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Figure 1. Earthquake locations and focal mechanisms in the Sumatra area. The 2012 April 11 Mw 8.6 event and its Mw 8.2 aftershock are shown as the orange
beach balls, the 2012 Mw 7.2 foreshock is shown as blue, and the beach balls in green are other large aftershocks. Three beach balls (in blue and orange) are
connected with their epicentres by thin black lines. The 2004 Mw 9.1 and 2005 Mw 8.6 megathrust events are shown as the red beach balls. The beach balls in
black show large earthquakes that occurred in the past 10 yr before the 2012 Mw 8.6 event. All focal mechanisms are from GCMT (http://www.globalcmt.org).
The purple crosses show the epicentres of the 2012 Mw 8.6 and Mw 8.2 event and the yellow circles are the aftershocks with magnitude ≥4 within the
first 2 d after the Mw 8.6 main shock (from the U.S. Geological Survey (USGS), http://earthquake.usgs.gov/earthquakes/). Background image shows the
topography from the ETOPO1 global relief model (http://www.ngdc.noaa.gov/mgg/global/global.html). The black arrow indicates the direction of convergence
(∼52 mm yr–1) of Indo-Australia with respect to the Sunda Plate. Red line shows the trench line of the Sumatra subduction zone.

used as the calibration event to study the main shock (Wei et al.
2013).

Several different methods have been applied to investigate this
Mw 8.6 earthquake including inversion of multiple source parame-
ters (Duputel et al. 2012), slip inversion (Yue et al. 2012; Wei et al.
2013) and high-frequency seismic radiation from backprojection
(Meng et al. 2012; Satriano et al. 2012; Wang et al. 2012; Ishii
et al. 2013). These studies have revealed that this strike-slip event
is remarkably complex for its rupture process because of the large-
scale rupture area, long duration of rupture (about 170 s) and the
complexity of the source region. Wang et al. (2012) found this event
exhibits supershear rupture feature from backprojection analysis.

Although Satriano et al. (2012) show quite different seismic ra-
diation patterns of this Sumatra event in the 0.1–0.5 Hz and 0.5–
1.0 Hz, previous studies did not discuss much about the frequency-
dependent rupture process of this strike-slip event. The occurrence
of the Mw 9.0 Tohoku earthquake in 2011 aroused lots of attention
in the community of seismology due to its frequency-dependent
rupture characteristics. Earlier studies of the Tohoku event discov-
ered that the regions of high-frequency radiation do not overlap
with the area with large coseismic slip (Simons et al. 2011; Wang
& Mori 2011; Lay et al. 2012). To understand the physics of this
phenomenon, Yao et al. (2011, 2013) proposed to use the compres-
sive sensing (CS) method, which is originated from the community
of signal processing and applied mathematics (Candes et al. 2006;
Donoho 2006), to invert for the sparse distribution of frequency-
dependent seismic radiation during large earthquake rupture. The
radiated high-frequency seismic energy is usually associated with
sudden changes of rupture or slip behaviour from previous theo-

retical and numerical studies (Yamashita 1983; Spudich & Frazer
1984; Sato 1994), for instance, sudden changes of rupture speed or
rupture direction due to variations of frictional properties at the fault
surface. Therefore, the regions that radiate high-frequency seismic
energy are sparse in space, which leads to the utilization of the CS
method for studying seismic radiation during earthquake rupture.
However, some other rupture properties, such as the accumulated
slip, are not sparse in space.

In this paper, we use the CS method and the Hi-net array (High
Sensitivity Seismograph Network; Obara et al. 2005) data in Japan
to investigate the seismic radiation and rupture process of the great
strike-slip earthquake (Mw 8.6) off the west coast of Sumatra on
2012 April 11. In order to make the inversion procedure more stable
and more resistant to outliers in the data, we introduce a different
minimization scheme in the inversion than that was used in Yao
et al. (2011). We will show frequency-dependent features of seismic
radiation of this earthquake, compare seismic radiation patterns with
the slip inversion results and discuss its complex rupture processes.

2 DATA

To investigate this 2012 April 11 Sumatra earthquake, we use the
first 170 s teleseismic P-wave data (velocity seismograms) from
dense Hi-net stations in Japan after removing the mean, trend and
instrumental responses, resampling to 10 Hz sampling rate, and
bandpass filtering in the frequency band 0.05–4 Hz.

We perform some pre-processing for the array data in order
to select high quality waveforms and suppress effects from 3-D
structural heterogeneities. First, we calculate the signal-to-noise
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Figure 2. Teleseismic P waves recorded by the Hi-net stations (see Fig. 3) in the frequency band 0.05–4 Hz used in this study. (a) Aligned waveforms from the
selected 275 stations in Fig. 3. Waveforms between the two black lines (at the time 0 and 8 s) are used for the cross-correlation analysis to align the waveforms
iteratively. The time at 0 s indicates the beginning of the P phase. (b) Zoom-in of the waveforms from –5 to 15 s in (a). (c) Cross-correlation coefficients
between the waveform within the time window [0 8] s of each station and their reference stack (see texts in the Data section for the detail). Only stations with
SNR > 15 and cross-correlation coefficient >0.7 are shown here. Dashed line presents the average cross-correlation coefficient of all the selected stations. (d)
Stacked energy spectrum of all selected waveforms in (a).

ratio (SNR) of the P waves for each station and only keep the
stations with SNR > 15 to assure the data quality. Then we use a
multichannel cross-correlation method (VanDecar & Crosson 1990;
Ishii et al. 2005) to align the P waves. We stack the waveforms of
all stations (see Fig. 2) to generate a reference stack, cross-correlate
the initial 8 s P waves of each station with the reference stack to
correct the time-shift and compute the cross-correlation coefficient
for each station. Then seismograms with cross-correlation coeffi-
cients above 0.7 are used to generate the next-generation reference
stack. These steps are repeated for several times and finally we only
keep the aligned waveforms with correlation coefficients above 0.7
with respect to the reference stack (Fig. 2c, also see Fig. S1 for the
detailed information of station selection).

Waveforms from 275 stations (Fig. 3) satisfy our data pre-
processing requirements and are used to study the rupture process
of this earthquake. We also analyse the spectrum information of the
first 170 s teleseismic P waves by stacking the power spectrum of
each station (Fig. 2d). The stacked power spectrum concentrates at
higher frequencies above 0.2 Hz and the peak is at about 0.5 Hz. The
sharp decrease of the observed lower frequency energy (less than
0.3 Hz) is mainly due to the bandwidth limit of the Hi-net stations,
which have the corner frequency around 1 Hz (Obara et al. 2005).

3 M E T H O D O L O G Y

In this section, we will present the methodology of CS that is used
for studying seismic radiation during earthquake rupture using tele-
seismic P waves. A series of synthetic tests are designed to assure
the feasibility of this method and the reliability of its results. Since

teleseismic P waves have nearly vertical outgoing rays in the source
region for shallow earthquakes, we typically investigate the rupture
process projected on the horizontal plane at the focal depth due to
the lack of depth resolution. We refer to this plane as the projected
rupture plane throughout the text.

3.1 Compressive sensing and beamforming of earthquake
rupture

For the predefined grids on the projected rupture plane, the spatio-
temporal distribution of rupture process can be expressed by a vector
of source time functions to be solved:

x (t) = [x1(t), x2(t), x3(t), . . . , xM (t)]T (1)

in which M is the number of gridpoints and each element of x
represents an individual source time function at each gridpoint. The
teleseismic P waves recorded by the array stations can be expressed
by a vector of time-series:

b(t) = [b1(t), b2(t), b3(t), . . . bN (t)]T (2)

in which N is the number of stations. Here we use teleseismic ve-
locity seismograms, which are proportional to the slip acceleration
in the source area.

In order to obtain the temporal distribution of rupture process,
we apply a sliding time window scheme to the aligned P waves in
Fig. 2 (Yao et al. 2011). We transform the observed data in each time
window to the frequency domain using the Fourier transformation
and therefore obtain the observed data spectra

B (ω) = [B1 (ω) , B2 (ω) , B3 (ω) , . . . BN (ω)]T . (3)
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Figure 3. Epicentre of the 2012 April 11 Mw 8.6 earthquake in Sumatra (red star) and the selected 275 Japanese Hi-net stations (blue triangles) used in this
study (see Fig. 2, Fig. S1 and Data section for the criteria of station selection).

And the source time vector x(t) in the given time window can be
similarly transformed into the frequency domain to obtain the source
spectra:

X(ω) = [X1(ω), X2(ω), X3(ω), . . . , X M (ω)]T . (4)

The link between the observed data B(ω) and X(ω) is the frequency-
domain N × M transmission (or phase spectrum) matrix A(ω)
whose entries are

Anm = e−iω(τnm−tn0) (5)

in which τnm is the traveltime from the mth gridpoint to the nth
station and tn0 is the predicted traveltime from the nth station to the
hypocentre using a 1-D global reference model due to the alignment
of the P waves (Yao et al. 2011). Anm represents the phase difference
in the frequency domain that comes from the traveltime difference
in the time domain. Therefore, we can solve the following equation
for the source spectra X(ω):

B (ω) = A (ω) X (ω) + noise (ω) , (6)

where noise(ω) is the noise vector. The equation above is typically
underdetermined, that is, M > N.

In order to obtain the sparse distribution of seismic radiation
during earthquake rupture process, Yao et al. (2011, 2013) proposed
to use the following sparsity inversion scheme:

X̂ (ω) = argmin [‖B (ω) − A (ω) X(ω)‖2 + λ‖X(ω)‖1] , (7)

where λ is a damping parameter. This kind of equation based on
the L2 norm of the data misfit and L1 norm of the model vector (or
called the L2–L1 minimization problem) can be efficiently solved
by the interior point theory based on convex optimization (Boyd &
Vandenberghe 2004).

Based on the inverse theory and applications (Yang & Zhang
2011; Aster et al. 2013), the L1 norm of data misfit is more resistant

against data outliers compared with the L2 norm of data misfit, so
eq. (7) can be modified as

X̂ (ω) = argmin [‖B (ω) − A (ω) X(ω)‖1 + λ‖X(ω)‖1] . (8)

And the source power of the lth gridpoint from the CS method
can be expressed as

PCS
l (ω) = |X̂ l (ω)|2. (9)

Yao et al. (2011) gave a method to estimate λ in the L2–L1
norm minimization problem of the eq. (7). For the L1–L1 norm
inversion problem of the eq. (8), if there is only one source
without noise, ‖A(ω)X(ω)‖1 = N‖X(ω)‖1 = ‖B(ω)‖1 . To bal-
ance both terms in the right-hand side of the eq. (8) in a sim-
ilar scale, we have ‖B(ω) − A(ω)X(ω)‖1 ∼ λ‖X(ω)‖1 . There-
fore, λ ∼ N ‖B(ω)−A(ω)X(ω)‖1

‖B(ω)‖1
, which is close to the number of sta-

tions (N) times the approximate noise-to-signal ratio of the data
[ ‖B(ω)−A(ω)X(ω)‖1

‖B(ω)‖1
] . From the one-source assumption we have an ap-

proximate range of damping factor λ and by using the L-curve
method (Aster et al. 2013) we can have a better estimate of λ in the
problems of multiple sources and varying noise level in the real data
inversion. The most important advantage of CS method is that it has
high spatial resolution and its resolution is not severely limited by
the distribution (Figs S2a and d) of or the number (Figs S3b and
c) of stations under the sparsity constraints, which is satisfied in
our problem. Thus the CS method can deal with the source location
problem with high resolution.

Beamforming is another widely used frequency-domain method
to solve the eq. (6) to obtain the radiated source power on the
projected rupture plane. To compare with the CS results we also
apply this method in our study. The least squares solution of eq. (6)
is X̃ = (AHA)−1AHB with the superscript H denoting the matrix
complex conjugate or Hermitian, and the diagonal element of AHA
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Figure 4. (a) Synthetic waveforms for the Hi-net stations (see Fig. 3) after alignment, which are produced by 5 input point sources with different amplitudes
[scaled 1.0, 0.8, 0.7, 0.7, 0.6, see (b)]. Time windows A and B (red rectangles) are two sources with the same source origin time. (b) Recovered sources
(coloured open circles) from the CS method using the synthetic waveforms in the frequency band between 0.2 and 1 Hz. Stars are the synthetic sources we set
and the nearby numbers are the source origin times. Sources A and B have the same source origin time 100 s [waveforms shown in (a)]. Colour of each circle
indicates the recovered source origin time. The background image shows the total source power from the CS method. Red dashed contours indicate 20 per cent
of the maximum power. The blue dashed line shows the strike of the 2012 Mw 8.6 event (from USGS) and the blue line for the Sumatra trench location.

is N. If we approximate AHA ≈ NI, X̃ = 1
N AHB, which is the

adjoint solution of eq. (6). The lth element of X̃ is:

(
X̃

)
l
= 1

N

N∑
p=1

eiω(τpl −tp0) Bp. (10)

This form of solution has a clear physical meaning: we first correct
the phase difference for the signal from the lth gridpoint to each
station and average all the shifted spectra. This phase correction
and stack can suppress the incoherent phases and random noise and
enhance the coherent signal by improving the SNR about

√
N times

(Rost 2002). The beamforming power at the lth grid is thus PBF
l (ω) =

|X̃l (ω)|2 . This method is analogous to the backprojection method in
the time-domain and can also get the distribution of seismic energy
radiation at certain frequency during earthquake rupture process.
However, the spatial resolution of this simple aligning-and-stacking
method is limited by the size of the array and distribution of array
stations (Figs S2b and e). This method may give incorrect results
when dealing with multi-source problems (see Section 3.2), which
are very common in the earthquake events with bilateral rupture
process.

The high-resolution beamforming method such as the MUSIC
method (Meng et al. 2011) can be used to improve the resolution
of traditional beamforming analysis with proper estimation of data
covariance matrix. The CS method based on sparsity can achieve
much higher resolution in the problems of source localization than
the conventional beamforming method (Yao et al. 2011) as well
as the high-resolution beamforming techniques (Malioutov et al.

2005), such as the Capon’s method (Capon 1969) and the MUSIC
method (Schmidt 1986), especially in the relatively lower frequency
band (see Yao et al. 2011).

In real situation, seismic waves originating from the source closer
to the array may arrive earlier than the farther source with the same
or even later source time on the seismogram (see A, B in Fig. 4).
When using the sliding window, we need to make proper corrections
to get a right source origin time. Similar as shown in Yao et al.
(2011), for one time window [tb te], in which tb is the beginning
time and te is the ending time of this time window, the source
time correction is calculated as �t = median(t0n − τmn), where t0n

and τmn are the traveltime from the epicentre and mth gridpoint to
the nth station, respectively. The operator ‘median’ here takes the
median value of the time-shifts for all N stations. Thus we have the
corrected source time as

ts = (tb + te)/2 + �t = (tb + te)/2 + median(t0n − τmn) . (11)

Following Yao et al. (2011), for each snapshot (time window),
source power of each frequency is smoothed using a Gaussian
weight function and all the smoothed power at each frequency is
summed up to obtain the total source power distribution in a fre-
quency band at the snapshot centred at time t:

P̂CS
l (t) = C

K

K∑
k=1

M∑
i=1

exp

{
− d2

il

R2

}
PCS

l (ωk, t) . (12)

In (12) dil is the distance between ith and the lth gridpoint, C is a
scaling constant, and R is smoothing distance (R = 50 km in this
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Figure 5. Results of the synthetic tests with two sources (a–d) and the outlier test with one source (e, f) from different methods: (a, c) L1–L1 norm CS results;
(b, d) beamforming results; (e) L1-L1 norm CS results; (f) L2–L1 norm CS results. Red open squares are the input point sources and the background image is
the source power distribution recovered from the CS or beamforming method. The data frequency is 0.5 Hz in these tests.

study). PCS
l (ωk, t) is the CS power in (9) at frequency ωk (k = 1,

2, . . . , K, and K is the number of frequency points) and time snap-
shot t.

3.2 Synthetic and resolution tests

We design a series of synthetic and resolution tests to assure the
robustness of our L1–L1 norm based CS method. We also compare
the results from the L2–L1 norm CS method and the conventional
beamforming method. In all the tests, we use the same geometry of
the source grids as used in the Section 4.

We set 2 point sources with equal amplitude in the study region
(red open squares in Fig. 5) and generate the observed spectra
based on the IASP91 global model (Kennett & Engdahl 1991) at
the frequency 0.5 Hz using eq. (6) for the same 275 Hi-net array
stations shown in Fig. 3. The level of random noise is set to be
10 per cent of the input source amplitude. The L1–L1 norm based
method has the ability to distinguish the spatially separated two
point sources with quite good accuracy (Figs 5a and c). However, the
conventional beamforming method can hardly separate the two point
sources (Figs 5b and d) due to strong phase interference. Meanwhile,
the results clearly show that the spatial resolution of beamforming
method is influenced by the distribution of the array stations (see
Figs 3 and S2b and e) and varies in different orientations. On the
contrary, CS results are rarely affected.

We also use the single source model (Figs 5e and f) to test the
robustness of the inversion results based on the L1–L1 and L2–L1
norm methods against data outliers. In this outlier test, we randomly
select 8 stations in the data set and add random noise with amplitudes
about 5 times of the input source amplitude with random phase
shifts. By this means, a new data set contaminated by eight outliers

is generated and used to test our inversion method. The inversion
result based on the L1–L1 norm method is very stable and accurate,
which is almost not affected by the data outliers (Fig. 5e). While for
the results based on the L2–L1 norm inversion, only ∼3 per cent
outliers in the data will lead to large spatial shift of the inversion
results (Fig. 5f). This test confirms that the L1–L1 norm based CS
method has much better resistance against outliers than the L2–L1
norm based method.

To test performance of the CS method using a sliding window
approach in the time domain (Yao et al. 2011), we design another
synthetic test. The synthetic waveforms (Fig. 4a) are generated
by five different (point) sources with different origin times and
locations as shown in Fig. 4(b). The first 8 s stacked P waveform
of all traces in Fig. 2(a) is used as the source wavelet to produce
the aligned synthetic waveforms (with 10 per cent random noise)
as shown in Fig. 4(a). After applying the CS method using a 10-s
long sliding window for the aligned waveforms (Fig. 4a), we get the
spatial and temporal distribution of sources in the frequency band
between 0.2 and 1 Hz as shown in Fig. 4(b). Not only the positions
but also the source origin times have been well recovered from our
method even for the two sources with the same starting time. This
test results indicate that our inversion procedure for the coseismic
subevent distribution in space and time is quite accurate using the
sliding window approach.

4 R E S U LT S

4.1 Results at different frequencies

Since the CS inversion method can more accurately locate the source
position at different frequencies, we show the spatial and temporal
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Figure 6. Coseismic sources distribution of the 2012 Sumatra Mw 8.6 earthquake from the CS method at 6 different frequencies: (a) 0.234 Hz, (b) 0.391 Hz,
(c) 0.547 Hz, (d) 0.703 Hz, (e) 0.781 Hz and (f) 0.859 Hz. Coloured circles are the coseismic sources inverted from different time windows with the right
colourbar giving the source origin time. The area of each circle is proportional to the source power (normalized separately for each frequency). The purple
cross gives the epicentre of the main shock from USGS (2.311◦N, 93.063◦E). Blue and dashed lines are the same as in Fig. 4.
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Figure 7. Coseismic radiation power distribution (background image) at each frequency as indicated. The power is normalized to its max power as given in
each subplot.

distribution of the sources (seismic radiation) at 6 single frequencies
(0.234, 0.391, 0.547, 0.703, 0.781 and 0.859 Hz) in Fig. 6 and the
relative radiated power distribution of each frequency in Fig. 7. The
length of the sliding window is set to be 10 s for the CS inversion.

In order to suppress artefacts that are generated during the CS
inversion due to noise, we carefully examine the inversion results
and only select the largest source obtained in each time window
with good data fitting. Our results reveal complex rupture process
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Figure 8. Seismic radiation in the frequency band 0.2–1 Hz. All results at different frequencies are summed up after Gaussian spatial smoothing (see eq. 12)
and we only select the energy global maximum of each time snapshot indicated by the coloured circles. White stars indicate the positions of the best-fitting 2
point sources of the 2012 Sumatra Mw 8.6 event from Duputel et al. (2012). Other symbols are the same as previous figures.

concerning multiple faults and apparent frequency-dependence of
seismic radiation during the main shock. At the lower frequencies
(Figs 6 and 7a and b), regions with most energetic seismic radiation
are located WSW of the epicentre. As frequency increases from
about 0.5 to 0.8 Hz (Figs 6 and 7c and e), our results reveal more
complex rupture processes: the energy radiation started around the
epicentre area, then migrated bilaterally nearly perpendicular to the
USGS strike direction (dashed blue line) after about 50 s and in
the later stage marched towards and along the Ninety East Ridge
(NER) after about 100 s. The highest energy radiation is around
the epicentre area at 0.547 (Fig. 7c). At 0.859 Hz (Figs 6f and 7f),
the highest seismic radiation appears about 100 km WNW of the
epicentre.

4.2 Results in the frequency band 0.2–1 Hz

The Mw 8.6 strike-slip earthquake has a complex and large-scale
rupture process as indicated by seismic radiation at various sin-
gle frequencies. Here we will analyse the whole rupture process
in a broader frequency band 0.2–1 Hz (Fig. 8) by summing up all
single frequency results. The spatial distribution of seismic radi-
ation is generally consistent with the aftershock distribution (see
Fig. 1 yellow dots) except in the southernmost part where the af-
tershocks are probably related to the Mw 8.2 largest aftershock.
This indicates a complicated rupture process and corresponds to a
multi-fault rupture mode in this region. The whole rupture process
can be mainly divided as 3 stages. First, in the first 50 s energy
radiation started from the epicentre and the earthquake ruptured
bilaterally towards WNW for about 100 km and towards ESE for
about 50 km (called Stage 1, blue circles in Fig. 8). Then the en-
ergy radiation split and moved bilaterally towards both NE and SW
directions for about 50 s (called Stage 2, green to yellow circles in
Fig. 8). The rupture of Stage 2 took place on a fault that is almost
orthogonal to the strike-slip fault of Stage 1, however, unparal-
lel to the NNE-trending fracture zone. The northeastward-moving
energy radiation reaches the Sumatra trench and may trigger an

event in the subduction zone at about 90 s (Figs 6d and 8), while the
southwestward-marching radiation changed its direction and moved
to a nearly perpendicular direction towards the NER between about
100 and 150 s (called Stage 3, orange to red circles in Fig. 8). In
the last several tens of seconds, the seismic radiation also spread
along the NER (around the latitude 89.5◦). The focal mechanisms of
large aftershocks around the NER region also show similar strike-
slip mechanisms as the main shock and the Mw 8.2 aftershock,
implying that the main shock has triggered a lot of seismicity on a
series of ridge-perpendicular or ridge-parallel conjugate strike-slip
faults.

4.3 Error estimation

We use a Monte Carlo error propagation method (Aster et al. 2013)
to estimate the error of our L1–L1 norm based inversion. We add
random Gaussian noise, which has amplitude of 10 per cent of the
data amplitude and randomly shifted phase, to the data in frequency
domain after filtering and then invert for the results. This proce-
dure is repeated for 50 times and then we can get the spatial and
amplitude distribution of results affected by random noise. Here
we choose two time windows (12–22 s and 86–96 s) as examples,
which have relatively strong signal (12–22 s, centred around 17 s,
see Fig. 2) and relatively weak signal (86–96 s, centred around 91 s,
see Fig. 2), respectively. All the obtained seismic sources from the
Monte Carlo error propagation method are near the original posi-
tion from the data without adding extra noise (see Fig. S4). Both the
spatial distribution and amplitude of sources recovered from the CS
inversion do not change much when relatively large random noise
(10 per cent) is added to the data (Fig. S4). The results of error
estimation indicate the stability of the inversion algorithm and its
good resistance against random disturbance.

In order to examine the effect of noise level on the inversion
results at different frequencies, we perform another Monte-Carlo
error propagation tests. Different levels (from 5 to 50 per cent) of
random Gaussian noise are added to the data in the time window
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12–22 s at two different frequencies (0.234 and 0.547 Hz). For every
noise level at each frequency, 50 tests are performed. The inversion
results (source locations) are shown in Fig. S45. At the higher
frequency (0.547 Hz), the inversion results (Fig. S5a) are quite
robust even with noise level up to 50 per cent. However, at the lower
frequency (0.234 Hz), large noise level (above ∼25 per cent) leads to
much scattered source locations (Fig. S5b). This is mainly because
the elements in the transmission matrix A (eq. 5) become more
similar at lower frequencies, or the column vectors in A are more
correlated with each other, thus resulting in the less stable inversion
system given by eqs (7) or (8). Therefore, generally speaking, the
inversion results at lower frequencies are more affected by the same
level of noise in the data than at higher frequencies. However, at
very high frequencies (e.g. above 1 Hz), the CS inversion results
tends to appear unstable from our experiences, which is probably
due to attenuation of earthquake signals and high noise levels.

5 D I S C U S S I O N

5.1 Frequency-dependence of the rupture process

Frequency-dependence of earthquake rupture process has already
been discussed in some previous studies. Yao et al. (2011, 2013)
used the CS method to obtain the frequency-dependent rupture
processes for four subduction zone megathrust earthquakes in the
past 10 yr. Using the time-domain back-projection analyses, a few
studies (Koper et al. 2011; Wang & Mori 2011; Lay et al. 2012)
have similarly investigated frequency-dependent seismic radiation
of subduction zone megathrust events, which is supposed to be
caused by depth-varying frictional properties of subduction zone
slab interfaces (Lay et al. 2012; Yao et al. 2013). For strike-slip
events, Uchide et al. (2013) found that high frequency seismic ra-
diation revealed by waveform backprojection typically originates at
the margin of large slip patches that are obtained from slip inversion
of relatively low frequency data.

Although the CS method using teleseismic P waves has nearly
no vertical resolution, we compare our seismic radiation results
with the slip inversion model from Wei et al. (2013). We find an
approximate spatial correspondence between the large slip patches
on the fault planes in their inversion and seismic energy radiation
from the CS method on our predefined fault planes at the focal
depth (22 km). Frequency-dependent rupture characteristics of this
strike-slip event have been revealed by our results (Figs 6 and 7),
particularly obvious in the first Stage 1 (about 0–50 s) of the rupture
process. Because this event is a strike-slip event, we sum up the
slip amount from Wei et al. (2013) along the depth direction to
get the average slip along depth within different time windows
for better comparison with our CS results (also see Fig. S6 for
the slip distribution on each fault within different time windows).
We take the summed energy radiation results from five continuous
sliding windows (each window length is 10 s with a time step 2 s,
overlapping by 8 s), corresponding to the waveforms within the 10–
30 s window (see Fig. 2a) during the first stage (0–50 s), to analyse
the frequency-dependent rupture process on the subfault 1 since
it has the cleanest waveforms, which are not contaminated by the
waveforms generated from other subfaults. Within the 10–30 s time
window, the corrected source time (from eq. 11, shown in Figs 9a
and b) is well consistent with the rupture time of each fault patch
in the slip model. For the relatively lower frequency of 0.2–0.5 Hz
(Fig. 9a), energy radiates from where large slip occurs on the fault.
On the other hand, radiation from higher frequency of 0.5–1 Hz

(Fig. 9b) corresponds well to the boundary of large slip patches or
rupture front (radiation with source time ∼26–33 s).

As revealed by some previous theoretical and numerical studies,
seismic high-frequency waves are attributed to the abrupt changes
of earthquake rupture velocity (Yamashita 1983) and the spectral
amplitude of acceleration pulse depends linearly on the strain, the
radius of the rupture front, the magnitude of the change in rup-
ture velocity and the generalized radiation pattern coefficient (Sato
1994). In both sides of the slip boundary, there are abrupt changes of
rupture properties, thus radiating energy with high-frequency com-
ponents. Similar phenomenon has been observed in the event of
2010 EL Mayor-Cucapah, Mexico earthquake (Uchide et al. 2013).

We also check the results of Stage 2 and Stage 3, and can still
observe the frequency-varying distribution of seismic radiation (e.g.
within 60–90 s, Figs 9c and d and within 90–120 s, Figs 9e and
f). However, unlike the results in Stage 1, the later stages are more
complex and hard to be directly compared with slip inversion results
due to several reasons. Firstly, as indicated by Lee et al. (2011) for
the Tohoku Mw 9.0 earthquake, repeating slip can happen during
great earthquake rupture processes. And this repetition is usually
difficult to be resolved through the slip inversion method using low
frequency waveform data and due to some model regularization
assumptions in the slip inversion method. Our CS results (Figs 8
and 9) indicate that there may exist some repeating rupture during
Stage 2, especially at the intersection region of subfaults 1 and 2
at about 60–70 s (Fig. 8) after the previous rupture front passed by.
Secondly, the triggered events on some potential faults nearby can
also be resolved by the CS inversion during the main shock rupture
process. However, this also deteriorates the direct comparison with
slip inversion results in the later stages. In the meanwhile, as for
the Stage 3 the unclear fault structure in this region also brings
difficulties for constraining the later rupture process, which leads
to different settings of fault geometries in the finite fault inversion,
for example in the last stage of this event presented by Yue et al.
(2012) and Wei et al. (2013).

Since this event involves complex rupture modes of the multi-
fault system in the Indian oceanic lithosphere, the variation of litho-
spheric properties in the earthquake region may control the char-
acteristics and extent of the rupture, and hence the spectral and
spatial distribution of coseismic energy radiation. It was found that
the spatial locations of coseismic rupture and aftershocks are strik-
ingly confined in the regions with low gravity anomaly (Ishii et al.
2013), which may be caused by thinner oceanic crust or thermally
modified lithosphere that is intrinsically weaker than the surround-
ing area. However, due to the lack of the structural information of
the rupture area, it is still difficult to fully understand the detailed
frequency-dependence rupture behaviour of this complex event.

5.2 Comparison with other results

We also use the conventional beamforming method to reconstruct
the rupture process of this earthquake. The results (Fig. S7) are
generally similar to the CS results (Fig. 8), however, appearing more
concentrated than the CS results. Conventional beamforming results
are relatively stable than the CS inversion method because it is based
on stacking of the observed spectra (see eq. 12), and thus most of
the uncorrelated components will be suppressed. However, as shown
before (Figs 5 and S2), the CS method has higher spatial resolution
without being greatly influenced by array configuration, and can
also accurately separate multiple sources at lower frequencies than
the beamforming method. As shown in Figs 6 and 8, the CS method
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Figure 9. Comparison between average slip along the depth direction from the slip inversion model (coloured strips, from Wei et al. 2013) and coseismic
radiation (background image) from three different time windows (10–30, 60–90 and 90–120 s, see Fig. 2 for waveforms) and within two different frequency
bands (0.2–0.5 and 0.5–1 Hz) as indicated in each plot. Left and right colourbars are for the relative power of coseismic radiation and the average slip (m) along
the depth direction within each time window, respectively. The numbers besides red contours denote the approximate energy radiation time. Other symbols are
the same as those in the previous figures.

may generate some small scatters in the inversion results. However,
as discussed in Section 5.1, some of the scatters are probably due
to the triggering of small events on the nearby conjugate faults
or repeating slip on the main faults, and a small portion of these
scatters may be from the inversion of some inevitable data errors,
especially some systematical data errors. How to better suppress the
artefacts from systematical data errors, and make the CS method
more stable and efficient is still a hot research topic in the CS
community.

We compare our results from the CS method with those from
other backprojection methods (Meng et al. 2012; Satriano et al.
2012; Wang et al. 2012; Ishii et al. 2013) and from the slip
inversion method (Yue et al. 2012; Wei et al. 2013). The re-
sults of this great earthquake from different methods all share a
complex, multi-fault rupture process. Our results also share some
similarities as the multipoint-source inversion results (Duputel et al.
2012) (see white stars in Fig. 8). Most results give a complex multi-
stage rupture process on a series of conjugate strike-slip faults: first
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stage along the WNW–ESE direction, then second stage splitting to
almost orthogonally NNE–SSW direction, and finally the third stage
turning again towards NW until reaching the NER. However, Sa-
triano et al. (2012) propose that the complicated westward rupture
process may be related to dynamic triggering of the pre-existing
NNE-trending faults (fracture zones) due to early generated sur-
face waves. Whether dynamic triggering of multiple nearly parallel
faults is a possible mechanism for this event needs further rupture
dynamics simulation.

The finite fault slip model of Yue et al. (2012) consists of four
subfaults, while Wei et al. (2013) use three subfaults in their slip
inversion based on the backprojection results from Meng et al.
(2012). Results from both of them share similar features except
some differences on assumptions before slip inversion and the fi-
nal slip magnitude. The most dominant differences between these
two slip models are the fault settings in the last stage of this event:
in the model of Wei et al. (2013), the final rupture process is set
on a SE-NW fault extending as long as 400 km, while Yue et al.
(2012) choose the relatively complex fault settings with 2 paral-
lel/conjugate subfaults. The overall coseismic radiation patterns
from backprojection (Meng et al. 2012; Satriano et al. 2012; Wang
et al. 2012; Ishii et al. 2013) and our CS method (Figs 6–8) are
well compatible with both the slip models except some details in
the last rupture stage due to different model settings. The changes
of rupture behaviour during the main shock, which lead to the
frequency-varying coseismic radiation resolved by the CS method,
are related to changes in physical properties in the source region,
for instance, 3-D fault geometry, frictional properties on the fault
surface, accumulated tectonic stresses, etc. These information will
be important for understanding earthquake mechanisms as well as
future seismic hazards in this region.

6 C O N C LU S I O N S

We use the CS inversion method to invert for the rupture process
and frequency-dependent seismic radiation of the 2012 April 11
Mw 8.6 Sumatra great strike-slip earthquake. A series of synthetic
tests are designed to assure the robustness and resolution of the
proposed L1–L1 norm CS inversion method. These tests indicate
high spatial resolution and great resistance against data outliers of
our method. The inversion results show a complex multistage rup-
ture process for this great earthquake. The rupture involves at least
three nearly conjugate strike-slip faults in the oceanic lithosphere
between the Sumatra trench and Ninety East Ridge. The main shock
has triggered a lot of events on a series of ridge-perpendicular or
ridge-parallel conjugate strike-slip faults around the Nighty East
Ridge. Compared with slip model, some lower frequency radiation
appears to originate from the areas with large slip, while some high-
frequency radiation is located at the boundary of large-slip region
or rupture front. Some seismic radiation probably originates from
the repeating slip on the main faults or triggered events on some
nearby faults in the rupture area. Although the lack of structural in-
formation limits our understanding of detailed frequency-dependent
rupture behaviour of this event, our results provide interesting obser-
vations for further investigation of rupture physics of this complex
strike-slip event in the future.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Waveforms and stations selection process. (a) Wave-
forms recorded at all the selected Hi-net stations. (b) Zoom-in of
the first 8s waveforms, which are used to do the cross-correlation.
(c) Cross-correlation coefficient distribution of each station. Blue
dashed line shows the cross-correlation coefficient threshold (0.7)
used in this study. (d) Distribution of all the 567 Hi-net stations (blue
triangles). There are total 275 stations satisfying this threshold with
their waveforms shown in Fig. 2 and station distribution shown in
Fig. 3 in the main text.
Figure S2. Synthetic tests for two different seismic array distribu-
tions. (a) and (b) are the CS and beamforming results, respectively,
for the station distribution shown in (c). (d) and (e) are the CS and
beamforming results, respectively, for the station distribution shown
in (f). Black arrows are pointing to the direction of seismic array.
Other symbols are the same as those in the Fig. 4.
Figure S3. Synthetic tests indicating the influence from stations
resampling. (a) Results from the CS method using all the stations
[red triangles in (d) and (e)]. (b) Results from the CS method using
30 per cent randomly selected stations [blue triangles in (d)]. (c)
Results from CS method using part of all stations [blue triangles in
(e)]. Other symbols are the same as those in Fig. 4.
Figure S4. Error analysis of the CS results at f = 0.547 Hz using
the Monte Carlo (MC) error propagation method with 10 per cent
random noise added. (a) Spatial distribution of 50 MC estimation
of the source locations (blue crosses) for the 12–22 s time window.
(b) Source amplitudes (y-axis) recovered from 50 MC estimations
(blue crosses) for the 12–22 s time window. Red X and dashed line
represent the results from CS without extra random noise. (c) and
(d) are the same as (a) and (b) except for the 86–96 s time window.
Figure S5. Monte-Carlo error propagation tests for the 12–22 s
time window at (a) 0.547 Hz and (b) 0.234 Hz. For the test, we add
random noise to the data and perform the inversion. For each noise
level (ratio of noise to signal amplitude) shown as the number beside
the coloured crosses on the right, we repeat inversion for 50 times
and all results are plotted as the crosses with the corresponding
noise-level colour in (a) and (b). The black + is the original source
position.
Figure S6. Slip inversion results from (a) subfault 1; (b) subfault
2; (c) subfault 3 in Wei et al. (2013). Only the slip within 10–30
s, 60–90 s and 90–120 s time windows are shown, corresponding
to the depth-averaged slip in Fig. 9. White contours indicate the
time (s) as labelled.
Figure S7. Seismic radiation in the frequency band 0.2–1 Hz using
the beamforming method. For the meaning of symbols, please refer
to Fig. 8.
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/
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