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1. Summary 
 

The goal of this project is to design a network of strong motion arrays for high-resolution earthquake 

source imaging. The original objectives of the project were (1) to enhance seismic array signal processing 

methods and (2) to set the basis of the design of an optimal network of arrays through computational 

seismology. We completed the first objective by developing a multitaper-MUSIC method for array 

analysis. We timely applied our method to study the rupture process of recent significant earthquakes, 

including the 2010 Haiti and the 2011 Tohoku earthquakes, using array data recorded at teleseismic and 

regional distances. These studies provided unique observational constraints on the multiscale complexity 

of earthquake rupture and on the mechanics of the deeper limits of seismogenic zones.  

The method developed in this project is adequate tool for rapid assessment of earthquake source 

properties, including rupture length, directivity and high-frequency radiation, which contribute to 

situational awareness for emergency managers and help prioritize disaster response actions. Real-time 

implementation in FUNVISIS (Venezuela) is underway, to enhance earthquake hazard monitoring in the 

Caribbean region. We are also developing a real-time concept for earthquake early warning systems. 

This project partially supported one graduate student, Lingsen Meng. He received the 'CTBTO Best 

Young Scientist Award' at the 'Comprehensive Nuclear Test-Ban Treaty: Science and Technology' 

meeting in Vienna (June 2011) for his work on imaging the 2010 Haiti earthquake with a regional array. 

The results of this project were presented at SCEC, AGU, SSA and CTBTO meetings. The project led to 

the submission of three articles: Simons et al (Science, 2011), Meng et al (to appear in GRL, 2011), Meng 

et al (submitted to JGR, 2011). The project fostered collaboration with seismologists in Venezuela 

(FUNVISIS). 

 

2. Research accomplishments 

2.1. Development of a multitaper-MUSIC array processing method 

 

We developed a new method for high-resolution imaging of earthquake ruptures through back-projection 

of body waves recorded by dense seismic arrays. Our method combines two modern signal processing 

techniques: the Multiple Signal Classification (MUSIC) method and the multitaper cross-spectral 

estimation method. While these techniques were separately developed in other fields, our combination 

addresses a specific difficulty arising with seismic data: its non-stationarity. Our MUSIC- multitaper 

technique provides observations of the rupture process of large earthquakes with higher resolution and 

improved robustness than previously existing array processing techniques. This provides key 

observational constraints for studies of the physics of earthquakes, as exemplified by our work on the 

Tohoku earthquake. We applied our technique to seismic array data recorded during four recent 

significant earthquakes: the 2010 M7 Haiti earthquake, the M8.8 Maule (Chile) earthquake, the 2010 

M7.2 El Mayor - Cucapah (Mexico) earthquake and the 2011 M9 Tohoku (Japan) earthquake. In all cases 

we obtained insights into the rupture process that were not immediately available through more traditional 

source inversion techniques. 



2.2. Source imaging by seismic arrays at regional distances 

  

Body wave seismic waveforms at regional distances are notoriously complex. This has prevented 

seismologists from exploiting recordings at regional distances for source studies. Our work on the Haiti 

and El Mayor-Cucapah earthquakes demonstrate that reliable information about earthquake source 

processes can be extracted from seismic arrays at regional distances. 

Our array analysis of waveforms recorded by the Venezuela National Seismic Network, managed by 

FUNVISIS, showed that the 2010 Haiti earthquake had bilateral rupture, with subshear rupture speed 

and a much longer rupture segment towards the West. Prominent high frequency radiation originated 

from rupture arrest phases at the tip of the main slip areas. Our results showed that the event did not 

involve significant offshore rupture, in those regions that were unconstrained by geodetic observations. 

Our array analysis of the 2010 El Mayor - Cucapah earthquake, based on data recorded by SIEDCAR, 

a Flexible Array deployment in New Mexico, revealed unique seismological evidence of reverse rupture 

propagation in the northern segment, as previously indicated by an eyewitness report. We are now 

developing (in collaboration with Morgan Page, USGS) dynamic rupture models to interpret this feature. 

2.3. Source imaging at teleseismic distance: the great 2011 Tohoku-Oki earthquake  

 

We studied the rupture process of the 2011 M9 Tohoku earthquake by back-projection of high-frequency 

(~1Hz) data recorded by several large-aperture arrays at teleseismic distance, including the USArray and 

European networks (Meng et al, GRL 2011). Our results revealed, with unprecedented detail, rich patterns 

of high frequency (HF) radiation from the deep portions of the seismogenic zone. Integration with other 

observations (Simons et al, Science 2011) allowed us to address fundamental issues in earthquake 

physics.  

The earthquake featured a diversity of rupture styles, with distinct stages of fast and slow rupture, 

intermingled with bursts of HF radiation even within the slow phases. Strong HF were radiated at the 

down-dip edge of the main slip regions, near the deep limit of interplate seismicity, encompassing regions 

containing repeating earthquakes. The HF sources initially propagated down-dip, with a slow initiation 

phase followed by sustained propagation at ~3 km/s. The rupture then slowed down to less than 1 km/s 

for 60 seconds. A rich sequence of bursts was generated along the down-dip rim of this slow rupture 

front. An apparently superhsear front detached towards the North. Finally, a rupture front propagated 

towards the South for over 100 km. 

We interpret the spatial complementarity between low and high frequency radiation as the failure of 

brittle asperities embedded in frictionally stable regions at the bottom of the seismogenic zone. Our 

patchy view of the deep transition zone is supported by the energetic HF episodes within the slow rupture 

phase of the earthquake. Also, field observations characterize the structure of exhumed subduction fault 

zones as mélanges of brittle asperities within a ductile fault zone matrix. A similar, heterogeneous view of 

the roots of the seismogenic zone has emerged from observations of slow slip and tremor phenomena in 

southern Japan, suggesting connections between both ends of the spectrum of earthquake behavior. Our 

observations open a direct window into the complexity of dynamic rupture, including phases of slow and 

extremely fast rupture, and its relation to the heterogeneous nature of the subduction interface.  
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Figure 1: The Tohoku-Oki earthquake 

imaged by the USarray and European 

network. (a) location of the strongest 

high frequency radiators seen by the 

USarray (squares) and by the 

European network (circles). The color 

denotes the timing with respect to the 

origin time. The size of the symbols 

denote the relative amplitude. The 

black contours map the average slip 

distribution constrained by geodetic 

and tsunami data [Simons et al, 2011]. 

The green ellipses represent the 

approximate rupture zone of the 

historical earthquakes. The pink line 

near the coast indicates the down-dip 

limit of the megathrust seismicity. 

The inset map shows the location of 

the two arrays with respect to Japan. 

(b) location of the 291 USarray and 

181 European stations selected for 

our back-projection analysis. 

 

 

 

 

 
 
 
 
 
Figure 2: Back projection images at 
selected times. Colors show the 
amplitude of the MUSIC pseudo-
spectrum. The warmer colors indicate 
the location of the dominant high 
frequency radiation sources. The 
additional snapshot at 90 seconds 
contains an apparently supershear 
front to the north. The red star 
denotes the mainshock. The thick 
white line represents the trench. 
 

 


