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Summary 
The purpose of this study is to better understand how different components of the model contribute to 
variability of broadband ground motions. Toward this goal, we have performed 3D numerical wave 
propagation simulations for the July 6 2019 M7.1 Ridgecrest, CA earthquake in model domains with 
horizontal dimensions of 200 km by 300 km and 200 km by 150 km up to 3 Hz with 500 m/s minimum 
shear wave velocity. The calculations were carried out on ORNL Summit using the GPU-enabled AWP-
ODC finite difference code which enables calculations with surface topography on curvilinear grids 
(O'Reilly et al., 2019). Velocity and density information were taken from the SCEC CVM-S4.26.M01 with 
built-in geotechnical layers. We tested multi-segment source rupture models inverted from seismic and 
geodetic data with enhanced high frequency content. We find that, as expected, the effects of surface 
topography increase with frequency, primarily reducing peak ground velocities (PGV) and increasing 
durations. The intrinsic attenuation model of Qs=0.1Vs, Qp=2Qs produced the least biased PGVs throughout 
our model domain. 
 
Numerical simulations 
The Mw 7.1 Ridgecrest, California earthquake occurred on 6 July 2019 is one of the most well-recorded 
significant earthquakes in Southern California. Hundreds of seismic instruments in Southern California 
captured both near-fault and far-field ground motions from the event, lending the earthquake as a prime 
candidate for validation of 3D velocity and finite fault source models. 
 
We carry out our numerical simulations of wave propagation for the M7.1 Ridgecrest earthquake on ORNL 
Summit using the finite-difference code AWP-ODC, a GPU-enabled code with support for surface 
topography on curvilinear grids and frequency-dependent anelastic attenuation (O’Reilly et al., 2021) in 
two different domains. The larger of the two modeling domain covers a 200 x 300 km region with a 
maximum depth of 80 km, rotated by 25 degrees clockwise relative to E-W. The smaller domain is the 
northern half of the larger domain with a horizontal dimensions of  200 x 150 km (see Figure 1).  
 

 
Figure 1. (left) Small and (right) large simulation domains and topographic features. 
 
To include topographic effects, we interpolate the Southern California digital elevation model (DEM) of 3-
arc-second resolution and incorporate into the curvilinear mesh (www.ngdc.noaa.gov). The curvilinear 
mesh is built by linearly mapping the vertical grid locations from the bottom to the top of the computation 
domain to conform with the local topographic elevation while horizontal grid locations remain the same. 



In this case, positive topographic height is accommodated by widening the vertical grid spacing, while the 
domain is vertically shortened at locations with negative elevation. 
We use the velocity and density information from the SCEC UCVM model CVM-S4.26.M01 (CVM 
hereafter) with built-in geotechnical layers (Small et al., 2017). To achieve a maximum frequency of 3Hz, 
we use a horizontal grid spacing of 25 m and constrain the minimum shear wave speed at 500 m/s, which 
results in a model resolution of 6.7 points per minimum wavelength.  
 
Q(f) 
Frequency-dependent attenuation is included using a memory-efficient coarse-grain memory variable 
technique developed by (Withers et al., 2015). In this technique, the frequency-dependent quality factor 
above the reference frequency fo is parameterized as a power-law relationship with exponent g,  
 

Q(f)=Qofg, f>fo, (1) 

while Q is constant below fo  
Q(f)=Qo, f<fo. (2) 

We use a velocity-dependent relationship of the form Qos=KVs and Qp=2Qs, where K is a constant to be 
refined. We find that K=0.1 (Qs=0.1Vs, Qp=2Qs with 𝛾 = 0.6) appears to provide the least biased peak 
ground velocity predictions throughout the domain when comparing with data (see Figure 2), which is 
consistent with the findings of Savran and Olsen (2019).   
 

 
Figure 2. Effect of low-frequency Qs (Qos). Comparison between PGVs from data and 3 different Qos 
models as a function of distance (left) and frequency (right). 
 
Data Constraints 
We used broadband acceleration data from the CI and NP networks, and removed the instrument response 
and integrated once to get velocity waveforms. Prior to all the comparisons, the observed and simulated 



data were bandpass filtered to 0.02 - 3 Hz using a 2nd-order Butterworth filter with 1 forward pass. Our 
smaller domain includes 29 stations for validation purposes.  
 
Source Variability 
We test three different inverted kinematic source models (Chen et al., 2020; Goldberg et al., 2020; Liu et 
al., 2019), where we use the differences between these models to investigate the sensitivity of source 
variations to the predicted ground motions. Note that the moment rate function for each subfault is 
computed with the slip rate function from the source model and the shear modulus at the same location in 
the CVM. While our simulations use a maximum frequency of 3 Hz, the source inversion studies naturally 
set a frequency limit for the inverted models at around 0.5 Hz. For this reason, we stochastically enhance 
the spectral energy at shorter time scales by perturbing the original moment rate function of each subfault 
with a correlated noise following a von Karman correlation function. All perturbed moment rate functions 
are rescaled to ensure that the seismic moments of all the subfaults remain the same. We grid search the 
strength and characteristic time scale of the generated noise to fit the spectrum of the perturbed total moment 
rate function with a targeted Brune’s type source spectrum of the general form 

                                                          
where Mo is the seismic moment, fc is the corner frequency, and n characterizes the spectral decay above 
fc (Brune, 1970), assuming fc=0.05 Hz and n=1.85 for the Ridgecrest Mw 7.1 mainshock. All three source 
models follow the same spectral shape after the enhancement (see Figure 3). The seismic moment of the 
Chen et al. (2020); Goldberg et al. (2020); Liu et al. (2019) are adjusted by constant factors of 1, 0.8, 1.3, 
respectively, such that all three models produce the lowest three-component averaged velocity envelope 
misfit (Kristeková et al., 2009). 
 
On average, the predicted peak-ground velocities and accelerations for all three source models are in good 
agreement with the observations at all distances, but with substantial variation between models (see Figure 
4). The variation seen at near-source stations might suggest that different source models capture different 
parts of the rupture process. The Fourier amplitude spectra of predicted velocity waveforms vary at all 
frequencies, from 40% below to 70% above data. The largest variation between models occur between 0.1 
- 0.6 Hz, where the source models are not affected by the enhancement with the von Karman correlated 
noise. Since the source model by Liu et al. (2019)  provides the best fit to data, we will use this source 
model in the simulations shown here. 
 

 
Figure 3. Comparison of moment rate functions (left) and Fourier amplitude spectra (right) of the three 
different source rupture models tested in this study. The dashed line shows the source spectrum of a 
Brune source with n=1.85, which is the targeted spectral shape. 



 
Topographic effects 
Using the inverted source rupture model from Liu et al. (2019), we carry out simulations of the M7.1 
Ridgecrest event with and without surface topography. We compute the RMS PGVs within 0.02 - 3 Hz 
with and without surface topography (Figure 5). 44% of the stations experience more than 10% reduction 
in PGV from topographic scattering, whereas only 6% of the domain observes more than 10% PGV 
amplification.  On average, topographic scattering reduces the peak-ground velocity by 8.6% within the 
model domain. The locations where positive topographic amplifications are observed generally coincide 
with ridges or crests, which is likely due to focusing effects. Seismic waves are trapped and amplified in 
the low velocity sediments surrounded by rocks with higher wave speeds. In addition to the effects on 
amplitudes, we see a 10% increase in duration of velocity waveforms and 60% increase in the duration of 
acceleration waveforms due to increased scattering occurring at the free surface.  
 
Interestingly, we find that the vertical velocity amplitudes are amplified by up to 75% above 1 Hz from 
topographic effects, significantly improving the fit to the data (see Figure 6). As the predominantly strike-
slip source model generates the largest amplitudes on the horizontal components, the amplified vertical 
amplitudes indicate a redistribution of energy from topographic scattering. The increase in standard 
deviation of the topographic effects (Figure 6) with frequency indicates stronger topographic effects as 
frequencies increase, as expected from waves with shorter wavelengths interacting with smaller topographic 
features. However, the 20-25% reduction of amplitudes obtained on the horizontal components within 0.1 
- 0.5 Hz shows that topographic effects cannot be discarded at lower frequencies. 

 
Figure 4. Comparison of observed and simulated PGVs (a) and (b) PGAs as a function of distance for 
different source models. Thick lines are smoothed Gaussian-weighted running (5 km) average. Distance is 
here defined as the shortest horizontal distance to the closest surface projection of the fault. 



 
Figure 5. Topographic amplification map and histogram. Green dots outline the trace of the M7.1 event.  
 

 
Figure 6. Velocity Fourier amplitude spectra for synthetics generated with and without topography at 
sites where data is available. (left) Percent difference, where thick lines show the mean, darker blue 
shading is the 90% confidence range of the mean, and the lightest blue shading is the standard deviation 
of the mean. (right) Comparisons of the residual between observations and simulations in form of natural 
log ratio, with shading showing 90% confidence intervals of the estimated mean ratios. 
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