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Abstract 
In the UCSB method for computing broadband ground motion we explicitly specify a source 
spectrum. In the past, we have used a single corner Aki(1967)/Brune(1970) spectrum to constrain the 
source realizations. However, using data from the NGA West-2 (Ancheta et al., 2014), we have 
determined that the spectrum should have two corners: one related to the overall duration and one 
related to the spectral level of the high frequency radiation (Ji and Archuleta, 2020). In essence, the 
classical Aki (1967)/Brune (1970) single-corner source spectrum should be modified to include a 
second corner, i.e., a double-corner frequency (DCF) source spectrum (e.g., Gusev, 1983; Luco, 1985; 
Atkinson, 1993; Atkinson and Silva, 1997).  
Intellectual Merit 
The classical Aki (1967)/Brune (1970) source spectrum has a single corner that can be related to stress 
drop (Brune, 1970, 1971).  The single corner frequency is related to the overall duration of the rupture 
process. There is a stress parameter that controls the high frequencies which are directly related to 
root-mean-square acceleration (Hanks, 1979; McGuire and Hanks, 1980). There is clearly a difference 
in estimating the stress parameter from acceleration and stress drop estimated from a spectrum, 
assumed to have a single corner (Cotton et al., 2013). Using data from crustal earthquakes (Ancheta 
et al, 2014), we have determined scaling relations for the two corners of a double-corner source 
spectrum (Ji and Archuleta, 2020; Archuleta and Ji, 2016). This spectrum resolves the quandary 
discussed by Cotton et al. (2013) as to what is the stress drop of an earthquake.  
Broader Impacts 
A critical need for earthquake engineering is knowledge of near-source ground motion from damaging 
crustal earthquakes. While the data are becoming more plentiful (e.g., Ancheta et al., 2014), there is a 
notable lack of data within 20 km of the causative fault for earthquakes with M>6. Physics-based 
kinematic earthquake scenarios can provide computed broadband accelerograms for a wide range of 
magnitudes and distances.  
Proposed tasks 
In this study, we have attempted to use the double corner frequency source spectral models JA19 and 
JA19_2S (Ji and Archuleta, 2020) to constrain the source realization of future earthquakes.  
 
Results 
While the source spectral model represents the the mean response of earthquakes with same 
magnitude (Boore, 2003), aleatory variations have to be considered when we apply it to individual 
earthquakes. The seismic radiation of an earthquake is not only controlled by seismic moment, but 
also affected by its static stress drop, dynamic stress drop, the fault aspect ratio, relative hypocenter 
location. Rules that can guide the adjustment to the source spectra to consider their contributions then 
need be developed. Second, to match the strong motion parameters, we have to use non-self-similar 
scaling relationship, which is inconsistent with some recent studies (e.g., Baltay and Hanks, 2014) and 
requires an interpretation.  
1. Theoretical development 
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Ji and Archuleta (2020) introduced two double-corner-frequency (DCF) source spectral models JA19 
and JA19_2S. Their source Fourier amplitude spectra Ω(𝑓) are represented by 
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The spectral amplitude remains constant for frequencies less than 𝑓"#, decays as 𝑓,# between 𝑓"# and 
𝑓"$, and decays as 𝑓,$ for frequencies greater than 𝑓"$. JA19 and JA19_2S share the same self-similar 
scaling relation for their high corner frequency 𝑓"$,  
log	(𝑓"$(𝑴)) = 3.250 − 0.5𝑴 (2) 

Their scaling relations for the low corner frequency 𝑓"# are different. For JA19, the relation is still self-
similar: log	(𝑓"#(𝑴)) = 1.754 − 0.5𝑴. In contrast, JA19_2S has different non-self-similar scaling 
relations for 3.3 < 𝑴 ≤ 5.3	and 5.3 < 𝑴 ≤ 7.3	earthquakes,   

log(𝑓"#(𝑴)) = 71.474 − 0.415	𝑴 3.3 < 𝑴 ≤ 5.3
2.375 − 0.585	𝑴 5.3 < 𝑴 < 7.3  (3) 

The low corner frequency ( 𝑓"#)  is 
associated with the rupture duration 
and the high corner frequency (𝑓"$) 
with average rise time (Ji and 
Archuleta, 2020). 
 
In Figure 1 we compare the synthetic 
acceleration source spectra for M 5 and 
M 7 earthquakes predicted with the 
single corner frequency (SCF) spectral 
model AS09 (Allmann and Shearer, 
2009) and BH14 (Baltay and Hanks, 
2014). Note the big discrepancies in 
spectral shape caused by the 
differences in corner frequency and 
high frequency falloff rate (Figure 1). 
The red lines in Figure 1 show the 
spectra predicted using DCF model 
JA19_2S (Ji and Archuleta, 2020). Note 
that the spectra of AS09 and JA19_2S 
agree with each other remarkably well 
for frequencies less than 2 Hz. For 
higher frequencies, JA19_2S predicts a 
constant high-frequency spectral level 
similar to BH14 through with larger 
amplitude. As shown in (Ji and 
Archuleta, 2020), JA19_2S predicted 
the PGA and PGV values in this 

magnitude range as well as BH14 model; the difference between these two model in high frequency 
acceleration spectral level is compensated by their spectral difference around the corner frequency of 
BH14 model (Ji and Archuleta, 2020). The comparison in Figure 1 highlights the difficulty in resolving 
the high corner frequency, which may be possible only for MW≥7 earthquakes if using teleseismic 
body wave data with frequencies less than 2 Hz.  
 

 
Figure 1. Comparison of synthetic acceleration Fourier 
amplitude spectra of M 5 and 7 earthquakes predicted 
using SCF spectral models AS09 and BH14 as well as 
DCF spectral model JA19_2S. Note that for AS09, we 
predicted the S wave corner frequency using 𝛽 = 3500 
m/s and adopt its falloff rate of 1.6 (Allmann and 
Shearer, 2009). The corner frequency estimated using 
BH14 is 1.76 times larger than AS09 (Ji and Archuleta, 
2020).  
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JA19_2S adopts different non-self-similar 𝑓"# scaling relations for magnitudes larger or smaller than 
magnitude 5.3 to explain the strong ground motion observations. The source physics for having two 
non-self-similar relations is not clear yet. Unlike the SCF Brune spectrum (Brune, 1970), the stress 
drop cannot be directly inferred from JA19_2S. To answer these two questions, we have investigated 
the relation between the kinematic double-corner-frequency (DCF) source spectral model JA19_2S 
(Ji and Archuleta, 2020) and static fault geometry scaling relations proposed by Leonard (2010). 
 
1.1 Combined JA19_2S with Leonard fault model 
Leonard (2010) re-analyzed multiple published data sets and proposed a set of self-consistent scaling 
relations between seismic moment (𝑀!), rupture area (𝐴), rupture length (𝐿) and rupture width (𝑊). 
He found that although 𝑀! ∝ 𝐴-/$  fault scaling applies for all earthquakes; the relations of fault 
length and width are magnitude dependent. For small (𝑀 < ~5) earthquakes, the self-similar relation 
𝑀! ∝ 𝐿- applies. For large earthquakes (𝑴 > ~5), 𝑀! ∝ 𝐿$.0 and 𝑊 ∝ 𝐿$/- apply. For large dip-slip 
earthquakes, this scaling applies up to the largest earthquakes. For very large (M>~7.2) strike-slip 
earthquakes, the fault width is limited in which case 𝑀! ∝ 𝐿#.0  applies. Note that the transition 
magnitude from small to large earthquakes is M 5.1 for strike-slip earthquakes and M 5.5 for dip slip 
earthquakes (Leonard, 2010). Coincidently, the transition magnitude of the 𝑓"#  scaling relation in 
JA19_2S is M 5.3 (Equation 3), right in the middle of M 5.1 and M 5.5.  
 
To avoid the complexity in scaling relations, we limit our attention to the magnitude range of 5.3< M 
<6.9 which is 80% of the large magnitude branch (M 5.3 to M 7.3) of the JA19_2S (Equation 3). 
Leonard (2010) regressed slightly different scaling relations for dip-slip (including normal fault) and 
strike-slip earthquakes. We use the relation of the strike-slip earthquakes in this discussion.  
log(𝐴) = 	𝑴 − 4.03 ± 0.26 (4a) 
log(𝐿) = 0.6𝑴 − 2.52 ± 0.10  (4b) 

The units of A and 𝐿 are km2 and km, respectively. Using the dip-slip formula, the average fault length 
would be ~10% smaller than what is predicted by equation (4b) though the scaling relations of average 
fault area are identical (Leonard, 2010). The equation (4a) is consistent with many previous studies 
(e.g., Wells and Coppersmith, 1994; Somerville, et al., 1999; Hanks and Bakun, 2008). The equation 
(4b), which we referred as Leonard’s length rule, is unique. As a consequence of the equation 4, the 
average slip 𝐷 scales self-similarly with magnitude and log(𝑊) = 2/3 log(𝐿) + 0.17. The aspect 
ratio (𝜀) of a fault, defined as 𝜀= 𝐿/𝑊, follows log(𝜀) = 0.2	𝑴 − 1.02. Thus, 𝜀 increases by a factor 
of 2.1 (1.11 – 2.33) as magnitude goes from 5.3 to 6.9.  
 
We find that The high-frequency source radiation is generally controlled by seismic moment, static 
stress drop and dynamic stress drop but is further modulated by the fault aspect ratio and the relative 
location of the hypocenter. The earthquakes that satisfy both JA19_2S and Leonard have four 
magnitude-independent quantities:  
1) The apparent rupture velocity 𝑉1I (= 𝐿/𝑇2) follows logK𝑉1IL = 0.015𝑴 + 0.352, suggesting a 

constant apparent rupture velocity 𝑉1I of ~0.8𝛽.  
2) The average static stress drop ∆𝜎3 is about 3 MPa. 
3) The average slip rate is 0.8 m/s and the average dynamic stress drop ∆𝜎2  is 3.4 MPa for 

𝑉1 𝛽 = 0.7⁄  (Kanamori, 1994). In contrast, the “stress parameter” (Boore, 1983; Boore, et al., 
2014) inferred from JA19_2S model decreases from 12 MPa to about 7.5 MPa when earthquake 
magnitude changes from 5.3 to 6.9. 
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4) JA19_2S predicts that the scaled energy �̃� decreases about 2 times as magnitude changes from 5.3 
to 6.9 but the value of 𝜀�̃� is nearly independent of magnitude because �̃� ∝ (∆𝜎2 𝜀⁄ )K𝑉1I 𝛽⁄ L-. 

We further revealed that the 𝑉1I of an earthquake is related with not only the true average rupture 
velocity 𝑉1 but also its hypocenter location and average rise time. However, if the hypocenter does 
not have a predominant along strike location, 𝑉1 𝛽⁄  is about 0.7. The commonly quoted average 
rupture velocity of 70-80% of shear wave speed implies “apparently” predominantly unilateral rupture. 
The results of combining Ji and Archuleta (2021) and Leonard’s (2010) model has been submitted to 
Seismological Research Letters. 
 
II: Revised UCSB broadband finite-fault ground-motion simulation method  
In a perspective of source realization, the above study provides an empirical guide to properly consider 

the effect of fault length, 
hypocenter location, average 
slip rate, and rupture velocity. 
We have revised the UCSB 
broadband kinematic 
simulation method (Liu, et al., 
2006; Schmedes, et al., 2013; 
Crempien and Archuleta, 
2015) by properly 
incorporating the DCF source 
spectral model. Figures 2 and 
3 show an example of source 
realization for Mw 6.5 
Ridgecrest foreshock. After 
defining the fault geometry 
using empirical fault models 
such as Leonard (2010) and 
constructing a k-2 slip 
distribution (Figure 2a), the 
following new rules are 
employed to constrain the 

spatial distributions of rupture front (𝑇(�⃗�, 𝑡)) and slip rate function for a given slip distribution. 
a) Rupture front 𝑇(𝑥, 𝑡)  is modeled as 𝑇!(�⃗�, 𝑡) + 𝛿(�⃗�, 𝑡)  (Figure 2c). 𝑇!(�⃗�, 𝑡)  defines the 

background rupture front from the hypocenter, calculated using the given rupture velocity 
distribution and a 2D finite difference travel-time solver. 𝛿(�⃗�, 𝑡) is the local perturbation. Based 
on the work of Gusev (2014) and Schmedes, et al. (2013), we let the spatial distribution of 𝛿(�⃗�, 𝑡) 
obey a 𝑘,# spectral distribution and the values of 𝛿(�⃗�, 𝑡) satisfy the Rayleigh distribution with 
𝜎 = 𝑇1/2. As shown in Figure 2c, the resulting rupture front is a tortuous, multiply connected (“lacy”) 
fractal polyline that occupies a strip of finite width close to the slip-pulse width (Gusev, 2014) but 
has no correlation with the fault slip (Figure 2a, (Schmedes, et al., 2013). This approach significantly 
improves the high frequency radiation efficiency.   

b) The default slip rate function at a point on the fault surface is a modified Yoffe function, which is 
the convolution of a Yoffe function and a truncated cosine function (Schmedes, et al., 2010). Its 
rise time 𝑇1(�⃗�)  is equal to 𝑇1!(𝑥) + 𝑇4(�⃗�) , where 𝑇1!(�⃗�)  and 𝑇4(�⃗�)  are durations of 
corresponding Yoffe function and truncated cosine function respectively (Schmedes, et al., 2010). 

 
Figure 2. A source realization for a M 6.5 earthquake. 
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Based on our previous dynamic study (Schmedes, et al., 2013), we let 𝑇1!(�⃗�)	 follow a 
𝑘,#.50	spatial distribution and the spatial correlation between 𝑇1!(�⃗�) and fault slip 𝐷(�⃗�) be 0.75. 
𝑇4(�⃗�) follows a 𝑘,#	spatial distribution and the spatial correlation between 𝑇4 and fault slip 𝐷(�⃗�) 
is negligible. We let the values of 𝑇1!(𝑥) obey a beta distribution (Liu, et al., 2006), and initially 
normalize 𝑇1!(�⃗�) so that their average 𝑇1!WWWWW	is equal to 0.8𝑇1WWW. The default value of average 𝑇4(�⃗�), 
i.e., 𝑇4WWW,	is 0.2𝑇1WWW.  

c) Rather than giving a fixed average rupture velocity as in the previous version of UCSB method, 
we perturb the ratio between rupture velocity and shear wave velocity on the fault so that the 
synthetic rupture duration (𝑇2 , defined specially as 95% of seismic moment) is 1/𝜋𝑓"#. This step 
is important because the changes of  𝑇1!WWWWW and 𝑇4WWW in the next step have negligible impact on the 
low corner frequency; the high frequency acceleration spectral level is proportional to 𝑓"#𝑓"$. 

d) In the last step, 
the mean values of  𝑇1!WWWWW 
and 𝑇4WWW  are further 
perturbed so that the 
amplitude spectrum of 
the cumulative 
moment rate function 
matches the target 
DCF spectral model 
(e.g., JA19_2S) in 
acceleration (Figure 3). 
We generate a pool of  
25 different source 
realizations before 
selecting the best 
realization for further 
ground motion 
simulation. 
e) A simple 
mapping approach has 
been developed to 
construct the source 
realization on multiple 
fault segments.  
We are benchmarking 
the algorithm with the 
data of Ridgecrest 

earthquakes and other BBP validation events. However, we have not yet revised the synthetic 
algorithm to use 1D Green’s function banks in irregular grids. We originally proposed such a change 
because we suspected that the Green’s function banks must have a fine grid spacing of 0.1 km or less 
to guarantee the precision. However, in that case, the size of Green’s function banks will be too large 
to distribute. We now find that a spacing of 0.4 km is sufficient for the current applications. The size 
of Green’s function banks is less than 20 GBs, which is compatible with the size used with the Graves 
and Pitarka method.  
 

 
Figure 3. Moment rate function (a) and comparisons of target (red 
line) and synthetic source spectra (black line) in displacement (b), 
velocity (c) and acceleration (d). Note that we only attempt to match 
the frequency up to 12 Hz.   
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