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Abstract 
A hybrid low/high frequency method for the prediction of broadband ground-motion time histories 

was developed. The key features of this method are: 
1. Correlation of the kinematic source parameters as suggested by previous models of dynamic 

faulting  
2. For any point on the fault the choice of the source parameters is based on statistical 

distributions. 
We provided the code for implementation in the broadband simulation platform, participated in the 

demonstration of the platform, and we computed the Greens functions for the hangingwall/footwall 
exercise, which was the first exercise to be done using the developed platform. Furthermore, we 
performed validation against strong motion data from the Loma Prieta earthquake. 
 Currently we are working on refining the method by analyzing a large number of dynamically 
computed spontaneous rupture models. We found, that slip does not correlate with rupture velocity, but 
with peak slip rate and the duration of the largest peak in the slip rate function. This is an important 
result because it directly influences the ground motion.  

In addition, we implemented a wavelet based method for stitching the low and high frequency 
seismograms that yields better results than the matching filter. 
 
Method 

Our original kinematic source description is based on correlated random distributions for the slip 
amplitude, the average rupture velocity, and the rise time on the fault. It allows for the specification of 
source parameters independent of any a priori inversion results. The wavenumber distribution of the 
slip on the fault is based on the work of Mai and Beroza  (2002). The slip amplitudes follow a truncated 
Cauchy distribution (Lavallee & Archuleta, 2003). Using a NORmal To Anything (NORTA) method 
(Cario and Nelson, 1997) it is possible to construct  
● the average rupture velocity on the fault as a random field that follows a uniform distribution 

and that is spatially correlated with the slip amplitude on the fault  
● the rise time on the fault as a random field that follows a beta distribution and that is spatially 

correlated with the slip amplitude on the fault.  
For a given slip amplitude and rise time (determined from the statistical distribution) we construct a 

slip rate function for each point source based on a functional form motivated by the results of dynamic 
fault modeling. 

Two codes are available to compute the wave propagation, i.e., the Greens functions for the 
medium between the fault and the stations. We compute the low frequencies (f<~1 Hz) using a visco-
elastic finite difference code (Liu & Archuleta, 2002; Liu & Archuleta, 2006). For the computation of 
the high frequencies (up to 10-20 Hz) we use 1D velocity models and the frequency wavenumber (FK) 



method (Zhu & Rivera, 2001).  A realistic attenuation model is common to the 1D and 3D calculations. 
The value of Q is a function of the local shear wave velocity.  

We compute 1D and 3D synthetics for a given station using a standard representation theorem that 
convolves the spatial varying slip rate function on the fault with the computed Greens functions of the 
medium between the fault and the station and integrates this combination over the fault. To produce 
more accurate high-frequency amplitudes and durations, we correct the 1D synthetics using a 
randomized, frequency dependent perturbation of azimuth, dip, and rake (similar to Pitarka et al., 
2000). To correct the 1D synthetics for local site response and nonlinear soil effects we use a nonlinear 
propagation code (Bonilla et al., 1998, Hartzell et al., 2004) and a generic velocity structure appropriate 
for the site. Finally, we combined the low frequencies from the 3D calculation with the high 
frequencies from the 1D calculation using matched filtering at a specified cross over frequency. A 
flowchart of the method is given in Fig. (1). A detailed description of the method can be found in (Liu 
et al, 2006). 
 
Validation and Verification 

We have validated the full method (Fig 1) using data from the Northridge earthquake (Liu et al., 
2006).  

The salient points of that study are:  
1) the bias and error are as small if not smaller than other methods; 2) combining 1D and 3D 

reduces slightly the misfit at low frequencies; 3) the faulting model used to generate the broadband 
synthetics is not constrained by an a priori inversion result; 4) the modeling is independent of specific 
values for slip rate at a point on the fault.  

We further validated the method against the 1989 Loma Prieta earthquake using a 1D velocity 
structure and no site response. We computed ground acceleration for a subset of 18 stations (Fig. 2a) 
using a 1D velocity model (Wald et al, 1991), and the fault geometry used by Liu and Archuleta 
(2004). We created twenty different random rupture models for which we computed acceleration time 
histories. In Figure 2b) we show the response spectral bias (5% damping) between observations and 
simulations for all stations and the rupture model with the smallest bias. In Figure 2c) we plot the 
response spectral bias between the observation for one station (FRE) and the simulations for all twenty 
rupture models.  Even though we did not model site response or include 3D effects in this calculation, 
the bias of the best model is small. Note, that the standard deviation for multiple models and one station 
is smaller than for one model and all stations. On the other hand the bias for the single station and 
multiple models shows stronger deviation from the observations due to the lack of site response and 3D 
effects in our current computations. We expect a decrease of the bias for single stations, and the 
standard deviation for the combination of all stations, by including site effects and a 3D velocity model. 
It is important that our validation is not based on a slip distribution modified from inversions. That is, 
we validate our rupture model generator and not only the modules computing low and high frequency 
synthetics.  

In 2006 we participated in a verification exercise defined by Graves. Furthermore, we participated in 
various meetings during 2007 at the SCEC headquarter in which the methods were discussed and next 
steps towards the implementation of the methods into the broadband simulation platform were decided. 
Our rupture model generator and our method to compute broadband synthetics for a 1D velocity model 
were successfully implemented into the workflow. The platform was used to compute a large number 
of simulations in order to investigate the hangingwall/footwall effect. We provided the Greens 
functions for these simulations and performed sample simulations that were successfully compared 



with the results of the simulations performed by Rob Graves to ensure that our results agree in the low 
frequencies before the large number of simulations on the platform is started. 

In addition, we used our method in combination with isochrone analysis (Bernard and Madariaga, 
1984; Spudich and Frazier, 1984) to get further insight into the problem of ground motion saturation 
with magnitude for distances close to the fault (Schmedes and Archuleta, 2008).  
Refinement of the Method 

We are currently working on the refinement of the method using dynamic modeling. Our focus here is 
on the spatial interdependency of the kinematic parameters. We computed the spatial correlation 
coefficients for different parameter pairs and 315 spontaneous rupture models, including three dynamic 
Shakeout ruptures computed by Lius Dalguer (2008, pers. Comm.). Selected histograms are shown in 
Figure 3. The first important result is contained in the first row, which shows the correlation of final 
slip with the ratio of rupture velocity over shear wave velocity. The distribution is centered on 0, hence 
for most ruptures there is no correlation between these two parameters. Therefore, for a given slip 
distribution on the fault there are many fundamentally different spatial distributions of rupture velocity 
possible, which translates into great variability in the possible ground motion. This result argues against 
using slip as a controlling parameter for rupture velocity. If a positive correlation between slip and 
rupture velocity is assumed, areas of large slip are sampled in a shorter time (faster rupture), which 
yields strong peaks in the ground motion. Hence, if such a correlation is wrongly assumed one might 
over-predict ground motion. 

However, total slip does show a positive correlation with rise time, that is, larger slip is obtained for 
longer rise times. The ratio of rupture velocity over shear wave velocity correlates positive with peak 
slip rate and negative with the duration of the peak in the slip rate function. That is, fast rupture 
velocities and short peak times accompany larger peak slip rate. Consistent with this picture is also the 
negative correlation between peak slip rate and peak time.  

We also implemented a new, improved way of stitching the low and high frequency seismograms. 
Instead of in the frequency domain the combination is performed in the wavelet domain. To test the 
new method, we use a synthetic seismogram that is used as both, low and high frequency ground 
motion. That is, we can compare the seismogram combined in the frequency or wavelet domain with 
the original seismogram. A perfect stitching algorithm should give a perfect fit to the original 
seismogram. Figure (4, top) shows the comparison of the original ground velocity with the ground 
velocity resulting from stitching using the two methods. Here no big difference can be seen, the 
wavelet based method performs slightly better. But if the ground velocities are differentiated to ground 
acceleration the wavelet based method yields significantly better fit than the frequency domain method. 
Thus, we will replace the matched filtering algorithm with the wavelet domain method.   
References 
Abrahamson, N., P. Somerville, and C. Cornell (1990). Uncertainty in numerical strong motion predictions, in Proc. Of the 

Fourth U.S. National Conference on Earthquake Engineering, Vol. 1, 407-416. 

Bernard, P., R. Madariaga (1984). A new asymptotic method for the modeling of near-field accelerograms, Bull. Seism. Soc. 

Am., 74, 2, 539-557 

Bonilla, L., D. Lavallée, and R. Archuleta (1998). Nonlinear site response: Laboratory modeling as a constraint for 

modeling accelerograms, in Proc. The Effects of Surface Geology on Seismic Motion, Yokohama, Japan, 2, 793-800. 

Cario, M.C. and B.L. Nelson (1997), Modeling and generation random vectors with arbitrary marginal distributions and 

correlation matrix. Tech Rep., Department of Industrial Engineering and Management Sciences, Northwestern 



University, Evanston, Ill. 

Hartzell, S., P-C Liu, and C. Mendoza (1996). The 1994 Northridge, California, earthquake: Investigation of rupture 

velocity, rise time and high-frequency radiation, J. Geophys. Res., 101, 20091-20108. 

Hartzell, S., L. F. Bonilla, and R. A. Williams (2004) Prediction of nonlinear soil effects, Bull. Seism. Soc. Am., 94, 1609-

1629. 

Lavallée, D. and R. J. Archuleta (2003). Stochastic modeling of slip spatial complexities for the 1979 Imperial Valley, 

California, earthquake, Geophys. Res. Lett., 30, 1245, doi:10.1029/2002GL015839. 

Liu, P-C, and R. J. Archuleta (2002). The effect of a low-velocity surface layer on simulated ground motion, Seism. Res. 

Lett. 73, 267. 

Liu, P-C, and R. J. Archuleta (2006). Efficient modeling of Q for 3D numerical simulation of wave propagation, Bull. 

Seism. Soc. Am., in press. 

Liu, P-C, R. J. Archuleta, Hartzell, S. H., (2006). Prediction of broadband ground-motion time histories: hybrid low/high-

frequency method with correlated random source parameters, Bull. Seism. Soc. Am., 96, 2118-2130. 

Mai, P.M., and G.C. Beroza (2002). A spatial random field model to characterize complexity in earthquake slip, J. Geophys. 

Res. 107, 1-21. 

Pitarka, A., P. Somerville, Y. Fukushima, T. Uetake, and K. Irikura (2000). Simulation of near-fault ground-motion using 

hybrid Green’s functions, Bull. Seism. Soc. Am., 90, 566-586. 

Silva, W., R. Darragh, and N. Gregor (1998). Reassessment of site coefficients and near-fault factors for building code 

provisions, Pacific Engineering and Analysis Report 98-HQ-GR-1010. 

Schmedes, J., Archuleta, R.J., Lavalleé, D., Spatial correlation of earthquake source parameters inferred from dynamic 

rupture models. Poster at 2008 SCEC meeting. 

Schmedes, J., Archuleta, R.J. (2008). Near field ground motion along strike slip faults: Insights into magnitude saturation of 

PGV and PGA, BSSA, 98, 2270-2290 

Schneider, J., W. Silva, and C. Stark (1993). Ground motion model for the 1989 M 6.9 Loma Prieta earthquake including 

effects of source, path, and site, Earthquake Spectra, 9, 251-287. 

Spudich, P., L. N. Frazer (1984). Use of ray theory to calculate high-frequency radiation from earthquake sources having 

spatially variable rupture velocity and stress drop, Bull. Seism. Soc. Am., 74, 6, 2061-2082 

Zhu, L. and L. Rivera (2001). Computation of dynamic and static displacement from a point source in multi-layered media, 

Geophys. J Int., 148, 619-627. 

 
 



 
 
 
 
Figure 1: Flowchart of scheme for generating broadband synthetics (Liu et al., 2006). 



 
Figure 2: a) map of stations and hypocenter, b) response spectral bias for all stations and one event, c) 
response spectral bias for one station (FRE, see map above) and 20 models. 



 
Figure 5: Histograms of computed spatial correlation coefficients for 315 ruptures and different 
parameter pairs. This result indicates that there is no correlation between slip and rupture velocity. 
 



 
Figure 4: Comparison of original ground motion (red) with ground motion computed by combining 
seismograms in the wavelet domain (left, blue) and in the frequency domain (right, blue). Ground 
velocity is plotted at top, the ground acceleration that is computed from the ground velocity on the 
bottom. The frequency domain based method shows a larger deviation from the original acceleration 
than the new wavelet method.  
 


