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I. Project Overview 

A. Abstract 
 
Teleseismic recordings of P waves from 26 large (mostly, MW ≥ 7.5) strike-slip earthquakes from 1990-
2015 have been analyzed to determine their radiated energy, ER, exploring the stability of the estimates 
with respect to the faulting geometry and directivity. The radiated energy estimates demonstrate that 
moment-scaled radiated energy ER/M0, for strike-slip events is systematically higher than found for large 
megathrust events. Finite-fault inversions for several of the events have been performed to resolve the 
spatial extent of faulting and to calculate the stress drops, supplementing published estimates for other 
events. The effects of rupture directivity (deviation from point-source radiation patterns) for the non-
uniform slip models have been assessed for several large ruptures by examining azimuthal patterns of 
individual station ER estimates. The source directivity effect on single-station ER measurements is gen-
erally relatively weak, but systematic variation as a function of directivity parameter can be detected for 
several events. A factor of ~2-3 azimuthal trend is observed for most supershear events, and bias of the 
average value can be avoided by azimuthal sampling. This effect appears modest, but one must con-
sider the narrow cone of teleseismic P wave paths from the source and their proximity to the nodal 
planes of strike-slip focal mechanisms. There are also complexities in each rupture and directivity effects 
are not the extreme end-member cases expected for simple uniform unilateral ruptures. Further work on 
estimating finite-fault source parameters has been proposed and funded, with the effort moving to Cal-
tech where Lingling Ye is now a postdoctoral researcher. 
 

B. SCEC Annual Science Highlights 
 

Seismology 
Fault and Rupture Mechanics (FARM) 
Ground Motion Prediction (GMP) 

C. Exemplary Figure 
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Figure 3. (a) Moment-scaled radiated energy estimates and (b) energy-based static stress drop, ΔσE, from finite 
source slip models versus earthquake magnitude (MW) from gCMT catalog. The measurements for 112 M7+ 
megathrust earthquakes including 5 notable tsunami earthquakes are from Ye et al. [JGR, 2016]. The cyan stars in 
(a) show ER/M0 measured with radiated energy averaged from single-station estimates with radiation coefficients 
larger than 0.3. The red stars in (a) indicate ER/M0 measurements with radiated energy after long-period correction 
with the moment-rate function from the finite-fault slip models.  
 

D. SCEC Science Priorities 
 

4a, 4b, 4d 

 

E. Intellectual Merit 
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the 
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC 
research objectives? To what extent has the activity developed creative and original concepts?  
 

The plate tectonic environment of California produces a risk of very large strike-slip earthquakes like the 1906 San 
Francisco and 1857 Fort Tejon earthquakes.  However, only a few, significantly smaller, strike-slip events have 
occurred in the region recently with good instrumental recording. As a result, SCEC relies on numerical modeling 
to anticipate ground motions for future large strike-slip events, with many attendant uncertainties. Globally, other 
regions have recently experienced very large strike-slip ruptures that are well recorded, and this study uses the 
recordings of those events to calibrate expected behavior of such events, as they will eventually strike in Califor-
nia. 
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F. Broader Impacts 
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has 
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If 
your project included a SCEC intern, what was his/her contribution? How has your project broadened the 
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for 
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some 
possible benefits of the activity to society? 
 

The project provided support for the last few months of Ms. Lingling Ye’s Ph.D. thesis work at the University of 
California Santa Cruz, before she relocated to a postdoctoral position at Caltech in Fall 2015.  Thus, it has directly 
supported a promising young, Asian woman scientist working on earthquake science.  The focus of the study is to 
improve the basis for anticipating the nature of future very large strike-slip ruptures in California, providing em-
pirical constraints on rupture behavior that can be used to evaluate and perhaps constrain dynamical rupture mod-
els used for ground motion prediction in the region.  The main long-term benefit could be improved confidence in 
scenario earthquakes and ground motion predictions for the largest class of earthquakes likely to strike in Califor-
nia, with improved input to earthquake engineering, strong-motion modeling, and earthquake warning procedures. 

G. Project Publications 
All publications and presentations of the work funded must be entered in the SCEC Publications data-
base. Log in at http://www.scec.org/user/login and select the Publications button to enter the SCEC Pubi-
cations System. Please either (a) update a publication record you previously submitted or (b) add new 
publication record(s) as needed. If you have any problems, please email web@scec.org for assistance. 
 
 
None yet. 
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II. Technical Report 
Large strike-slip earthquakes tend to have complex, predominantly unilateral ruptures, commonly with 
either localized or extensive segments of supershear rupture propagation. High-frequency radiated en-
ergy from such events is strongly affected by radiation pattern and source directivity effects; as a result, 
estimates of total energy budgets and seismic efficiency for this class of events have large scatter and 
uncertainty. Given that large strike-slip earthquakes are a major concern for Southern California, im-
proved empirical understanding of radiated energy from this class of events is desirable for evaluating 
seismic ground motion and allowing for possible enhanced energy release in the case of supershear rup-
tures. The 1992 Landers earthquake (Mw 7.3) is the largest regional event during the past 25 years in 
which large numbers of high-quality seismic recordings have been available, but other regions have expe-
rienced many, and larger, events of this type. We therefore analyze 26 globally distributed large strike-slip 
events (Figure 1) to provide an improved basis for anticipating source characteristics and ground motion 
of future strike-slip events with Mw ≥ 7.5 in the SCEC focus region. This approach supplements numerical 
modeling efforts based on earthquake scenarios, grounding such models in an improved empirical con-
text, particularly regarding likely overall scaling of static stress drop, source spectrum, radiated energy, 
radiation efficiency, and influence of directivity on both seismic measurements and rupture process. 6 
supershear earthquakes are included to evaluate the rupture speed influence on the teleseismic source 
characteristics. 
 

Figure 1. Global centroid-
moment tensor (GCMT) 
solutions for large shallow 
strike slip earthquakes with MW 
≥ 7.5 from 1990-2015, including 
the MW 7.3 Landers event and 
smaller supershear events. Six 
supershear ruptures: 1999 
Izmit (MW 6.9), 1999 Duzce 
(MW 7.1), 2001 Tibet (Mw 7.8), 
2002 Denali (MW 7.9), 2010 
Qinghai (MW 6.9) and 2013 
Craig (MW 7.5) are highlighted 
by red labels. Four large strike-
slip events with shallowly 
dipping fault planes (dip angle 
< 45°) are highlighted by blue 
labels: 2000 Papua (MW 8.0), 
2003 Scotia (MW 7.6), 2013 
Pakistan (MW 7.8) and 2013 
Scotia (MW 7.8). 

 

A. Radiated Energy Estimation 
 
Results for azimuthally distributed single-station radiated energy measurements including rupture directiv-
ity effects will be summarized here. The radiated energy estimates demonstrate that the moment-scaled 
radiated energy for strike-slip events is systematically higher than values for 112 large megathrust events 
[Ye et al., 2016]. Determining reliable radiated energy for strike-slip events in challenging due to the in-
stability of radiation pattern corrections. Strike-slip events also present challenges for reliable slip distribu-
tion determination due to their shallow rupture depths and radiation pattern effects, so estimation of stress 
drop and other source attributes for the full population of events is challenging. We have thus far obtained 
finite-fault slip models using teleseismic body waves for 6 of the large strike-slip earthquakes and have 
gathered data for all of the events. These slip distributions have been evaluated in the context of their 
tectonic setting and aftershock distributions. Static stress drop estimates for the 6 completed events are 
comparable with interplate megathrust, and together with the high radiated energy levels, this indicates 
higher radiation efficiency than for interplate thrust evens.  
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We estimated radiated energy (ER) and average source spectra using teleseismic broadband P record-
ings for 26 large strike-slip earthquakes from 1990 – 2015 (Figure 1).  The total ER from a double couple 
point source in a homogeneous whole space can be given by 

		 
ER = 1+ 3Vα
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where !! !̂u( f )  is ground velocity spectrum after corrections for attenuation and free surface receiver effects; 
Vα,β and ρh are the P-wave or S-wave velocity, and density at the source region; RE is the radius of the 
earth, and g(Δ)/RE is the geometric spreading for each path at teleseismic distances. R(θ,ϕ) is the “effec-
tive”  radiation pattern for P, pP, and sP phases, ignoring the interference between them. Because the 
depth phases are difficult to separate for large shallow earthquakes, we applied the combined depth 
phase correction formulated by Boatwright and Choy [1986], defined as 

		R(θ ,φ)= P2 + pP2 + sP2 ,                                                  (2) 

where P, pP and sP are phase amplitudes of direct and depth phases (surface reflections) respectively. 
Using equation (1), we can retrieve a radiated energy estimate from each station, designating this as the 
single-station method [Venkataraman and Kanamori, 2004].  
 
The source directivity effect on single-station ER measurements is relatively weak, but systematic varia-
tions of radiated energy estimates as a function of directivity parameter can be detected for events with 
known unilateral rupture extent, as apparent in Figure 2. A factor of ~ 2-3 azimuthal trend is observed for 
most supershear events. This effect is modest, but one must consider the narrow cone of teleseismic P 
wave paths from the source and their proximity to the nodal planes of strike-slip focal mechanisms. There 
are also complexities in each rupture and directivity effects are not the extreme end-member cases of 
simple uniform unilateral ruptures.  
 

 
Figure 2. Single-station radiated energy measurements plotted as a function of directivity parameter for 26 strike-slip 
earthquakes listed in Figure 1. The directivity parameter is defined as, G = -p cos(fsta-fref), where p is the ray parame-
ter of P wave at corresponding station, fsta is the station azimuth, and the reference azimuth fref is the rupture direc-
tion. The rupture direction is generally chosen based on the previously published studies or by aftershock distribu-
tions. The effective radiation coefficients with values of larger than 0.3, 0.1-0.3 and less than 0.1 are colored by or-
ange, gray and light gray respectively.  
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Systematic erroneous overestimates due to the radiation pattern corrections are obtained for nodal ob-
servations (gray values in Figure 2). These values can dominate single-station estimates and these need 
to be suppressed. The interference between direct and depth phases can also bias the source spectral 
analysis [e.g. Langston, 1978; Denolle et al., 2015] and thus affect very broadband ER measurement. As 
there is no direct way to account for the depth effects at high-frequency given the complicated rupture 
process of the large events and the limitation of unknown fine earth structure, synthetic tests with simple 
source time function and forward calculation in layered earth model with reflectivity code have been per-
formed to evaluate radiation pattern and depth phase contributions. Preliminary results with different 
source depths and/or dip angles indicate that an optimized averaging strategy for the station distribution 
is needed to retrieve the total radiated energy. The variation of source spectra from the depth phase inter-
ference tends to be strongest at long period and there is less effect on the high-frequency source spec-
trum beyond the corner frequency.  
 
The overall moderate variation of single-station ER measurements suggests that the energy estimation is 
stable after removing near nodal stations, and we have done this in our first-stage analysis. Figure 3 
shows that the moment-scaled radiated energy ER/M0, with ER determined by logarithmically averaging 
those single-station measurements with stable radiation coefficients (R(θ,ϕ)>0.3), are systematically 
higher for the large strike-slip earthquakes than values for the 112 M7+ megathrust earthquakes [Ye et 
al., 2016]. This pattern is consistent with previous studies [e.g., Choy and Boatwright, 1995; Perez-
Campos and Beroza, 2001; Choy and McGarr 2002], but Newman and Okal [1998] argued that it could 
be an artifact due to near-nodal teleseismic observations for strike-slip events. Figure 3 indicates ER 
measurements with long-period contributions from the moment-rate functions determined by finite-fault 
inversion for 6 of the events, where radiated pattern and depth phase interference are well calibrated. 
Little difference is observed relative to the single-station measurements with radiation coefficients >0.3. 
Complete analysis for all 26 events is needed to confirm this conclusion.   
 

 
Figure 3. (a) ER/M0 and (b) energy-based static stress drop, ΔσE, from finite source slip models versus magnitude 
(MW) from GCMT catalog. The measurements for 112 M7+ megathrust earthquakes (green circles) including 5 nota-
ble tsunami earthquakes (blue squares) are from Ye et al. [2016]. The cyan stars in (a) show ER/M0 for ER averaged 
from single-station estimates (Fig. 2) with radiation coefficients greater than 0.3. The red stars in (a) indicate ER/M0 
measurements including ER estimates with long-period correction using the moment-rate functions from finite-fault 
slip models.  
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We have obtained finite-fault slip models for 6 large strike-slip earthquakes and have gathered data for all 
of the events. The 2003 and 2013 Scotia earthquakes, with well-constrained complementary slip distribu-
tions [Ye et al., 2014], have overlapping aftershock activity and main slip regions, whereas aftershocks 
tend to be at the edge of large slip areas for the other 4 events. The 2014 MW 7.6 Solomon event was 
followed by a MW 7.4 near-trench compressional event within one day, indicating some static/dynamic 
fault interaction. Fewer aftershocks occurred for the supershear rupture sections of the 2010 Qinghai 
(eastern patch) and 2013 Craig (northern patch) earthquakes. Although having distinctly high ER/M0, 
static stress drop estimates for these events are comparable for these strike-slip events and interplate 
megathrust events (Figure 3). However, Allmann and Shearer [2009] found that the stress drop deter-
mined from corner frequency is higher than other events by a factor of 3-5 times for global mb ≥ 5.5 
events. Further analysis of finite-fault models for the remaining 20 large strike-slip events is being pur-
sued under a continuation proposal. 
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