion prediction, is generally given by:  

𝑙𝑙𝑆𝑆𝑒𝑒 = 𝑓𝑒𝑒(𝑆𝑆𝑆𝑆,𝑅𝑅𝑅) + 𝛿𝐵𝑒 + 𝛿𝑊𝑒𝑒                                                                                                (1) 

where 𝑙𝑙𝑆𝑆 is the natural logarithm of the observed spectral acceleration, 𝑓𝑒𝑒 is the median of the 
predicted logarithm of Sa as given by an empirical ground motion prediction equation (GMPE), which is 
a function of the site and earthquake rupture considered, 𝛿𝐵𝑒 is the between-event (or inter-event) 
residual with zero mean and variance τ2, 𝛿𝑊𝑒𝑒 and is the within-event (or intra-event) residual with zero 
mean and variance φ2.  
 
In order to study the aleatory variability of the simulations we compute 𝛿𝐵𝑒 and 𝛿𝑊𝑒𝑒  and their 
variances (τ2

sim
 and φ2

sim, respectively) from the different realizations of the earthquakes that have been 
simulated as part of the Dreger et al. (2013) validation project. Residuals for each simulation are 
computed relative to the earthquake recordings in place of the GMPE median prediction. The variability 
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is studied for the three panel-suggested methods: GP, SDSU, and EXSIM, and for the two additional 
methods currently implemented: UCSB and CSM, using the seven well-recorded crustal earthquakes 
from the same project (Dreger et al., 2013), listed in Table 1. 
 

Table 1. Validation Events used in this study. 

Event 
Name 

Whittier 
Narrows 

(CA) 

North 
Palm 

Springs 
(CA) 

Tottori 
(Japan) 

Niigata- 
Chuetsu 

Oki 
(Japan) 

Northridge 
(CA) 

Loma 
Prieta 
(CA) 

Landers 
(CA) 

Year 1987 1986 2000 2007 1994 1989 1992 
Magnitude 5.89 6.12 6.59 6.65 6.73 6.94 7.22 
  
As a check, we first calculate the mean bias term (or, the GOF) for each simulation event to observe the 
mean misfit as a function of spectral period for the five simulation methods. This allows us to confirm 
that we are getting the same results, and using the same data as the Dreger et al. (2013) study. Note 
that the observed data have been site corrected for site condition with Vs30 = 863 m/s, which is 
consistent with the BBP simulations. As an example, the GOF plot versus period for the Graves & Pitarka 
method simulation of the Loma Prieta event is shown in Figure 2.   
 

 
Figure 2. Mean bias versus period (GOF) for the Graves & Pitarka simulation of the Loma Prieta event. 

The simulation residuals are categorized using two different approaches: 
   

1) In the first approach (Approach 1), we consider the seven individual validation earthquakes one 
at a time.  Here, the “event terms” represent the average of the residuals for different source 
realizations of the same event. Depending on the method, the associated “τsim“ using this 
approach can be very small.  

2) The second approach uses the entire set of seven validation earthquakes to develop a "catalog“ 
comprised of the seven events, with roughly 40 recordings of each event, and 50 source 
realizations of each event. For each simulation method, residuals are calculated for this catalog, 
and then are separated in two ways: first by using the residuals of each realization of each event 
equally weighted (Approach 2a), and second by using the residuals of the average result from 
the multiple realizations of each event (Approach 2b). In Approach 2a, each realization of each 
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event has an associated "event term“. In Approach 2b each of the seven simulated events will 
have one "event term“ as calculated from the average of the 50 realizations. 

 
The within-event standard deviation (φsim) is the standard deviation of the remaining residuals after 
removing the event terms.  For both approaches, we have compared φsim and τsim with those that have 
been computed from the NGA-West2 GMPEs (φGMPE and τGMPE), specifically the Abrahamson et al. 
(2013b), Boore et al (2013), Campbell and Bozorgnia (2013) and Chiou and Youngs (2013) models.  

Results 
 
The primary deliverables of this section of the project are a large quantity of comparison plots showing 
the various components of variability versus period and magnitude, for all 5 simulations methods and 
for all the different validation events.  Since it is not possible to include all of these comparisons in this 
short report, these figures will be made available to the BBP Validation group, which includes the 
modelers, and to the GMSV TAG. The comparisons are summarized here with a few example plots. 
 
For Approach 1, the spectrum of τsim  and φsim are plotted versus period for each of the seven events.  As 
a comparison point, the corresponding standard deviation from the NGA-West2 GMPEs is also plotted 
for each event, as in Figure 3 for Graves & Pitarka, the Loma Prieta validation.  With Approach 1, τsim is 
expected to be smaller than that from the empirical models - which are empirical and developed from 
large earthquake datasets. We observe that this is generally true, except for the CSM method which has 
large variability between source realizations of the same scenario. The UCSB, EXSIM and SDSU 
simulation methods generally have very small variability between realizations of the same event, with 
τsim values on the order of 0.1 natural log units or less (for example, in Figure 3). CSM has the highest τsim 
values; particularly for the Japanese events. UCSB has τsim values between about 0.2 and 0.4 natural log 
units, which generally lie between τsim for CSM and the other three methods.  
 

 
Figure 3. Separation of residuals using Method 1, showing Graves & Pitarka standard deviation of residuals for the 

Loma Prieta validation simulation (solid lines) and the Abrahamson et al. (2013b) NGA-West2 GMPE standard 
deviation (dashes lines). 

While τsim from Approach 1 is low for most methods, the behavior of φsim for these seven events are 
surprisingly similar to the GMPEs for many methods and events. For example, Figure 3 shows φsim for 
the GP method of the Loma Prieta validation (blue solid line) as compared with the Abrahamson et al. 
(2013b) GMPE within-event standard deviation for an event of the same magnitude (blue dashed line). 
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GP, SDSU and ExSim tend to exhibit larger variability at long periods, especially for the two Japanese 
events. UCSB and CSM generally have φsim values larger than the GMPEs, with a wide range of different 
behaviors from event to event. Generally EXSIM has the lowest φsim values of the five methods. 
 
Using Approach 1 for the partitioning of the simulation residuals, it is possible to observe the scaling of 
τsim  and φsim with event magnitude, and compare with GMPEs. Figure 4 displays the scaling of τsim  and 
φsim with magnitude, as well as the magnitude scaling of the Abrahamson et al. (2013b) model 
(California version, for estimated Vs30). The figure has four panels for different spectral periods: PGA, 
0.2 s, 1.0 s, and 2.0 s. The five California event simulations are plotted with open squares, and the two 
Japanese events are plotted with solid squares. Figure 5 displays the standard deviation surfaces which 
are the composite of Figures 3 and 4, covering the entire range of events and periods, for τsim  (top) and 
φsim (bottom), using the GP simulation method. 
 
Similar steps of analysis have been taken using Approaches 2a and 2b for the separation of residuals. 
Figure 6 displays the Approach 2b standard deviation of residuals for the complete set of seven 
validation simulations (solid lines) and the Abrahamson et al. (2013b) NGA-West2 GMPE standard 
deviation (dashes lines) for the five simulation methods (each panel, as denoted in plot titles). Approach 
2a and 2b results are included in the distribution of results, but are not discussed further here.  
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Figure 4. Scaling of τsim  and φsim with magnitude, as well as the magnitude scaling of the Abrahamson et al. 

(2013b) model (California version, for estimated Vs30). The figure has four panels for different spectral periods: 
PGA, 0.2 s, 1.0 s, and 2.0 s, as denoted in plot titles.  
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Figure 5. Magnitude and spectral period scaling of τsim (top) and φsim (bottom) for the seven validation events, GP 

simulation method, using Approach 1 for the separation of residuals. 
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Figure 6. Separation of residuals using Approach 2b, showing the standard deviation of residuals for the complete 
set of seven validation simulations (solid lines) and the Abrahamson et al. (2013b) NGA-West2 GMPE standard 

deviation (dashes lines) for the five simulation methods (each panel, as denoted in plot titles).  

Part (2): New GOF Implementation 
 
We have implemented and tested outside of the BBP the Anderson (2004), GOF criteria. The 
implementation was done using python programming language which is compatible with the core 
routines of the BBP. This additional GOF measure will be available to use in future simulations in the BBP 
in the next few months. It is currently in the testing phase on the SCEC BBP servers.  
 
At present, we have only one significant limitation in the implementation of the GOF criteria with regard 
to the overall number of the GOF measurements that can be used in the BBP. For example 
measurements C1 and C2 require the observed and synthetic waveforms to be time aligned since they 
refer to the duration of the waveforms. In the current implementation of the BBP, this is not technically 
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possible but our code is ready to compute the specific GOF measurements whenever this option 
becomes available.  
 
An issue that has been identified in the past by the modelers and different users of the BBP that also 
impacts our task is the site correction routines of the observed time series. Currently, there are available 
methods in the BBP to correct the response spectra of the observed data to a reference velocity so they 
will be directly compared to the simulations. However, there isn’t any available method to perform this 
correction in the time series. This problem directly impacts the computations of the GOF measurements 
for the peak values of the time series. Our solution to this problem is to apply the site correction 
procedure to the Fourier spectra and then use the inverse Fourier transformation to get the corrected 
time series.  
 
With the help of the IT people at SCEC we will have a complete implementation of the Anderson (2004) 
GOF criteria in the next few months and we will provide to the modelers, and to the GMSV TAG the 
results for the Validation events listed in Table1.     

 
  



 12 

References 
 
Abrahamson N. A. (2013a) Moving Forward, SCEC BBP Validations & Improvements.  2013 SCEC Annual 

Meeting. http://www.scec.org/workshops/2013/bbp/1100_Abrahamson.pdf 
Abrahamson N. A., Walter J. Silva, and Ronnie Kamai (2013b).Update of the AS08 Ground-Motion 

Prediction Equations Based on the NGA-West2 Data Set.PEER, 2013-04, 174pp. 
Anderson, G. J., (2004). Quantitative measure of the goodness-of-fit of synthetic seismograms, No 243, 

13th World Conference on Earthquake Engineering, Vancouver, Canada, 2004.   
Atik, L. A., N. Abrahamson, J. J. Bommer, F. Scherbaum, F. Cotton, N. Kuehn, (2010). The Variability 

of Ground-Motion Prediction Models and Its Components, Seismological Research Letters, 
81, 794-801. 10.1785/gssrl.81.5.794 

Bayless, J., A. Pitarka, S. Ni and P. Somerville (2011).  Validation of broadband strong motion simulations 
for the NGA East Project – summary of results. http://peer.berkeley.edu/ngaeast/wp-
content/uploads/2011/10/Th_AM_3_Bayless-Somerville_URS-Validation-Results.pdf 

Boore D.M., Jonathan P. Stewart, Emel Seyhan, and Gail M. Atkinson (2013). NGA-West2 Equations for 
Predicting Response Spectral Accelerations for Shallow Crustal Earthquakes. PEER, 2013-05, 
142pp. 

Bradley B. (2013). Systematic ground motion observations in the Canterbury earthquakes and region-
specific non-ergodic empirical ground motion modeling. Technical Report Prepared for GNS 
Science and the Ministry of Business, Innovation and Employment, 74pp. 

Campbell K.W. and Yousef Bozorgnia (2013). NGA-West2 Campbell-Bozorgnia Ground Motion Model for 
the Horizontal Components of PGA, PGV, and 5%-Damped Elastic Pseudo-Acceleration Response 
Spectra for Periods Ranging from 0.01 to 10 sec, PEER, 2013-06, 102pp 

Chiou B.S.J. and Robert R. Youngs (2013). Update of the Chiou and Youngs NGA Ground Motion Model 
for Average Horizontal Component of Peak Ground Motion and Response Spectra. PEER, 2013-
07, 107pp. 

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. 

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

Kristeková M., Kristek J., Moczo P. (2009). Time-frequency misfit and goodness-of-fit criteria for 
quantitative comparison of time signals. Geophys. J. Int. 178, 813-825, doi: 10.1111/j.1365-
246X.2009.04177.x. 

Mai, P.M., W. Imperatori, and K.B. Olsen (2010). Hybrid broadband ground-motion simulations: 
combining long-period deterministic synthetics with high-frequency multiple S-to-S back-
scattering, Bull. Seis. Soc. Am.. 100, 5A, 2124-2142. 

Motazedian, D. and G. M. Atkinson (2005). Stochastic finite-fault modeling based on a dynamic corner 
frequency, Bull. Seismol. Soc. Am. 95, 995-1010. 

Olsen, (2009). Validation of High Frequency Ground Motion Simulations on the SCEC Broadband 
Platform.  Annual Report to SCEC. 

Olsen, K.B., and J.E. Mayhew (2010). Goodness-of-fit Criteria for Broadband Synthetic Seismograms, 
With Application to the 2008 Mw5.4 Chino Hills, CA, Earthquake, Seism. Res. Lett., 81, 715-723. 

Olsen, K. and R. Takedatsu (2011).  Validation of hybrid broadband strong motion simulations for the 
NGA East Project. http://peer.berkeley.edu/ngaeast/wp-
content/uploads/2011/10/Th_AM_4_Olsen_SDSU-Validation-Results.pdf 



 13 

SCEC (2007).  Participation in Phase NGA-H of the Next Generation Attenuation (NGA) Project.  
USC/SCEC/CEA Technical Report#7, February 28, 2007. 

Schmedes, J., R. J. Archuleta, and D. Lavallée (2010). Correlation of earthquake source parameters 
inferred from dynamic rupture simulations, J. Geophys. Res., 115, B03304, 
doi:10.1029/2009JB006689. 

Schmedes, J., R. J. Archuleta, and D. Lavallée (2011). A kinematic rupture model generator incorporating 
spatial interdependency of earthquake source parameters, to be submitted to Journal of 
Geophysical Research. 

Somerville, P. R. Graves, and N. Collins (2009). Validation of High Frequency Ground Motion Simulations 
on the SCEC Broadband Platform.  Annual Report to SCEC. 

Stewart, J.P., Seyhan, E., and Graves, R.W. (2011) Calibration of Semi-Stochastic Procedure for 
Simulating High Frequency Ground Motions, PEER Report 2011/xx   

Zeng, Y., J. G. Anderson and G. Yu (1994).  A composite source model for computing realistic synthetic 
strong ground motions, Geophysical Research  Letters 21, 725-728. 


	Abstract
	Table of Contents
	Motivation
	Objectives
	Part (1): Variability of 7 Validation Events
	Procedure
	Results

	Part (2): New GOF Implementation
	References

