
Lecture 1: Array Seismology and 
MUSIC teleseismic Back-Projection 
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• Motivation: discover/validate complex rupture patterns
• Earthquake source imaging with back-projections (BP)
• Sensor array processing and direction of arrivals
• Beamforming
• Point spread function: evaluating resolution and aliasing
• MUltiple SIgnal Classification (MUSIC)
• Example 1: Encircling rupture of the 2015 Iallpel earthquake
• Example 2: Geometrical complexity of the 2012 Indian

Ocean earthquake
• Example 3: Physical mechanisms of the 2013 Deep-focus

Okhotsk earthquake

Outlines



Complicated Rupture Patterns 
Emerge in Dynamic Simulations

The 2019 Mw 6.4 and Mw 7.1 Ridgecrest earthquake

Credit: Ryosuke Ando

• Reproduce the pause of rupture at the both ends of foreshock area on the main fault

Focal mechanisms: USGS (2019)
InSAR: UCSD (2019)
Previously mapped Fault traces: USGS

Garlock fault

7/4/2019 M6.4

7/5/2019 M7.1

Surface offset deduced from
InSAR



Complicated Rupture Patterns 
Emerge in Dynamic Simulations

Hard to see in traditional source inversions based on seismic/geodetic observations (<1Hz) 

The 2010 M 7.2 El Mayor Cupacah earthquake

Kyriakopoulos et al., 2017



Living in the Age Of Great Quakes

www.sciencemag.org    SCIENCE    VOL 332    22 APRIL 2011 411
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Everyone agrees that these are geophysically 
unsettled times. Lately, the world has been 
rocked by more than its usual share of the big-
gest earthquakes ever accurately recorded: 
the magnitude-9.0 “megaquake” that just 
struck off Japan; another one that hit off Indo-
nesia 6 years ago; and sandwiched between 
them, the great magnitude-8.8 Chilean quake 
of 2010. Before these three, however, nothing 
like them had been seen for 40 years.

Could these three big quakes be physi-
cally connected? Could the first of them 
somehow have touched off a cluster of great 
earthquakes spanning the Pacifi c? And if so, 
has this cluster played itself out? Experts dif-
fer. “Our position is this could be continu-
ing,” says seismologist Charles Bufe, scien-
tist emeritus at the U.S. Geological Survey 
(USGS) in Golden, Colorado. On the basis of 
statistical testing, he says, “I think we’re in an 
increased hazardous situation for these very 
large earthquakes” around the world.

But Andrew Michael, a seismologist at 
USGS in Menlo Park, California, says his 
own statistical tests tell a different story. “I 
simply can’t fi nd any reason to reject the 
random hypothesis,” he says. That is, he 
cannot prove that anything but chance is 
responsible for huge quakes coming on one 
another’s heels.

Seismologists recognized some time ago 
that the largest earthquakes are not evenly 
sprinkled throughout the 110-year-long seis-
mic record. In a 2005 Bulletin of the Seismo-

logical Society of America paper, Bufe and 
his USGS Golden colleague David Perkins, a 
statistician, assessed a big-quake cluster that 
ran from 1950 through 1965 (see graph). It 
included seven of the nine greatest quakes of 

the 20th century (the big jump in the middle 
of the graph), among them all three of the 
century’s megaquakes —quakes of magni-
tude 9.0 or greater. But after 1965, Bufe and 
Perkins noted, 36 years passed without even a 
quake of magnitude 8.4 or greater.

In the same 2005 paper, Bufe and Perkins 
thought they had an inkling of a second clus-
ter getting started. A magnitude-8.4 quake off 
Peru in 2001 pointed to a coming cluster, they 
wrote. In a note added just before the journal 
was printed, they drew attention to the then-
recent magnitude-9.1 Sumatra megaquake of 

December 2004, which was shortly followed 
by a magnitude-8.7 quake just to the south. 
The two quakes “confi rm that we have entered 
a new period of … probable temporal cluster-
ing of mega-quakes,” they wrote in the note. 
Sure enough, the great Chile quake followed 
6 years later, and then came last month’s Jap-
anese Tohoku megaquake (smaller steps on 
right of graph).

No one knows how even a megaquake 
could have triggered another large quake 
on the other side of the Pacifi c, but Bufe and 
Perkins don’t think they just got lucky. They 
have now made 100,000 computer runs ran-
domly generating simulated earthquake 
records to see how often such tight clusterings 
might crop up purely by chance. “It turns out 
to be 2% of the time,” Bufe said at a press con-
ference at last week’s annual meeting of the 
Seismological Society of America (SSA) in 
Nashville. “That is very signifi cant.”

Many seismologists are not so confi dent. 
“There’s nothing wrong in pointing [cluster-
ing] out,” says seismologist Hiroo Kanamori 
of the California Institute of Technology in 
Pasadena, but “you can’t really do statistics 
on such a small data set.” And seismologist 
Richard Aster of the New Mexico Institute 
of Mining and Technology in Socorro said 
at the SSA press conference that “if the data 
are sliced just right, you can get numbers that 
sound interesting, but there are other methods 
that are just as appropriate that fi nd no [statis-
tically signifi cant] clustering.”

Michael, who, like Bufe and Aster, pre-
sented assessments of clustering at the meet-
ing, says Bufe and Perkins’s claim results 
from “a serious statistical mistake.” He said 
at the press conference, “We can’t run experi-
ments, so we’re stuck testing our hypotheses 
on the same data we developed them on.”

That limitation requires statistical tests that 
are more general and less closely tied to the 
existing seismic record than those Bufe and 
Perkins ran, Michael said. After performing 
several such tests, he added, “I fi nd the data 
are very well explained by the random model” 
over a range of magnitudes. In the case of 
megaquakes, Michael said, the problem could 
be the dearth of megaquakes in the record: 
“Maybe there really is clustering, but there’s 
not enough data yet to prove it. Without a spe-
cifi c physical mechanism to test, the only way 
out of this is waiting for more earthquakes.” 

If Bufe and Perkins are right, Michael may 
not have long to wait. “The probability of a 
magnitude-9 or larger event—based on our 
model—in the next 6 years is 24% if these 
[past quakes] are random,” Bufe said at the 
press conference. “If these are clustered, the 
probability is 63%.”

The dispute is not deterring most research-
ers. As earthquake physicist Emily Brodsky of 
the University of California, Santa Cruz, puts 
it, “It would be naïve of us to assume this is all 
random and not worth investigating.”

–RICHARD A. KERR 

More Megaquakes on the Way?

That Depends on Your Statistics
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ACCUMULATING EARTHQUAKES

Chile 1960. The largest quake on record, a magni-

tude 9.5, was part of a 1950–1965 cluster.

Stepping up again. Two clusters of the biggest 

quakes appear as steps (center and right) in this plot 

of cumulative earthquake size.

Published by AAAS
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Kerr, 2011, Science



Finite Fault Models



Back-Projection (BP)

Source 
region

Seismic 
array

Seismic rays

Tohoku Earthquake

Meng et al., 2011

Introduced by Ishii, Shearer et al (2005)

Advantage:
1. Based on body waves recorded at

teleseismic distance by large seismic arrays

2. Capability to track areas of high-frequency
energy radiation as the rupture grow

3. Requires fewer assumptions than traditional
source inversion



M
ethods

G
roup Three

Back-projection

Data
Travel-time 
correction

Beamforming
(e.g. Wang and 

Mori )

Hypocenter
Alignment
(Ishii et al)

Finite Fault 
Inversion

P
rocessing

Im
provem

ents

Relative 
relocation

Array 
processing

Filtering Location/Direction
searching

Correlation
Stacking

(Borcea et al)

MUSIC
(Meng et al)

Hybrid
Back-projection

(Yagi et al)

Compressive
Sensing

(Yao et al)

High-frequency 
source images

Anatomy of Back-projection Imaging



Improving Imaging Quality

Objective: Improving Resolution
Solution: MUSIC method

High ResolutionLow Resolution

Low Accuracy High Accuracy

Objective: Reduce Spatial Biases 
Solution: Slowness Calibration



Our ears use the phase delay of sound to pinpoint the 
location of the source
This works also for a moving source

An example from daily life: sound localization



Sensor Array Processing

Communication Sonar

Biomedicine Radar (Pictures from QinetiQ)



New Data from Large and Dense Arrays

Teleseismic wavefield of large 
earthquakes recorded at an 
unprecedent level by USArray



The idea is to identify different arrival curves to recover source locations.

2011 Tohoku-Oki earthquake (Meng et al,2011)

Earthquake Source Imaging By 
Back-projection Of Array Data



Back-projection



Beamforming

Credit: https://towardsdatascience.com

https://towardsdatascience.com/


Beamforming (Delay and Sum)

B(θ ) = xk (t +τ k (θ, rk ))
k
∑

X1(t) Xk(t)X2(t)
…

Plane wave

receiver

θ

B θ1
θp

Θ, direction of signal

r, location of the sensor

τ, delay of the sensor

k, index of the sensor



Variants of Beamforming
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Interferometic imaging

(correlation stacking)

(Frankel et al,1991

,Flechter & Spudich, 2006)
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Rayleigh Criteria (resolution limit)

High ResolutionLow Resolution



Rayleigh Criteria (resolution limit)

Array

A

Δ
Fault

L

L, azimuthal resolution limit on the 
fault

Δ, distance away from the source

A, aperture of the array

λ, Horizontal wavelength

!~1.22∆ ∙ () 	

USArray Example : Δ=70�, 

λ=18 km/s*1s=18 km, A=25�, L=50 km



Point Spread Function
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Yellow Knife Array

(Rost & Thomas ,2002)

Point Spread Function

GRF array
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PSF of the TA backbone stations

139˚ 140˚ 141˚ 142˚ 143˚ 144˚ 145˚ 146˚

35˚

36˚

37˚

38˚

39˚

40˚

41˚

42˚

−20

−10

0

PSF (dB)

−120˚ −110˚ −100˚ −90˚ −80˚ −70˚

20˚

30˚

40˚

50˚



139˚ 140˚ 141˚ 142˚ 143˚ 144˚ 145˚ 146˚

35˚

36˚

37˚

38˚

39˚

40˚

41˚

42˚

−20

−10

0

PSF (dB)

−120˚ −110˚ −100˚ −90˚ −80˚ −70˚

20˚

30˚

40˚

50˚

A Large Continental Array For Source Imaging



Multiple Signal Classification (MUSIC)

Significant development in the field of direction of arrivals

Seismic wave: transient, non-stationary, wideband , scattering, 
extended sources, not real-time, arbitrary geometry, less dense

Developed by Schmitz et al,1982

At least twice higher resolution than beamforming

Ability of separating closed spaced sources

Suitable for arbitrary array geometry

Combined with multi-taper cross spectrum estimation

Earthquake source study, small scale array, slowness diagram 
(Goldstein & Archuleta,1990)

Back-projections, large regional arrays (Meng et al., 2011)



Mathematical Signal Model
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Matrix form
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Gaussian white noise

Given X(n), solve for θ



Covariance matrix
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1/(projection of signal 
steering vector on the 
noise space)

Beamforming projection of signal 
steering vector on 
covariance matrix



Resolution comparison 

BeamformingMUSIC

Meng et al, JGR (2012a)

sources. We consider two identical Pn plane waves with
dominant frequency of 0.3 Hz impinging simultaneously
but with different azimuth on a linear array of 21 sensors
regularly spaced at half wavelength. Gaussian white noise
is added with a signal-to-noise ratio of 10 dB. The results
as a function of the relative azimuth between the two
waves (Figure 5) show that, the minimum azimuthal sep-
aration resolvable by MUSIC, beamforming, cubic root
stacking, correlation stacking and is approximately 3, 8, 8,
and 8 degrees, respectively. This shows that, under perfect
waveform coherency, the azimuthal resolution, and hence
the spatial resolution in the cross-range direction, achieved
by our multitaper MUSIC method achieves azimuthal res-
olution that outperforms the other methods by at least a
factor of two.
3.2.2. Synthetic Test for the VNSN Array Geometry
[15] Figure 6 shows further synthetic tests to understand

the performance and potential bias of the backprojection of
the Haiti earthquake source using the VNSN data. We
compute full wavefield synthetics (Figure S1 in the auxiliary
material) using the SPECFEM3D package [Tromp et al.,
2008] with the 3D crustal velocity model Crust2.0 [Bassin
et al., 2000].1 Our simulations are accurate up to 0.33 Hz.
Given the uncertainties in the velocity model, generating
higher frequency synthetics is not warranted. Inspired by the

final result of the backprojection, we test scenarios with a
source containing two asperities. The first one is located at
the hypocenter of the Haiti earthquake. The second one is
located westward along the hypothetical Leogane fault
trace [Hayes et al., 2010]. We consider either the same slip
amplitude for both subevents or a 2:1 ratio based on the
source time functions estimated at the USArray (see
section 5.1). We explore intersubevent distances up to
50 km, with rupture time delays consistent with a rupture
speed of 3 km/s. For both asperities we assume source
parameters from the CMT solution (focal mechanism 251/
70/28, strike/dip/rake, and centroid depth 12 km) and a
Brune source time function with duration of 3 s. In Figure 6,
the left two columns show examples of cubic root stacking,
correlation stacking and MUSIC pseudospectra. These
quantities are backprojected onto the source area based on
P travel times computed by the Tau-P toolkit and the
IASP91 model [Snoke, 2009].
[16] We found that all the backprojection methods are

modulated by interference between subevents. This intro-
duces an amplitude and location fluctuation that depends
periodically on the product of intersubevent time delay and
frequency of analysis. At some distance, the second sube-
vent is recovered well, but not at some other distances,
depicted as multiple horizontal bars in right two columns of
Figure 6. Figure 7 shows two examples of interference in the
cubic root stacking analysis at 0.3 Hz with sources separated
by 15 and 40 km. The time delay between the wave arrivals

Figure 5. Comparison of resolution between array processing techniques. Two plane waves, A and B,
impinge on a linear array. The azimuth of A is fixed at 0 degrees while the azimuth of B is varied from
!10 to 0 degrees. Four array processing techniques are considered: (a) MUSIC, (b) classical beamform-
ing, (c) cubic root stacking, and (d) correlation stacking. Each curve in the top plots shows either pseudos-
pectra (Figure 5a) or the stack (Figures 5b–5d) as a function of relative azimuth with respect to A for a
given azimuth separation between A and B (value indicated in the legend). The bottom shows the same
quantities in color plots (color scale indicated in Figure 2). The white dots mark the half width of the
two largest maxima at a given azimuth of B. This comparison shows that MUSIC can resolve waves with
azimuth separation as small as 3 degrees, achieving at least twice higher resolution (minimum resolvable
azimuthal separation) than the other methods.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008702.

MENG ET AL.: THE 2010 HAITI EARTHQUAKE B04313B04313

6 of 16

Synthetic test: separation of two plane waves by a linear array
MUSIC has higher resolution than beamforming



2015 Mw 8.3 Illapel Earthquake
Ye et al., 2015 Fan et al., 2016

Tilman et al., 2015 Ruiz et al., 2015 Yin and Denolle, 2017

Discrepancies of rupture extent in the along-dip direction



Two episodes of simultaneous high-frequency radiators

First
Episode

Second 
Episode

Rupture Front Splitting

Meng et al., 2018
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Validation by Strong-Motions

The green star corresponds to the peak HF power in the up-dip branch.
The yellow star corresponds to the diverged rupture fronts reemerging as a single source.

HF envelope

Chilean Strong motion network



2010 Mw 8.8 Maule Earthquake



Military Analogy: Double Pincer Movement

First proposed by Das and Kostrov, 1983; Credit: Pablo Ampuero



Rupture Encircling around a Single Asperity

• Circular asperity  
embedded in creep

• Velocity weakening 
surrounded by velocity 
strengthening

• Stress concentration at 
the edge

• Delayed rupture in the 
asperity with larger slip

•Can be either asperity 
(large stress) or barrier 
(large strength)

Kato, 2007



Cascade-Up Model

Noda et al., 2013

Noda et al., 2014

qHierarchical asperity model or cascade-up
growth model (Ide and Aochi, 2005; Hori and
Miyazaki, 2011; Noda et al., 2013).

qSmall fragile patches of smaller fracture
energy embedded inside larger tough patches
of large fracture energy

qThe nucleation process initiates inside the
small patch and tends to grow into large-scale
rupture surrounding the rim of the large patch

qBetween encircling front, the interior can
either be locked and break later or slip
simultaneously.

qIn the latter case, the asperity might be too
spatially smooth to generate HF radiations
compared to the edge with heterogeneous
stress concentrations



Slow Unlocking ahead of the Illapel Earthquake 

Cascade-up growth requires critical crack length (or fracture energy Gc) of 
larger slip patch reduced by creeping near the rim. 
Slow unlocking of the illapel regions observed by repeating earthquakes 
and elevated seismicity (Huang and Meng., 2018).
Aseismic phenomena around the source region may cause reduction of 
fracture energy that would lead to dynamic cascade-up rupture.



Back-Projections Vs Repeaters
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Red empty circles: 
Post-seismic repeating earthquakes
Colored solid circles:
Co-seismic high-frequency radiators

Uchida et al., 2003

Shared concept: 
Brittle asperities surround by creep



• The high-resolution Multitaper-MUSIC BP is capable of
separating closely spaced sources.

• The coseismic rupture is featured with two episode of
simultaneous fronts seemingly unzipping the rim of a
circular patch of large slip.

• Key features of the rupture process correlate with the
prominent pulses recorded by local strong-motion network.

• The encircling rupture can be either explained by the
asperity/barrier model or the cascade-up model.

• The cascade-up rupture is potentially linked to the aseismic
phenomena observed rupture zone in the Illapel region.

Summary


