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Abstract—We expand on the empirical Green’s function

deconvolution method of IDE et al. (2011) to estimate radiated

energy for the six largest earthquakes worldwide over the last

10 years: 2011 Mw 9.0 Tohoku-Oki, 2004 Mw 9.1 Sumatra, 2010

Mw 8.8 Maule, 2005 Mw 8.7 Nias, 2007 Mw 8.5 Bengkulu, and

2012 Mw 8.6 off-Sumatra. Deconvolution of P, SV and SH com-

ponents gives consistent energy results that are comparable to

estimates found independently by other researchers. Apparent

stress for the five great thrust earthquakes is between 0.4 and

0.8 MPa, while the 2012 off-Sumatra strike-slip earthquake has a

higher apparent stress of 3 MPa, which is consistent with other

studies that find a tendency for strike-slip events to be more

energetic. Our results are within the spread of apparent stress from

the wider global earthquake population over a large magnitude

range. The azimuthal distribution of energy in each case shows

signs of directivity, and in some cases, shows less energy radiated

in the trench-ward direction, which may suggest enhanced tsunami

potential. We find that eGfs as small as *M 6.5 can be used for

teleseismic deconvolution, and that an eGf-mainshock magnitude

difference of 1.5 units yields stable results. This implies that M 8 is

the minimum mainshock size for which teleseismic eGf deconvo-

lution will work well. We propose that a database of eGf events

could be used to calculate radiated energy and apparent stress of

great, hazardous events in near real time, i.e., promptly enough that

it could contribute to rapid response measures.

1. Introduction

Great earthquakes, Mw C 8.5, are rare and

potentially devastating events. Until the occurrence

of the 2004 Mw 9.1 Sumatra earthquake, no broad-

band digital recordings existed for these very large

events, and precise source parameters were unavail-

able. The 2004 Sumatra event came with surprises: an

extended rupture zone of almost 1,300 km in length,

and a large tsunami that caught much of the Indian

Ocean Basin unprepared (ISHII et al. 2005). The 2011

Mw 9.0 Tohoku-Oki earthquake had a much more

compact source zone, and in contrast to the

2004 Sumatra event, generated high frequencies at

the deep edge of the rupture with slower, higher

amplitude slip at the trench, with the latter making an

unfortunately large contribution to the devastating

tsunami that followed. Although the site of the To-

hoku-Oki event was deemed the most likely location

for a future magnitude (M) 7.5–8 earthquake, the

extent of rupture and magnitude of slip was unan-

ticipated [LAY et al. 2013; National Seismic Hazard

Maps for Japan (2005), http://www.jishin.go.jp/main/

index-e.html]. The 2012 Mw 8.6 off-Sumatra event is

the largest strike-slip earthquake ever recorded, and

while it caused little damage, it raises the prospect

that the maximum possible size of continental strike-

slip earthquakes may be underestimated. Because

each of these earthquakes is uncommon in the

instrumental record, they merit intense study.

Radiated seismic energy is a scalar measure of the

strength of an earthquake that can be related to other

physical parameters, such as fracture energy, rupture

velocity and stress drop. By studying the relationship

between radiated seismic energy, a dynamic param-

eter, and seismic moment, a static measure of the

earthquake’s size, we can gain insight into the

dynamic processes of an earthquake. If all earth-

quakes follow self-similar physics, then simple

power-law scaling will explain earthquake size-
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dependence. If not, then it would point to an intrinsic

length scale related to some physical factor control-

ling the earthquake faulting process. Whether all

earthquakes have the same ratio of seismic energy to

moment, ER/Mo, remains an open question (e.g.

BOATWRIGHT and CHOY 1986; ABERCROMBIE 1995; IDE

and BEROZA 2001; CHOY et al. 2006; BORMANN and DI

GIACOMO 2011), and how the very largest earthquakes

radiate energy is not well understood, due to the fact

that great earthquakes are uncommon and it is chal-

lenging to measure their energy accurately.

Strike-slip events have been shown to have larger

scaled energy than dip-slip events. CHOY and BOAT-

WRIGHT (1995) estimate an order of magnitude higher

scaled energy for strike-slip vs. reverse-faulting events,

and PÉREZ-CAMPOS and BEROZA (2001) found this dif-

ference to be a factor of five, using a revised method to

account for potential biases. CONVERS and NEWMAN

(2011) determine strike-slip events to be twice as

energetic as thrust events. The largest strike-slip

earthquakes occurring in oceanic lithosphere may be

associated with emergent or diffuse plate boundaries,

rupturing cold, intact crustal material. The associated

earthquakes may have high stress drop and large scaled

energy. In contrast, the largest thrust events tend to

occur on mature plate boundaries that repeatedly rup-

ture with lower stress drop and scaled energy.

A second class of earthquakes that may display

abnormal ratios of ER/Mo are ‘‘tsunami earthquakes’’,

which excite a much larger tsunami than expected for

their magnitude (KANAMORI 1972). NEWMAN and OKAL

(1998) found that many of these tsunami earthquakes

have anomalously low ratios of radiated energy to

seismic moment, which provides a motivation for

rapid determination of this source parameter. On the

other hand, great earthquakes may be tsunamigenic

without being deficient in radiated energy. In either

situation, radiated energy provides important infor-

mation that is highly relevant to understanding both

tsunamigenesis and earthquake dynamics.

Estimates of energy for large earthquakes are typi-

cally computed by making path corrections to account

for attenuation and geometrical spreading, as well as

site and surface corrections, using teleseismically

recorded data (BOATWRIGHT and CHOY 1986; PEREZ-

CAMPOS et al. 2003; CONVERS and NEWMAN 2011).

Empirical Green’s functions have been employed as an

effective means for making these corrections for local

earthquakes, and avoid the need for explicit determi-

nation of path corrections or radiation pattern

coefficients. Use of eGfs assumes that a smaller, col-

located event, usually at least one magnitude unit

smaller, can approximate the point-source response to a

double-couple source (e.g. HARTZELL 1978; COURBOU-

LEX et al. 1996; HOUGH 2001; KANE et al. 2011). Then,

the source time function of the larger mainshock event

can be determined by deconvolving the smaller Green’s

function event from the larger event.

Empirical Green’s functions have been used pro-

fusely on a local scale (within a few hundred km) to

correct to source spectra of earthquakes up to *M 7

(VENKATARAMAN et al. 2002; IDE et al. 2003; BALTAY

et al. 2010, 2011); however, for great earthquakes in

which the rupture dimension can no longer be con-

sidered negligible compared to the source-station

distance, the local empirical Green’s function

assumptions are not met. AMMON et al. (1993) showed

that teleseismic surface wave deconvolution could

work between earthquakes of magnitude 7.2 and 7.4

with eGf events of magnitude *6 to resolve fault

finiteness. When considered at teleseismic distances

(D[ 30�), even very large ruptures can be considered

point sources, which leads us to consider large earth-

quakes (*M 6.5–7.5) as empirical Green’s functions,

to correct for path and site effects of great earthquakes.

In this study, we expand the teleseismic eGf

deconvolution approach (IDE et al. 2011) to model

source spectra of the six recent great earthquakes. We

can accurately estimate the radiated seismic energy

using either P or S wave groups, and find the scaled

energy, ER/Mo, to be fairly consistent for the five thrust

events, and about a factor of five larger for the 2012 off-

Sumatra strike slip event. Our estimates of ER are con-

sistent with those from previous teleseismic studies of

great earthquakes, and the higher energy associated with

the 2012 off-Sumatra strike slip event is in agreement

with the mechanism dependence shown in previous

studies (CHOY and BOATWRIGHT 1995; PÉREZ-CAMPOS and

BEROZA 2001; CONVERSNEWMAN 2011). With the dense

azimuthal coverage of the global seismic network

(GSN), we find that some of the events, especially the

2011 Tohoku-Oki earthquake, have strong directivity,

consistent with the known direction of rupture. Others

show less clear azimuthal dependence, such as the 2007
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Bengkulu earthquake, or no variation with azimuth, as in

the case of the 2012 off-Sumatra event, which ruptured

multiple conjugate fault planes. We find at least a factor

of two, and up to an order of magnitude, difference in

energy from maximum to minimum with some events,

implying that directivity effects should be considered

when estimating energy teleseismically. Finally, we

suggest that this teleseismic eGf deconvolution could be

adapted for use in real time, for rapid characterization of

the dynamic properties of an earthquake, as also pointed

out by DI GIACOMO et al. (2010) and CONVERS and

NEWMAN (2011). An eGf catalog could be built of

preprocessed eGf events for all regions in the world that

are available, covering most of the regions that are most

likely to host a great earthquake in the future. Since so

little is known about the great, hazardous events, any

information discerned quickly after the occurrence of an

event has the potential to aid in rapid response.

2. Teleseismic eGf Deconvolution

We consider six great earthquakes recorded

worldwide over the past 10 years: 2011 Mw 9.0
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Figure 1
Maps of great earthquake locations, rupture history and gCMT locations and mechanisms of candidate eGf earthquakes. a Greater Sumatra

map, showing: 2004 Sumatra earthquake and eGf events (red focal mechanisms), slip distribution from AMMON et al. (2005); 2005 Nias

earthquake and eGf events (yellow focal mechanisms), slip distribution from KONCA et al. (2007); 2007 Bengkulu earthquake and eGf events

(blue focal mechanisms), slip distribution from KONCA et al. (2008); and 2012 off-Sumatra earthquake and eGf events (green focal

mechanisms), schematic of rupture propagation from MENG et al. (2012), who model the rupture as starting at (1), rupturing bi-laterally along

the blue arrow before moving to a conjugate fault and rupturing again bilaterally to the northeast (yellow arrow) and southwest (green arrow)

at the (2)s, then moving again to a conjugate fault at (3), orange arrow, before jumping to a parallel plane shown with the red arrow at (4).

b Map of 2011 Tohoku-Oki rupture area and candidate eGf events. Slip distribution from IDE et al. (2011). c Map of 2010 Maule rupture area

and candidate eGf events. Slip distribution from HAYES (2010) USGS Teleseismic model, as displayed by MORENO et al. (2010)

Vol. 171, (2014) Radiated Energy of Great Earthquakes from Teleseismic eGF Deconvolution 2843



Tohoku-Oki, 2004 Mw 9.1 Sumatra, 2010 Mw 8.8

Maule, 2005 Mw 8.7 Nias, 2007 Mw 8.5 Bengkulu,

and 2012 Mw 8.6 off-Sumatra, and nearby large

earthquakes from M *6.0 to *7.9 as potential

empirical Green’s functions (Fig. 1). We estimate the

energy of each mainshock by deconvolution of sev-

eral candidate eGfs located near the mainshock, and

with similar mechanism to that of the mainshock. The

eGfs considered occur both before and after the

mainshock, except for the 2004 Sumatra and 2010

Maule eGfs, which are all afterwards.

We use both P and S waves recorded by broad-

band global seismic stations in the GSN. For both the

mainshock and eGf events, we analyze vertical

(BHZ) records, windowed from 90 s before the

P arrival to 360 s after, and S-horizontal components

(BHE and BHN), rotated to radial (SV) and trans-

verse (SH) directions and windowed from 90 s before

the S arrival to 360 s after. We use recordings from

stations of distance D = 30� to D = 90�, which have

relatively simple propagation characteristics because

their turning points are in the lower mantle. This

combination of window length and recording distance

were chosen to maximize the signal of the P and

S waves separately, without contamination of too

many other phases. Closer than 30�, P-wave windows

will contain S-waves within 270 s, and triplication of

arrivals from upper mantle structure and reflected PP

energy complicate the record; Beyond 90�, there is a

loss of energy as body waves diffract around the

earth’s core. P, pP, and sP waves will all be con-

tained in the vertical component, but for shallow

earthquakes, these phases have nearly the same path,

and hence arrive together to create a coherent wave

package that can be analyzed together.

We taper the time series over the 90 s before the

arrival and the 90 s of the end of the window (from

270 to 360 s), so that 270 s of record with no tapering

are used, and calculate the spectrum of each com-

ponent at each station. We smooth each spectrum into

90 bins that are evenly spaced in log frequency from

1 mHz to 10 Hz. Figure 2 shows example windowed

P and S waveforms at one global station, KEV, for

the 2011 Tohoku-Oki earthquake, and the four can-

didate eGf events.

We correct both the mainshock and eGf spectra

together, such that the corrected spectrum of the eGf

is an ideal Brune x-squared model, as in BALTAY

et al. (2010), using the USGS centroid moment given

in Tables 1, 2, 3, 4, 5, and 6 and a reference stress

drop of 3 MPa to define the corner frequency. We

follow HANKS and THATCHER (1972) and assume

b = 3,600 m/s, so that corner frequency is,

fc ¼
Dr

8:47Mo

� �1=3

b: ð1Þ

In log–log frequency space, deconvolution of the

time series is equivalent to subtraction of the eGf

spectra from the mainshock spectra. In the deconvo-

lution (subtraction), the correction is the same for

both the eGf and the mainshock at each frequency, so

that the relative spectral levels between the two

events are maintained. We set the absolute moment

level of all spectra based on the moment of the eGf

from the USGS Centroid Moment Tensor (Fig. 4a).

We then compare all of the mainshock spectra to

investigate their low-frequency behavior. The fre-

quency at which all the mainshock spectra, as

measured at the various stations, converge is chosen

as the low frequency cutoff for that eGf event,

maximizing the coherency. This point is usually near

10 mHz (100 s), and represents the lowest frequency

at which the eGf recording is above the noise, and the

lowest frequency at which we use direct data for the

mainshock spectrum.

Although we can measure the eGf spectrum down

to the low-frequency cutoff near 10 mHz (100 s), the

long-period moment level of the mainshock is not

completely captured at these periods, due to the

exceptionally long rupture durations of great earth-

quakes. The duration of the events we have studied

range from 100 s for the 2007 Mw 8.5 Bengkulu

earthquake (KONCA et al. 2008) to over 500 s for the

2004 Mw 9.1 Sumatra event (LAY et al. 2005). For

this reason, we extrapolate the mainshock spectrum

to lower frequencies following an x-2 trend, until the

independent moment of both the eGf and mainshock

are recovered, at a frequency of about 1–4 mHz

(depending on the event, eGf and component). Fig-

ure 4 (and Figs. S2a–b, S4a–b, S6a–b, S8a–b and

S10a–b) shows the extrapolated part of the spectra in

thin lines. Because the eGf spectra are unstable below

about 100 s, we are unable to adequately correct the

mainshock for these very low frequencies. It is also

2844 A. S. Baltay et al. Pure Appl. Geophys.



possible that teleseismic spectra are deficient in low-

frequency energy in the time window considered, due

to possible interference effects from free surface

reflections (KANAMORI and GIVEN 1981). This

extrapolation accounts for only about 10–20 % of the

total energy of the mainshock, depending on the

Figure 2
Broadband displacement waveforms from 2011 Tohoku-Oki mainshock (top panel) and four candidate eGf events, recorded at station KEV

with a distance of 6,852 km. Left seismograms are P-wave vertical recordings, right are the SV and SH components, each windowed from

90 s before the first arrival to 270 s afterwards, and tapered. The eGf recordings are scaled by a factor ranging from 209 to 1009, shown in

the upper left corner of each panel

Table 1

Radiated seismic energy of the 2011 Mw 9.0 Tohoku-Oki earthquake, corrected by each eGf, with given eGf moment and magnitude

Catalog information Radiated energy (J 91017)

# Date

(Y/M/D)

Mo (Nm, 91019) Mw P SV SH Average min max N

4 2003/10/31 3.4 7.0 12.19 9.58 10.58 10.73 9.14 12.59 28

6 2005/08/16 4.7 7.1 6.56 5.25 5.84 5.86 5.07 6.77 27

9 2008/07/09 3.8 7.0 7.90 6.50 6.59 6.97 6.03 8.06 32

10 2011/03/09 9.9 7.3 7.58 4.88 4.89 5.66 5.19 6.16 41

Average of each component 8.32 6.32 6.68

Average of S-components 6.50

Overall average 7.06 6.58 7.57 368

The log10 average is weighted azimuthally. N is the number of stations recording each eGf event (note that not all components at each station

are always used, so that the sum of all components at all stations may be less than 3*N). The min and max are the aleatory 95 % confidence

intervals based on the log10 distribution of the energy estimates at individual stations. The 95 % confidence intervals are equal to ±2*log10

standard error (the data sample standard deviation over all three components and all N station divided by the square root of N*3). They are

symmetric in log10 space, and hence asymmetric in linear space, as presented here
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station and eGf used (Fig. 4b), which is less than the

variability of ±0.2 magnitude units in energy mag-

nitude quoted in other studies (i.e. DI GIACOMO et al.

2010). The close correspondence of the mainshock

spectra to each other, when corrected by different eGf

events, indicates that the corrected source spectra and

Table 2

Radiated seismic energy of the 2004 Mw 9.1 Sumatra earthquake

Catalog information Radiated energy (J 91017)

# Date

(Y/M/D)

Mo (Nm, 91019) Mw P SV SH Average min max N

2 2005/02/26 1.7 6.8 8.93 12.91 9.37 10.26 9.39 11.21 45

4 2005/11/19 0.62 6.5 6.52 9.48 6.67 7.45 6.73 8.23 41

5 2008/02/20 11 7.4 5.08 7.37 8.02 6.70 6.08 7.37 36

7 2010/05/09 8.5 7.2 4.46 6.38 5.56 5.41 4.72 6.20 36

Average of each component 6.03 8.71 7.27

Average of S-components 7.96

Overall average 7.25 6.84 7.69 463

Columns as described for Table 1

Table 3

Radiated seismic energy of the 2010 Mw 8.8 Maule earthquake

Catalog information Radiated energy (J 91017)

# Date

(Y/M/D)

Mo (Nm, 91019) Mw P SV SH Average min max N

1 2010/03/05 0.73 6.6 1.39 0.92 1.12 1.13 1.01 1.27 35

2 2010/03/16 1.20 6.7 2.28 1.80 1.77 1.93 1.72 2.17 35

4 2011/02/11 5.30 6.9 3.92 2.48 2.06 2.72 2.41 3.06 31

5 2011/02/14 1.70 6.7 2.92 1.78 1.57 2.01 1.75 2.32 30

Average of each component 2.45 1.65 1.59

Average of S-components 1.62

Overall average 1.86 1.74 1.99 383

Columns as described for Table 1

Table 4

Radiated seismic energy of the 2005 Mw 8.7 Nias earthquake

Catalog information Radiated energy (J 91017)

# Date

(Y/M/D)

Mo (Nm, 91019) Mw P SV SH Average min max N

2 2002/11/02 01:26:10 13 7.4 2.56 2.69 2.26 2.49 2.32 2.68 52

4 2005/02/26 1.7 6.8 3.28 4.08 3.46 3.59 3.42 3.77 64

8 2005/05/19 1.2 6.7 2.07 1.62 1.52 1.72 1.63 1.82 62

10 2005/11/19 0.62 6.5 1.98 1.85 1.58 1.80 1.70 1.89 57

13 2008/02/20 11 7.3 2.15 1.77 1.63 1.84 1.66 2.03 44

Average of each component 2.36 2.25 1.98

Average of S-components 2.11

Overall average 2.19 2.11 2.28 819

Columns as described for Table 1

2846 A. S. Baltay et al. Pure Appl. Geophys.



extrapolation to low frequencies are robust with

respect to the eGf choice.

Once we calculate corrected displacement source

spectra from eGf deconvolution, we further extrapo-

late the spectra to the high and low frequencies

following the Brune x-squared model (similar to

illustration in BALTAY et al. 2010; Fig. 1d). The low

frequency point near 1–4 mHz at which the main-

shock spectrum reaches the moment level is taken as

an effective corner frequency, below which the

spectrum is extrapolated along the flat, moment, part

of the spectrum, to frequencies less than 0.1 mHz. In

this high frequency range, the spectrum is extrapo-

lated as x-squared to frequencies greater than

100 Hz. Figure 4 fully illustrates these limits, with

the thick lines representing the range of the eGf

events, the thin lines in Fig. 4a the extrapolation to

the moment level, and finally, the cumulative curve in

Fig. 4b showing the large range over which the

integration is performed.

Radiated energy is proportional to the integral of

the corrected velocity spectra squared,

ER ¼
I

4p2qb5
1
0

x � _MðxÞ
�� ��2dx; ð2Þ

where _MðxÞ is the moment rate (displacement) spec-

trum, b = 3.6 km/s, I = 2/5 and q = 3,000 kg/m3.

We estimate ER for the mainshock as corrected by each

eGf event, and for each of three components of motion,

at each GSN station. Although we use both P and S

wave, the relative eGf deconvolution yields similar

source spectra (i.e., Fig. 4a) and hence the single Eq.

(2) is valid to calculate the energy, regardless of the

component. We also calculate scaled energy and

apparent stress after WYSS and BRUNE (1968),

sa ¼ l
ER

Mo

; ð3Þ

with the shear modulus l = 39 GPa, using l = qb2.

3. Choice of Empirical Green’s Function

While our use of large, teleseismic empirical

Green’s functions in this study allows us to calculate

Table 5

Radiated seismic energy of the 2007 Mw 8.5 Bengkulu earthquake

Catalog information Radiated energy (J 91017)

# Date

(Y/M/D)

Mo (Nm, 91019) Mw P SV SH Average min max N

4 2001/01/16 2.0 6.8 1.66 1.05 1.28 1.31 1.18 1.45 46

6 2007/10/24 2.3 6.9 1.56 0.88 0.73 1.00 0.89 1.12 57

9 2010/03/05 1.6 6.8 2.00 1.45 1.12 1.48 1.36 1.62 55

10 2010/05/05 0.8 6.6 2.20 1.41 1.32 1.60 1.44 1.78 50

Average of each component 1.84 1.17 1.08

Average of S-components 1.13

Overall average 1.33 1.26 1.40 608

Columns as described for Table 1

Table 6

Radiated seismic energy of the 2012 Mw 8.6 off-Sumatra earthquake, corrected by the Mw 7.2 eGf

Catalog information Radiated energy (J 91017)

# Date

(Y/M/D)

Mo (Nm, 91019) Mw P SV SH Average min max N

4 2012/01/10 7.2 7.2 8.03 6.17 6.09 6.71 5.24 8.59 57

Average of S-components 6.13

Overall average 6.71 5.24 8.59 164

Columns as described for Table 1

Vol. 171, (2014) Radiated Energy of Great Earthquakes from Teleseismic eGF Deconvolution 2847



radiated seismic energy from the largest earthquakes,

the method is not without some of the limitations that

also affect local and regional eGf deconvolution.

Typically, it is considered that the eGf event should

be (1) small enough in comparison to the main event

to approximate a point-source; (2) close enough to

the main event so that path effects are similar; and (3)

of similar focal mechanism so that the radiation

patterns of the eGf and main event are similar. The

choice of eGf events can be a source of apparent

variability in the spectral signature of the main event,

and deviations from the conditions above can intro-

duce errors in the parameters estimated for the main

event (e.g., KANE et al. 2013; MORI and FRANKEL

1990; ABERCROMBIE 2013). KANE et al. (2013) deter-

mined that the most important criteria for an eGf

event is co-location to the mainshock. They suggest

an optimal eGf-mainshock separation distance of

about 1 km for events with radius *0.1 km when

observing at local distances (*10 km); extending

these ratios to teleseismic recording distances

(3,000–10,000 km) and great earthquake dimensions

(tens of km radius) implies an eGf-mainshock sepa-

ration of *100 km is reasonable. KANE et al. (2013)

also suggest that eGf size in relation to the mainshock

and similarity of mechanism are important. Because

teleseismic eGf deconvolution to estimate seismic

energy has not been undertaken before, we test some

of these assumptions.

In the 2005 Mw 8.7 Nias and 2007 Mw 8.5

Bengkulu data sets, we consider up to 14 possible

eGf events each, ranging from Mw 6.0 to Mw 7.8, with

normal and strike-slip mechanisms, as well as thrust

events that match the mechanism of the mainshock.

The locations are spread throughout the fault plane.

We use these events to test the limitations on the

choice of eGf. For the events considered, the log10

standard deviation of the mainshock energy deter-

mined using all potential eGf events is 0.25 (2005

Nias) and 0.40 (2007 Bengkulu). With just the chosen

eGf events, shown in Tables 4 and 5, the log10 std

drops to 0.14 and 0.09, showing that the correct

choice of eGf events gives much more stable and

reliable mainshock energy estimates.

We find that anything less than *M 6.5 is too

small to use as an eGf, at least for teleseismic dis-

tances, and that energy results determined with these

eGfs are systematically smaller than the average

(Fig. 3; Events 5, 7 and 8). Events of this size have

peak amplitudes near 10-6 m/s (vertical) at teleseis-

mic distances, and corner frequencies near 0.1 Hz.

Microseismic noise has a peak at 8 s, with a median

amplitude of about 3 9 10-7 m/s (ASTER et al. 2008),

and hence the eGfs of M \*6.5 are too close to the

microseismic background noise, and may display

artificially elevated amplitudes. When these events

are used as eGfs, the corrected mainshock spectrum is

biased towards low amplitude in the microseismic

band, and leads to lower estimates of radiated energy.

We also consider events as large as Mw 7.8–7.9 as

potential eGfs. A rule of thumb for choosing an

appropriate eGf is a magnitude separation of 1.5 units

between the mainshock and eGf (e.g. COURBOULEX

et al. 1996; HOUGH 2001; KANE et al. 2011). In the

case of the 2005 Mw 8.7 Nias, we find that the largest

potential eGf (Mw 7.8 2010/04/06) is too large to be

used as an eGf for this event, with a magnitude dif-

ference of only 0.9. Our teleseismic eGf

deconvolution method is very sensitive to relative

spectral amplitudes, and it is possible for the large

eGfs to have amplitudes as high or higher than the

mainshock at some frequencies, which leads to

unstable, unreliable radiated energy estimates. Event

11 shown in Fig. 5 from the Bengkulu sequence is

actually the October 2010 Mw 7.8 tsunami earth-

quake, with depleted radiated energy when compared

with a typical earthquake of its magnitude (LAY et al.

2011; NEWMAN et al. 2011). Therefore, we would

expect its spectra to have lower amplitudes than the

ideal Brune spectra to which it was corrected. This

gives rise to corrected mainshock spectra that are

enhanced in energy, and thus an overestimated value

of radiated energy. Because this event is known to be

an enervated tsunami earthquake, it is not ideal to use

as an eGf, and emphasizes the need for careful eGf

selection.

To test the assumption of like mechanisms and

locations, we consider potential eGfs with differing

mechanisms and locations. We find that mainshock

energies estimated using eGfs of similar location and

mechanism (shallow thrust) have much smaller inter-

station standard error, shown by error bars in Fig. 3.

These are the results used in the final analysis. While

eGfs with a normal sense of motion yield mainshock
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energies consistent with the average, the azimuthal

distribution of energy determined by a normal eGf is

more strongly variable (larger error bars in Fig. 3;

Event #2). Strike-slip eGfs yield highly variable

estimates of mainshock energy compared to the other

events because the corrected mainshock spectra are

less unstable, while eGFs with mechanisms consistent

with that of the mainshock yield robust and stable

results.

In the 2005 Nias sequence, we test a Mw 6.8 with

a very similar mechanism to that of the mainshock,

but located much closer to the trench and nearly

150 km from the area of high slip. Mainshock energy

estimated from this eGf has the highest inter-station

standard error of any considered thrust eGf. We find

that eGfs close to the epicenter (within *100 km)

yield energy estimates with less variation between

P and S components, as well as smaller inter-station

standard error.

Also of interest is the effect of depth of the eGf

event. However, the events considered here as

potential eGfs are all located at similar depths

between 21 and 36 km, on the subducting plate

interface. Most of the events are located not far from

the areas that ruptured in the main event, as can be

seen in Fig. 3a. Due to the lack of diversity in depth,

we don’t see any correlation between the eGf quality

and depth. We may expect to see an effect if eGf

events were significantly deeper or below the sub-

duction plate interface, or if they were very shallow

in the wedge. It is also possible that at teleseismic

distances, the depth is a less important factor, as

compared to the mechanism, magnitude and location.

Hence, we conclude that a radius of 100 km is the

upper limit for mainshock-eGf distances, within

which eGfs provide stable radiated energy estimates

for the range of magnitudes we are working with.

4. Radiated Energy from Six Recent Great

Earthquakes

For each of the six recent great earthquakes, we

consider as many as 14 different empirical Green’s

function events, and use as many as five for the final

analysis (Tables 1, 2, 3, 4, 5, 6). In each case, there is

(a) (b)

Figure 3
a Map showing location, size and mechanism of the 11 potential eGf events and b three components of radiated energy of the Mw 8.5

Bengkulu mainshock, as measured by the 11 different considered eGfs. Shown in colors are the four eGfs used in the analysis (#4, #6, #9,

#10). Estimates from each of three components are shown in different symbols (P-wave vertical in circles; SV in squares; and SH in stars).

Blue bars show standard error of the estimate using inter-station standard deviation. Event 1 is strike slip and gives greater variability between

station measurements (larger error bars); Event 11, *M 7.9, is the October 2010 tsunami earthquake, and is hence depleted in energy, so that

its use as an eGf gives artificially elevated mainshock energy. Event 2 is discarded due to its opposite (normal) mechanism. Events 3, 5, 7 and

8 are too small, and hence underestimate the mainshock energy. In most cases, the P wave gives slightly higher radiated energy estimates, but

all three components yield similar results
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close correspondence between the mainshock spectra

when corrected by different eGfs, indicating that the

corrected source spectra are robust with respect to the

assumed eGf (Fig. 4a, S2a, S4a, S6a, S8a, S10a). By

examining the cumulative fractional energy of the

mainshock at each frequency, we find that the

extrapolated energy is very small in some cases, and

at most accounts for *20 % of the total energy

(Figs. 4b, S2b, S4b, S6b, S8b, S10b). In studies of

smaller earthquakes, the energy integral is routinely

extrapolated to higher frequencies (e.g. BALTAY et al.

2010). In the case of great earthquakes, however, we

are able to measure the high frequency end of the

energy spectrum quite well, due to their exceptionally

low corner frequencies. The modest extrapolation we

perform results in a smaller percentage correction

than is typically the case for smaller earthquakes.

We also indicate in thin lines (Fig. 4) the part of

the mainshock spectra that has been extrapolated into

the low frequencies, below the low cut-off of the eGf,

usually near 100 s. For an ideal Brune x-2 spectrum,

80 % of the energy is at frequencies up to 6.25 times

the corner frequency (e.g., SINGH and ORDAZ 1994).

For these very large events with corner frequencies of

several hundred seconds, that value is well below our

1 Hz high frequency cutoff, so we are measuring

most of the radiated energy.

We find that analysis of P, SV and SH waves give

very similar mainshock corrected spectra and energy

values, and that the two S-wave energies are even

closer in value, emphasizing the precision of the

energy estimates. In many cases, the energy we

estimate from the P wave is slightly higher. BOAT-

WRIGHT and CHOY (1986) use primarily P-wave

spectra for energy determination because S waves are

strongly attenuated at teleseismic distances. Due to

the extremely low frequencies of great earthquakes,

the effects of attenuation are manageable, and allow

us to make use of S waves, essentially tripling the

available data.

For all the events, we study the azimuthal

dependence of the radiated energy. Empirical Green’s

functions correct the mainshock for radiation pat-

terns, but not for azimuthal variation due to the effect

of source-finiteness. The eGf events are much smaller

and do not display strong directivity at the periods we

consider. The azimuthal distribution of mainshock

energy is thus a source-finiteness effect. To avoid a

bias in the station-averaged total radiated energy due

to uneven station distribution azimuthally, we bin the

station measurements into groups every 30� of azi-

muth. The final energy estimates for each event

represent this azimuthally binned average, so that no

cluster of nearby stations (in Europe or North

America, for example) has too large an effect on the

final radiated energy value.

Lastly, we quantify the aleatory variability of each

final energy estimate. For each eGf correction, the

energy estimate is made for three components at

(a)

(b)

Figure 4
a 2011 Tohoku-Oki displacement source spectra for each eGf, and

for the mainshock after deconvolving the different eGf events,

stacked over all stations. b Cumulative fractional energy of the

mainshock corrected individually by each eGf, and stacked over all

stations. Light lines in the low frequencies of the mainshock in

(a) and (b) show the missing, extrapolated energy, which amounts

to *10–20 % on average
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between 25 and 60 stations, and these estimates are

then averaged to find the overall estimate of the

radiated energy for the great earthquake. The mini-

mum and maximum values quoted in Tables 1, 2, 3,

4, 5, 6 are 95 % confidence intervals on the average

energy value, determined as ± twice the log10 stan-

dard error of the estimate, where the standard error is

the ratio of the standard deviation of all the estimates

(for all components and stations) and the square root

of the number of records. We translate this log10

value into linear space in the table for ease of reading.

While this 95 % confidence interval gives us valuable

information about how stable each estimate is, it

represents only the confidence within our method of

the mean value dependent on different observations,

and can yield no information about the epistemic

uncertainty that is associated with our lack of

knowledge about the true model or underlying pro-

cesses of earthquakes. In this sense, some of the other

tests we have considered, i.e., for choice of eGf,

comparison to previous studies, contrasting the azi-

muthal variations or different energy values from the

three components, or understanding the shortcomings

of the spectral extrapolation of the mainshock into the

low frequencies, may give a more enlightened view

of the uncertainty associated with our estimates.

4.1. 2011 Mw 9.0 Tohoku-Oki

The Mw 9.0 Tohoku-Oki earthquake of 2011

occurred on March 11 offshore of Honshu, Japan, on

the Japan Trench. The earthquake lasted about 160 s,

on a rupture plane of about 240 km down

dip 9 440 km along strike of 200�, with prodigious

shallow slip at the trench that generated a large

tsunami (Fig. 1) (IDE et al. 2011). Waveforms from

the four eGf events show very similar patterns in both

the P and S waves. It is apparent from the source time

function that the mainshock initially developed

slowly, before rapidly increasing in size about a

minute after the origin time (Fig. 2). The event was

unusual in that it occurred on a compact rupture plane

for an event of this size, but also had large, slow

shallow slip coupled with deep slip that generated

strong high frequency radiation (e.g., IDE et al. 2011;

SUZUKI et al. 2011; KOPER et al. 2011).

We find a radiated energy of 7.06 9 1017 J, a

scaled energy of ER/Mo = 1.57 9 10-5, and an

apparent stress of 0.61 MPa (Table 1). This event

shows strong directivity in radiated energy, with a

minimum near 100� and a maximum near 200�
(Fig. 5). This corresponds to energy directivity found

by CONVERS and NEWMAN (2011), NEWMAN (2011):

http://geophysics.eas.gatech.edu/anewman/research/

RTerg/. Our cumulative energy shows that the

extrapolated energy into the low frequencies is

around 10–20 % on average, and that about 90 % of

the energy is radiated below 0.1 Hz (Fig. 4).

(a)

(b)

Figure 5
Mainshock radiated energy as a function of station azimuth.

a Log10 average over all eGfs, for each component, shown at all

stations. b Energy shown as corrected from each eGf event and

each component, azimuthally binned every 30�. Average of each

bin shown in black, used for the final reported energy estimate.

Different components shown with different symbol shapes
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4.2. 2004 Mw 9.1 Sumatra

The 2004 Mw 9.1 Sumatra earthquake was the first

great earthquake to test the GSN. It generated a

devastating tsunami, which was made worse by the

lack of a tsunami warning system for the Indian Ocean

Basin. The earthquake lasted for nearly 500 s, almost

three times as long as the Tohoku-Oki event, and its

rupture length was the greatest ever recorded—nearly

1,300 km along strike, with a variable slip distribution

from the epicenter in the south to the northern tip of

the rupture (AMMON et al. 2005; LAY et al. 2005;

CHLIEH et al. 2007). This event may have had a large

slow slip component, releasing energy for up to 1 h

after the initiation (AMMON et al. 2005; BILHAM 2005;

BANERJEE et al. 2005; LAY et al. 2005).

Even at teleseismic distances, the 2004 Sumatra

earthquake, with its unusually long rupture plane,

may not be able to be modeled using a single eGf

event; however, AMMON et al. (2005) demonstrated

that much of the slip occurred in the first 230 s, on the

southern-most 420 km of the fault plane (Fig. 1).

Since we use the first 270 s of P and S arrivals, we

should capture this initial intense rupture, and be able

to model that contribution to the source spectrum

from single event eGf deconvolution, provided that

the eGfs are located near the patches of high slip.

This part of the rupture was along a plane approx-

imately 420 9 240 km, with a strike of about 330�,

and average slip of 7 m, compared to 2–5 m average

slip on the northern parts of the fault. There are four

events with similar mechanism to the mainshock,

occurring very near the location of high slip. While

the four eGf events have consistent, impulsive

arrivals, the mainshock, like the Tohoku-Oki earth-

quake, is less impulsive and has an obviously longer

duration overall (Fig. S1).

We find the energy of the 2004 Sumatra event to

be 7.19 9 1017 J, with a scaled energy of

1.12 9 10-5, and apparent stress of 0.43 MPa, which

is slightly less than that of the Tohoku-Oki event

(Table 2). The S components of the corrected main-

shock have more energy in the higher frequencies

than do the P components, which can also be seen in

the cumulative energy (Figure S2b). It is possible that

the 270 s window we use around the S-wave arrival is

also capturing other P arrivals due to the long rupture

length, which would affect the frequency content.

About 80 % of the mainshock energy is below

0.1 Hz.

The 2004 Sumatra event also shows strong

directivity in radiated energy, which is expected

due to the long and narrow fault plane that ruptured

nearly unilaterally to the north (Fig. S2c–d). This

directivity is consistent with that found for Rayleigh

wave amplitudes, with a large peak towards *270�–

320�, a smaller peak near 20�, and a minimum around

135� (AMMON et al. 2005). Although KANAMORI

(2006) states that there is little directivity effect in

his estimation of radiated energy from the 2004

Sumatra earthquake, the stations that he uses show

similar energy results. By including more stations, we

can better resolve the signature of azimuthal vari-

ability in radiated energy.

4.3. 2010 Mw 8.8 Maule

The 2010 Mw 8.8 Maule earthquake occurred

along the Chilean subduction zone, just to the north

of the 1960 Chilean Mw 9.5 megathrust event

(MORENO et al. 2010). The rupture occurred on a

plane about 150 km along-dip, up to the trench, by

400 km along strike, in NNW direction, and lasted

150 s (HAYES 2010). This event caused a tsunami, but

of smaller amplitude than either the 2004 Sumatra or

2011 Tohoku-Oki tsunami. We identify four potential

empirical Green’s functions near the area of high slip,

and discard one due to its distance from the epicenter.

The 2010 Maule mainshock shows somewhat more

impulsive arrivals, compared to the 2004 Sumatra

and 2011 Tohoku-Oki earthquakes, yet the eGf

events are even more impulsive (Fig. S3).

We find a radiated energy of 1.86 9 1017 Joules,

ER/Mo = 1.03 9 10-5 and sa = 0.40 MPa, averaged

over all four eGf events and three components

(Table 3). The mainshock source spectra contain a

consistent bump near 0.1 Hz that we interpret as a

source effect (Fig. S4a). About 20 % of the total

energy is from extrapolation to low frequencies,

below 10 mHz. The three components of motion

show a similar pattern as a function of azimuth, with

a minimum of radiated energy towards the southwest,

at about 250�, but the azimuthal variation is not as

strong as that for the two larger events (Fig. S4c–d).
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4.4. 2005 Mw 8.7 Nias

The 2005 Mw 8.7 Nias earthquake occurred south

of the 2004 Mw 9.1 Sumatra, along the Sunda trench.

The rupture plane is about 150 km wide and 300 km

along strike, to the NNW. The event lasted about

120–150 s, and ruptured bilaterally, to the north and

south, in two distinct patches (KONCA et al. 2007). The

rupture did not come as close to the trench as the 2004

Sumatra event, however, and generated a much

smaller, local tsunami (DEAN et al. 2010). In this case,

we consider 14 different eGf events, but discard most

of them to use five earthquakes, occurring both before

and after the mainshock (see discussion above). The

five chosen eGf events show very similar waveforms to

each other, especially in the P components (Fig. S5).

The final estimate of radiated energy for all eGf

events is 2.19 9 1017 J, with a scaled energy of

2.09 9 10-5 and apparent stress of 0.81 MPa

(Table 4). On average, \20 % of the energy is

extrapolated into the low frequencies, and in the

cumulative fractional energy, the mainshock spectra

look fairly Brune-like (Fig. S6a-b). The azimuthal

dependence of radiated energy is not as strong as that

of some of the other great events, but we do see a

local maximum near 150�, along strike to the south

(Fig. S6c–d).

4.5. 2007 Mw 8.5 Bengkulu

The 2007 Mw 8.5 Bengkulu event occurred south

of the 2005 Nias along the trench, and just off shore of

the town of Bengkulu. The rupture occurred in two

distinct patches along strike, over 100 s (KONCA et al.

2008). The rupture plane was 100 9 200 km, striking

about 330�, similar to the 2005 Nias and 2004

Sumatra events. For this mainshock, we considered

12 potential empirical Green’s function events, rang-

ing from Mw 6.3 to Mw 7.9, but choose to use four, and

discard those with different mechanism or magnitude

too large or small (see discussion above). The four

eGf events and the mainshock have very similar

waveforms, as shown at station MDJ (Fig. S7),

comparable to the Nias mainshock and eGf events.

The corrected source spectra show a large hole at

about 100 s (Fig. S8a). This is likely due to the

rupture occurring in two distinct bursts, one repre-

sented by a spectrum with a higher corner frequency,

and one with a lower corner frequency, so that the

interference of the two yields the spectral hole we

observe. This peculiar feature shows up in the

cumulative fractional energy, so that the amount

extrapolated is very low, \10 % on average.

We find an average radiated energy of

1.33 9 1017 J, with ER/Mo = 1.98 9 10-5, and

sa = 0.77 MPa (Table 5). The azimuthal distribution

of energy is not as pronounced as for the other great

events, but there is a slight peak to the north, between

300� and 50� (Fig. S8c–d). We also note that the

P wave spectra show consistently higher energy

values than the S waves.

4.6. 2012 Mw 8.6 Off-Sumatra

The 2012 Mw 8.6 off-Sumatra earthquake is the

largest strike slip event ever recorded, occurring deep

(*40 km) in an intraplate region off of the north

coast of Sumatra (MCGUIRE and BEROZA 2012; http://

www.globalcmt.org/) (Fig. 1a). The region between

the Sunda trench, the location of three of the thrust

events discussed here, and the Ninety-East ridge is a

zone of distributed seismicity that may be associated

with a wide diffuse plate boundary bisecting the Indo-

Australian Plate (ROYER and GORDON 1997). Back

projection results indicate that the Mw 8.6 ruptured

along several NW–SE and NE–SW trending orthog-

onal faults, deep in the oceanic lithosphere, spanning

a fault surface of about 400 9 300 km total (MENG

et al. 2012). The following Mw 8.2 aftershock

occurred along the southern portion of these faults.

Whether this oceanic strike-slip event has implica-

tions for the maximum size of continental faulting is

an interesting topic of conversation.

We use a magnitude 7.2 event from January 2012

for an eGf, as the aftershocks of *M 6.2 are too

close to the noise level to use teleseismically,

yielding a lower energy estimate. From the Mw 7.2

eGf, we estimate an azimuthally averaged radiated

energy of 6.71 9 1017 J, and apparent stress of

3.07 MPa, about five times more energetic than the

five thrust events (Tables 6 and 7). There is no

discernable azimuthal pattern to the radiated energy

(Fig. S10c–d), but given that the rupture occurred

bilaterally on multiple, conjugate fault planes, we

should not expect much directivity overall.
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5. Constant Scaled Energy and Apparent Stress

We find that the scaled energy of the six great

earthquakes is similar in size to the scaled energy for

smaller earthquakes. The scaled energy of all five

events is between *1 and 2 9 10-5, corresponding

to an apparent stress of 0.4–0.8 MPa, and the strike-

slip off-Sumatra earthquake has apparent stress of

*3 MPa. These apparent stresses are well within the

range of global values, and the mechanism depen-

dence is consistent with the notion of an immature

strike-slip event in cold lithosphere vs. thrust faulting

on mature subduction boundaries.

We compare our results to other studies (CONVERS

and NEWMAN 2011; LAY et al. 2012; NEIC reported

radiated energy, http://earthquake.usgs.gov; BOAT-

WRIGHT and CHOY 1986) in Table 7. These studies

make attenuation, source, and station corrections to

teleseismic P waves to estimate source spectra and

radiated energy. Results from our study compare well

with those of CONVERS and NEWMAN (2011) and LAY

et al. (2012). With the exception of the 2011 Tohoku-

Oki event, the USGS estimates are systematically

much lower than the others, as also noted by NEWMAN

and OKAL (1998) and DI GIACOMO et al. (2010). This

discrepancy is potentially caused by too short a time

window in the NIEC analysis. Although we use the

same value of q as CONVERS and NEWMAN (2011),

their use of a = 7,000 m/s and a S-to-P wave parti-

tioning factor of 15.6 actually implies that their

values should be 1.67 times smaller than ours. To

clarify this comparison, Table 7 also shows the

results of this study divided by 1.67. Then, the radi-

ated energies are even more similar from our results.

However, there are still sources of uncertainty

between the different methods, such as how different

station energies are averaged, that could account for

the differences between the studies. That our telese-

ismic eGf deconvolution yields radiated energy

results in agreement with other studies validates this

method, and demonstrates that it can be used to

estimate robust source spectra and other source

parameters derived from it. An inherent advantage of

eGf techniques is that specific source and attenuation

information is not required, and the result is only

dependent on the eGf assumptions. We also show that

S waves, in addition to P waves, can be used in

teleseismic energy calculation for great earthquakes,

which greatly increases the number of records that

can be analyzed. For smaller events, the increased

attenuation of S waves may not allow the same cal-

culation at teleseismic distances.

CONVERS and NEWMAN (2011) study 342 global

earthquakes with M [ 6.5, and find an average scaled

energy, ER/Mo = 1.82 9 10-5 for thrust events, and

3.63 9 10-5 for strike-slip earthquakes. For our

Table 7

Radiated energy for all five great earthquakes, compared to estimates from other studies. The log10 95% confidence intervals in energy from

previous tables are translated into apparent stresses, sa.

Event Radiated energy, ER (J 91017) ER/Mo (910-5) sa (MPa)

Newmana, b Layc USGSd This study This studye Mean Min Max

2011 Tohoku-Oki 4.2a 4.18 5.1 7.06 4.22 1.57 0.61 0.57 0.65

2004 Sumatra 8.2b 2.98 1.1 7.25 4.33 1.12 0.43 0.40 0.46

2010 Maule 2.6b 2.10 0.47 1.86 1.11 1.03 0.40 0.38 0.43

2005 Nias 1.1b 0.82 0.37 2.19 1.31 2.09 0.81 0.78 0.84

2007 Bengkulu 0.69b 0.44 0.26 1.33 0.79 1.98 0.77 0.73 0.81

2012 Off-Sumatra 2.1a n/a 2.7 6.71 4.01 7.89 3.07 2.40 3.93

a http://geophysics.eas.gatech.edu/anewman/research/RTerg/
b CONVERS and NEWMAN (2011)
c LAY et al. (2012)
d As reported on http://earthquake.usgs.gov, following BOATWRIGHT and CHOY (1986)
e Based on differences in material parameters, estimates from this study would be 1.67 times larger that those of Newman, so we provide the

comparison of our results/1.67
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sample size of only six earthquakes, it is problematic

to determine a difference between mechanisms, yet

the factor of *5 difference between the thrust events

and the 2012 Sumatra strike slip event is consistent

with PÉREZ-CAMPOS and BEROZA (2001) between those

mechanisms for a much larger data set of somewhat

smaller earthquakes.

Figure 6 compares our results for scaled energies

to previous studies of BALTAY et al. (2010) and

(2011), who used a local empirical Green’s function

technique to find scaled energy of *200 events in the

western United States and eastern Honshu, Japan,

ranging from magnitude *2 to *7. Inclusion of the

six recent great earthquakes emphasizes the lack of

dependence of scaled energy on moment, as these

observations show no systematic variation in appar-

ent stress with magnitude.

6. Azimuthal Dependence of Radiated Energy

We investigate the azimuthal variations of radi-

ated energy from the six great earthquakes. Because

the eGf events are much smaller compared to the

mainshock, directivity in the mainshock at long

periods should be preserved in measurements of the

radiated energy. We see the strongest azimuthal

dependence and clearest trends for the largest events,

2004 Mw 9.1 Sumatra and 2011 Mw 9.0 Tohoku-Oki.

The other three thrust events also show azimuthal

variation of radiated energy, but the patterns are not

as well resolved. The 2012 Mw 8.6 off-Sumatra

earthquake shows little azimuthal variation, likely

due to the fact that it includes complex rupture on

multiple perpendicular fault planes. In all cases,

although the initial waveforms are quite different; the

P and S components show similar trends, which

implies that the relative differences between main-

shock and eGf events is the same regardless of the

component of motion (Fig. 7).

In the Tohoku-Oki case, we find an energy peak in

the strike direction at *200�, a small peak in the

anti-strike direction (along-strike in the opposite

direction) at *20�, and a low near *100�. Based on

the spatio-temporal slip inversion of IDE et al. (2011),

we interpret the peaks at 200� and 20� to be generated

by high apparent velocity along and parallel to the

trench as the rupture reaches the trench. The mini-

mum in radiated energy at 100� is in the up-dip,

trench direction, which is explained by the observa-

tion of high-frequency energy, [0.1 Hz, generated

from the down dip (*270�) area, so that the low-

frequency energy in the trench-ward direction doesn’t

contribute much to the overall broadband radiated

energy estimated here.

Because of the extended, 1,300 km long rupture

of the 2004 Sumatra earthquake, and the strong uni-

lateral rupture propagation for that event, we expect

Figure 6
Scaled energy and apparent stress of the six great earthquakes (red stars) overlain on the figure of IDE and BEROZA (2001) compiling many

other studies. Also shown are the scaled energy results from BALTAY et al. (2010) from the western US, and BALTAY et al. (2011) from Honshu,

Japan. The energy of great earthquakes is consistent with that of other earthquakes, from *M 2 to M 7. Apparent stress is similar and between

0.4 and 0.8 MPa for the five thrust events, and higher for the 2012 off-Sumatra strike-slip event
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directivity along strike, towards the north (AMMON

et al. 2005). We see this clearly in the radiated

energy, with a strong peak just west of the 330�
strike. In addition, there is a minimum of radiated

energy in the anti-strike direction, at *150�, which

is also explained by the northward rupture directivity.

In contrast to the Tohoku-Oki event, which occurred

on a compact fault plane with rupture moving up- and

down-dip, the 2004 Sumatra event started in the south

and moved unilaterally to the north, along strike.

The 2010 Mw 8.8 Maule earthquake shows a

strong minimum of radiated energy to the west, at

about 250�, and a slight peak to the east, near *90�.

The other azimuths show fairly constant radiated

energy. The rupture started in the south, with a

concentration of slip near the epicenter, and then

moved to the north with another concentration of

high slip (KISER and ISHII 2012). The minimum in

radiated energy to the west is in the trench-ward

direction, and in that sense our observations are

similar to the minimum in energy seen in the up-dip

direction for the Tohoku-Oki earthquake.

Both the 2005 Mw 8.7 Nias and 2007 Mw 8.5

Bengkulu earthquakes show weaker azimuthal vari-

ation in radiated energy, perhaps due to their smaller

size. The Nias earthquake consisted of bilateral rup-

ture, to the north at 330� and to the south at 150�
(KONCA et al. 2007). We find peaks in radiated energy

in these two directions, with a stronger peak to the

south, consistent with the larger slip patch in the

Figure 7
Azimuthal dependence of radiated seismic energy all six great earthquakes, shown as the log10 mean overall eGf corrections, for each

component. ‘‘Strike’’ indicates direction or rupture propagation, while ‘‘anti-strike’’ is along the strike in the opposite direction
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southern portion. The Bengkulu rupture also occurred

in two distinct south and north patches, but with

rupture direction to the north only. In the radiated

energy, we resolve only a broad peak in the northerly,

along-strike direction.

The 2012 off-Sumatra strike-slip event shows no

distinct azimuthal variation in radiated energy; how-

ever, this lack of directivity is attributable to rupture

on multiple, orthogonal fault planes (MENG et al.

2012).

We can discern general source rupture character-

istics from the radiated energy. The larger events

show stronger azimuthal variation. If radiated energy

estimates are to be used for rapid response (see dis-

cussion below), then the possibility of variations in

single-station estimates due directivity must be taken

into account. When paired with a time dependent slip

inversion, we can interpret the maxima and minima in

energy as particular rupture processes. VENKATAR-

AMAN and KANAMORI (2004) conclude that directivity

for dip-slip events with rupture propagating along

strike is less than a factor of two at teleseismic dis-

tances. However, even for the 2005 Nias and 2007

Bengkulu events, which show the smallest directivity,

we see at least a factor of two difference in the

radiated energy between stations. The 2004 Sumatra

earthquake, which does propagate along strike, shows

nearly an order of magnitude difference of energy

from station to station. FAVREAU and ARCHULETA

(2003) forward modeled the energy radiated by the

1979 Imperial Valley earthquake, and found extreme

directivity from the super-shear rupture, with 86 % of

the energy radiated in the along-strike direction.

Therefore, it is essential to take variability in energy

due to directivity into account when estimated radi-

ated energy teleseismically. With our method, we

calculate energy at many stations, and take an azi-

muthally weighted average to account for the

directivity. Expressing the uncertainty in estimates of

radiated energy becomes imperative for rapid

response; in cases of extreme directivity, the measure

of radiated energy could be off by an order of mag-

nitude depending on the stations considered. In an

unlucky case where the early data is from the direc-

tion of negative directivity, the underestimation of

energy would present an unrealistically enervated

view of a potentially devastating earthquake.

7. Real-Time Determination of Radiated Energy

Radiated seismic energy is a fundamental earth-

quake source parameter, and reflects both the amount

of material displaced and the speed at which that

occurs. Earthquakes radiating greater amounts of

energy per unit fault area are expected to produce

larger ground motion, and the high frequency energy

content of earthquakes can greatly affect the built

environment. On the other hand, earthquakes that

have a low ratio of radiated energy to seismic

moment release energy more slowly and have the

potential to create anomalously large tsunami for

their size (NEWMAN and OKAL 1998). Rapid determi-

nation of radiated energy as a dynamic measure of the

earthquake size could aid in hazard mitigation efforts

or rapid emergency response, and could quickly

indicate if an earthquake will generate unusually

large tsunami amplitudes, or will likely cause large

ground shaking.

During the 2011 Tohoku-Oki earthquake, the

Japanese early warning and information systems

worked well, as many Japanese were warned of

ground shaking and tsunami waves before their arri-

val. However, SAGIYA et al. (2011) noted that

although the system worked well, more accurate,

quick determination of source parameters would

increase the efficacy of all of the systems, and in any

case redundancy from independent real-time hazard

assessment would have great value. Tsunami are

generated most strongly at the shallowest part of

rupture (i.e., at the trench), which is typically far

enough offshore, that even local tsunami will take up

to 30 min to arrive, so a rapid assessment of the

radiated energy from an earthquake made with-

in *10 min would still allow 20 min of warning.

We propose that our method could be used for

rapid energy estimation to support other ongoing

approaches. A global eGf database could be set up so

that the largest global earthquakes can quickly be

analyzed after their occurrence. Given a magnitude

difference of 1.5 magnitude units between the eGf

and the mainshock and our eGf magnitude limit

of *6.5, we surmise that the smallest earthquake that

could be studied teleseismically with our method is

about M 8. Figure 8 shows the distribution of mag-

nitude 6.5 and greater earthquakes globally for the
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20-year period (1990–2010). Each earthquake is

shown as a circle of radius 100 km, which we found

to be the most effective range of eGf events for

mainshock deconvolution. Hence, any M C 8 main-

shock located within any 100 km radius circle could

be studied with our method. There is dense coverage

of Mw [ 6.5 earthquakes along most of the world’s

subduction zones, where we expect the largest future

hazardous earthquakes are most likely to occur.

Regions such as the Mediterranean, San Andreas

Fault system, and the Himalayan system have sparser

coverage, so energy estimation using eGfs would not

be as rapid. The radius over which the eGf decon-

volution is robust and stable, however, would be

frequency dependent. Because smaller events have

proportionally more of their energy at shorter periods,

where there is more anelastic attenuation, the cor-

rection may only work at shorter distances.

Potential eGf earthquakes, as shown in Fig. 8,

recorded at reliable GSN stations would be pre-

screened and pre-processed (quality checked, win-

dowed and tapered), and their three-component

spectra stored in the database. Once a large earth-

quake occurs, it could quickly be located and

matched with appropriate eGf events. Our energy

estimation method is not computationally intensive,

so the mainshock energy could be determined rap-

idly. The time consuming steps are in screening the

potential eGf events and determining their parame-

ters, which would be accomplished before the

occurrence of a mainshock event, cutting back sig-

nificantly on the processing time. Then, the radiated

energy could be calculated within a few minutes of

the arrival of waveforms at a station.

For the closest GSN stations considered here at

30� distance, P waves first arrive 6 min after rupture

begins, and S waves begin to arrive at about 12 min.

We have shown that there is no dependence of esti-

mated energy on station distance, so that the closest

stations could reliably be used, but for redundancy, at

least six stations should be used for the estimation. We

have shown that a directivity correction through

averaging is important for an accurate result if stations

are well distributed in azimuth. Since energy

Figure 8
Global earthquakes [ M6.5 from 20 years (1990–2010). Each earthquake is shown as a circle of radius 100 km, which we find to be the

approximate radius of influence of eGf events. Mainshocks occurring within a circle can be corrected acceptably well by eGf deconvolution to

estimate radiated energy
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estimated from P and S waves yields consistent

results, the estimation could be performed in real time

using only the P arrivals, and then updated as the

S waves arrive. Thus, an estimate of radiated seismic

energy could be calculated within *10 min. That

number could be reduced if the method is shown to be

stable for earthquakes recorded at shorter distances.

Given that most tsunami are generated at the

trench, and the propagation time from there to shore

is on the order of 30 min, use of this method for quick

tsunami potential determination would allow

approximately 20 min for evacuation or early warn-

ing. Furthermore, the azimuthal energy dependence

may quickly inform the rupture model and directivity,

which could also be used to improve rapid hazard

characterization.

CONVERS and NEWMAN (2011) developed a method

for fast determination of the radiated energy, which

was recently implemented as an IRIS Data Manage-

ment Systems product (http://www.iris.edu/dms/

products/eqenergy/). Their method estimates radi-

ated energy teleseimically from averaged attenuation

models for the whole earth to account for energy loss,

which is dependent on radiation pattern, and hence

specific knowledge of the mainshock depth, location

and mechanism. DI GIACOMO et al. (2010) also pro-

posed a similar system for rapid energy

determination, using pre-computed numerically sim-

ulated Green’s functions. They also pointed out the

necessity of determining the radiated energy as a

dynamic measure of the earthquake’s size for rapid

earthquake assessment, rather than simply the static

moment magnitude.

The limitations of these two methods, as well as

our own, include the fact that the data is teleseismic.

In all cases, the size of the smallest event that can be

analyzed is limited, although the method of CONVERS

and NEWMAN (2011) and DI GIACOMO et al. (2010) are

able to analyze smaller events than our proposed

method. Secondly, the waves must travel a far dis-

tance from the source to the station before the energy

can be estimated, which automatically delays the

rapidity of the estimate; however, teleseismic meth-

ods are very valuable when there are few local

stations, as is the case in some subduction zones, or

when local stations go off-scale or off-line, which

happened during the 2011 Tohoku-Oki event.

Our method has its own limitations, in that we

need a priori moment, and the eGf events have to be

computed from real data. However, rapid moment

magnitude determinations are now routinely made, so

they could be implemented into our method. The use

of real eGf events implies that any heterogeneity in

the earth structure near the source or site, or along the

travel path, will automatically be accounted for,

unlike in the other methods.

On the other hand, because our method is

empirical and not specifically dependent on the

mechanism, we could simultaneously run deconvo-

lution with many potential eGf events, and find a

converging best answer as more information arrives

about the large earthquake. As well, although we

have not tested the method for deep events, it is likely

that they will not pose a large problem if appropriate

eGf events of similar depth are used, while the

approach of CONVERS and NEWMAN (2011) cannot

handle deep events without corrections to the

assumed attenuation structure.

In any case, redundancy from independent real-

time hazard assessment would have great value as we

work towards mitigating the effects of great earth-

quakes. There is still work to be done to get these

rapid energy estimates to be implemented for tsunami

warning, and hence all possible approaches and

information should be taken into account.

8. Conclusions

We expand on the teleseismic empirical Green’s

function deconvolution approach, using eGf events as

large as Mw 7.4. We show that both P and S waves

can be used in the eGf deconvolution teleseismically

to give consistent energy estimates, whereas before,

primarily only P waves were used at teleseismic

distances (e.g. BOATWRIGHT and CHOY 1986).

We find that radiated energy of six great earth-

quakes is consistent with the self-similar source

physics seen for smaller events. The scaled energy of

each of the thrust events is in the range 1–2 9 10-5,

and apparent stress ranges from 0.4 to 0.8 MPa. The

great strike-slip 2012 off-Sumatra event has a higher

apparent stress of 3 MPa. These values are very

consistent with those found for a wide range of
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events, ranging from micro-earthquakes to other

subduction zone megathrust earthquakes. Our results

support a mechanism dependence on radiated energy,

as has been found in previous studies, between

energetic strike-slip (particularly oceanic lithospheric

faulting) and enervated subduction zone thrust fault-

ing. Our estimates of radiated energy for each event

are similar to those of other researchers.

We demonstrated that teleseismic eGf deconvo-

lution is robust and stable method for removing path

and site effects using both P and S waves, to mea-

sure radiated seismic energy. EGF deconvolution

could thus be used in other teleseismic applications

to isolate source spectra or time series. IDE et al.

(2011) used teleseismic eGf deconvolution to invert

for a spatio-temporal slip distribution of the 2011

Tohoku-Oki earthquake, a method that could be

applied to the great earthquakes we have analyzed

here as well.

The azimuthal distribution of radiated energy is

consistent with the sense of rupture propagation for

each earthquake. The larger events show stronger and

more varied directivity in energy, which can be

interpreted as high apparent velocity along the trench,

and slow rupture in the direction towards the trench.

The smaller events show azimuthal dependence of

energy as well, so that directivity effects should be

considered when estimating radiated energy from

teleseismic data for great earthquakes. Further work

to couple time-dependent rupture propagation with

the energy radiation may further illuminate source

characteristics of megathrust earthquakes.
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