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We use several independent methods to estimate the radiated energy ER of 
the Sumatra-Andaman earthquake (Mw =9.0 to 9.3), and investigate whether 
the difference in the rupture patterns between north and south is reflected in 
the difference in the energy budget. First, we used a finite source model and 
estimated ER to be 1.38x1017 J for a frequency band/(frequency)::::::; 0.1 Hz. 
Since this method is relatively free from many assumptions commonly made in 
energy estimation, this value is considered robust. To estimate E R for a frequency 
band 0.1 <f::::::; 1 Hz, we used a frequency-domain analysis and obtained ER =1.6 
x1017 J for this frequency band. This estimate is somewhat uncertain because 
of the energy attenuation during propagation and the effect of the near-source 
structure. We also estimated ER relative to the 2001 Bhuj, India, earthquakes for 
which a reliable estimate of E R has been obtained. The total E R thus estimated is 
3.0x1017 J. The energy-moment ratio, 0.46x10-5, is slightly smaller than that for 
other large subduction-zone earthquakes. The radiation efficiency defined by 
T1R = (2pJ 8-r)(ER I M0 ) (J.L=rigidity, M0=seismic moment, 8-r=static stress drop) 
is 0.16 which is smaller than that of many large earthquakes, and is between the 
values of regular earthquakes and slow tsunami earthquakes. The values ofT7R for 
the Nicobar segment, the Nicobar-Andaman segments combined, and the Sumatra 
segment are 0.053, 0.11, and 0.21, respectively, which suggests that the slip in the 
northern segments involves a large amount of energy dissipation associated with 
water-filled thick sediments. 

1. INTRODUCTION 

The December 26, 2004, Sumatra-Andaman earthquake 
(Mw =9.2) has been studied in great detail by several groups 
of investigators [ e.g., Bilham et al., 2005; Ni et al., 2005; 
Lay et al., 2005; Ammon et al., 2005; Park et al., 2005; Stein 
and Okal, 2005; Ishii et al., 2005; Banerjee et al., 2005; 
Vigny et al., 2005; Tsai et al., 2005]. (Mw ranges from 9.0 to 
9.3 in the literature, and we use 9.2 here as a representative 
value.) It is one of the largest megathrust earthquakes and 
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is unique in many respects. For example: (1) The rupture 
length, about 1300 km, is extremely long, the longest ever 
recorded; (2) The coseismic slip distribution varies signifi
cantly with a long tail to the north; (3) Seismic data, field 
data, and geodetic data combined suggest that the slip has 
a significant slow component on time scales longer than 1 
hour, with a larger slow component to the north [Bilham, 
2005; Banerjee et al., 2005]; more recent studies, however, 
suggest that the aseismic component was not as large as 
initially thought [Vigny et al., 2005; Subarya et al., 2005]. 
Chlieh et al. [2006] showed that the slip distribution deter
mined from the GPS data obtained soon after the earthquake 
is about 40% larger than seismic slip over the Nocobar Is. 
segment; (4) The northern half (north of 7° N) ruptured 
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on a plate boundary where a relatively old oceanic plate is 
subducting at a very oblique angle; this feature is different 
from that of many other mega thrust earthquakes. 

So far, most of the studies are focused on the determina
tion of seismic moment M0, and space-time distribution of 
slip. To gain further insight on the unique character of this 
event, an additional source parameter, the radiated energy 
E R' needs to be determined accurately. The static parameter, 
seismic moment M0, and the dynamic parameter E R together 
with additional information on the source dimension pro
vide important information on the physics of earthquakes 
through a macroscopic analysis of the energy budget [e.g., 
Husseini, 1977]. Although accurate estimation of ER is still 
difficult, this approach provides useful comparisons between 
subduction megathrust earthquakes, shallow crustal earth
quakes, slow tsunami earthquakes, and deep earthquakes 
[Venkataraman and Kanamori, 2004b]. 

For the Sumatra-Andaman earthquake, despite its extreme 
complexity in the rupture process, several factors work to 
our advantage. First, high-quality teleseismic data with high 
signal-to-noise ratio are available. Second, several source 
rupture models have been determined in great detail, and 
can be used for straightforward energy estimation. Third, 
because of the very large size of the event, simple scaling 
relations suggest that most energy is contained in the rela
tively long-period (longer than 1 sec) waves, which are much 
less affected by the complex source and propagation effects 
than shorter period waves. 

In this paper, we use several independent methods to 
estimate ER of the Sumatra-Andaman earthquake, and inves
tigate whether this earthquake is different from other large 
earthquakes and whether the difference in the rupture pat
terns and physics between north and south is reflected in the 
difference in the energy budget. 

2. ENERGY ESTIMATE FROM 
THE FINITE RUPTURE MODEL 

For the 2004 Sumatra-Andaman earthquake, source rupture 
models have been determined by several investigators by 
inversion of teleseismic P waves [Ammon et al., 2005]. Since 
the source duration of this earthquake is so long ( -600 sec) 
that the Green's functions to be used for inversion must include 
not only the P phase but also other phases like PP and PPP, as 
well as very long-period energy like theW phase [Kanamori, 
1993]. One of the models (Model III) presented in Ammon et 
al. [2005] uses Green's functions computed with normal-mode 
summation and includes all these phases, and is thus most 
appropriate for the present study. The Green's functions were 
computed for the Preliminary Reference Earth Model (PREM) 
[Dziewonski and Anderson, 1981]. The resulting source model 

is represented by 812 point sources and is given as a function 
of time and space [Chen Ji, written communication, 2005]. 
The temporal and spatial distributions are schematically 
shown by figures 5 and 6 of Ammon et al. [2005]. This rupture 
model has a centroid depth of31 km and can explain not only 
the body- and surface-wave forms, but also the normal-mode 
amplitudes up to 1 hour [Park et al., 2005]. 

Given this rupture model, estimation of the radiated 
energy is straightforward, as was done by Venkataraman and 
Kanamori [2004a] for the 1999 Hector Mine earthquake and 
the 1999 Chi-Chi, Taiwan earthquake. Since all the propaga
tion effects including those due to attenuation and near-source 
reflections have been removed in construction of the source 
model, we place the 812 point sources in PREM, let them 
radiate, compute the far-field displacement, and estimate 
the radiated energy by summing up the energy flux through 
a spherical surface at a large distance from the source. The 
only complication is that the medium is not homogeneous, but 
layered as given by PREM. We handle this problem as follows. 
For simplicity, we consider only S waves for explanation of 
the method. In the source region of PREM, the density and 
velocity vary from the lower-crustal values (pc =2.90 g/cm3, 

vc =3.90 km/s) to the upper mantle values (pM=3.38 g/cm3, vM 
=4.488 km/s). For a point source with a moment rate function 
M0 (t) in a medium with density p and velocity v, the radiated 
energy is given by [e.g., Vassiliou and Kanamori, 1982] 

Thus, if we put the source in a homogeneous medium with p 
and vc, or pM and vM, then, the energy ratio is (pMvlt I ~evZ::) 
=2.4. If we put the source in PREM, the energy estimate 
should be between the two cases. In our computation, for each 
point source at a depth where density is P; and velocity is vi, we 
modify the displacement amplitude by the acoustic impedance 
ratio (P;V; !p0v0t 2 

before computing the far-field amplitude 
where Po and v0 are the density and velocity at the surface 
where the energy flux is measured. The energy estimate does 
not depend on the choice of Po and v0, as is the case for a point 
source. In the actual computation, we included both P and S 
wave energies and estimated the energy by low-pass filtering 
the source model at a cut-off frequency of fc. The radiated 
energy thus computed is shown in Figure 1 as a function of fc. 
Because of the limited frequency band used in inversion, the 
source model has little energy at frequencies above 0.1 Hz, 
as shown in Figure 1. The radiated energy thus estimated is 
ER=l.38x1017 J forfc =0.1 Hz. This value is 1.43 and 0.70 times 
of the energy estimated if the source is put in a homogeneous 
medium with (pu=3.38 g/cm3, vM=4.488 krn!s) and (Pc =2.90 
g/cm3, vc =3.90 km/s), respectively, and is reasonable for ER 
estimated for a source in PREM. 
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Figure 1. Radiated energy E R estimated from the finite source 
rupture model (Model III in Ammon et al. [2005]) as a function of 
the cut-off frequency fc. 

Since no energy at frequencies higher than 0.1 Hz is 
included in this estimate, this is the lower bound of ER of the 
2004 Sumatra-Andaman earthquake. This method does not 
involve many assumptions, and E R estimated this way can be 
regarded as a fairly robust lower bound as long as the source 
model is accurate. 

3. FREQUENCY-DOMAIN ESTIMATES 

We now estimate the energy contained in the frequency band 
higher than 0.1 Hz. The most widely used method for energy 
estimation is the one developed by Boatwright and Choy 
[1986]. Here we used a similar method used in Venkataraman 
and Kanamori [2004a] in which single station estimates of 
P-wave energy given by 

32nphahRi J.. , 2 • 
Ea = 2 2 2 0 

I up,stU) I exp(2nft )df 
15CstFpg 

are first computed for many stations distributed over a wide 
azimuthal range, and averaged. In the above, u p,st (f) is the 
frequency spectrum of the vertical component of ground
motion velocity at a station, and PIP alP RE, est' Fp, g, and t* 
are the density at the source, P-wave velocity at the source, the 
radius of the Earth, the station amplification factor (the ratio 
of the vertical component of displacement to the amplitude 
of the incoming wave), the effective P-wave radiation pattern 
including the effect of near-source reflections such as pP and 
sP, the geometrical spreading factor, and the attenuation fac-
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tor (travel time divided by the path average of quality factor 
Q). The integration is with frequency f This expression, or 
the one similar to it, has been used to estimate the P-wave 
energy from teleseismic P waves. For the Sumatra-Andaman 
earthquake, the source duration is nearly 600 sec [Ni et al., 
2005; Lay et al., 2005; Ishii et al., 2005], we need to use the 
records from the stations of which the S-P time is longer than 
600 sec. This requirement limits the use of stations to those 
with the epicentral distance ~70°. Also, surface reflections 
such as PP and PPP arrive during the duration ofP wave. We 
will correct for this effect by comparing the energy estimate 
with that for the 2001 Bhuj India earthquake, as we will show 
later. For the attenuation parameter t*, we use the most recent 
result for subduction-zone earthquakes obtained by Perez
Campos et al. [2003]. We used 13 stations with 11>70°, and 
used the P-wave record with a duration of 580 sec after the P 
arrival. We corrected the displacement spectra for attenuation 
using the frequency dependent t* given by Perez-Campos et 
al. [2003]. Figure 2 shows the moment rate spectra estimated 
from the displacement spectra. In contrast to the estimate from 
the source rupture model, the spectrum at frequencies lower 
than 0.1 Hz is not reliable because the direct phase and the 
near-source reflections pP and sP interact coherently at periods 
comparable to the travel time differences, pP-P time and sP-P 
time, and the basic assumption (i.e., random phase) used for 
computing the effective radiation pattern FP breaks down. At 
frequencies higher than 0.2 Hz, the spectral shape exhibits a 
regular decay with frequency approximately as r-2• 
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Figure 2. Moment rate spectra computed from the displacement 
records at 13 teleseismic stations. 
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We excluded the nodal stations for which FP <0.7, because 
at these nodal stations small amount of the scattered energy 
can substantially affect the energy estimates. For this calcula
tion, we used a mechanism given by (dip= 14°, rake= 110°, and 
strike=329°), placed the source at a depth of20 km, and used 
ph=2.87 g/cm3 and ah=6.5 km/s. 

After the P-wave energy Ea has been estimated, it is mul
tiplied by a factor 

to estimate the S-wave energy E13. Then the sum of Ea and £ 13 
gives the total radiated energy ER" Figure 3 shows azimuthally 
averaged E R as a function of fc which is the cut-off frequency 
at the high-frequency end. At this stage, the contributions 
from PP and PPP are included in the estimates, which need to 
be subtracted later. 

Figure 4 shows the azimuthal distribution of ER. No obvious 
directivity effect is observed. This is not surprising because, as 
shown by Venkataraman and Kanamori [2004a], the P-wave 
directivity effect is not very large for dip-slip earthquakes, 
and the simple azimuthal average yields a good estimate of the 
total energy radiation. Also, at the period range considered, 
the rupture speed could be somewhat irregular and prevents 
development of a coherent directivity pattern. 

Many assumptions are made in this calculation, especially 
those on (1) t*, (2) FP, and, (3~ point source depth. The esti
mate for fc =0.1 Hz, 1.2x1017J, 1s somewhat smaller than that 
estimated using the finite source model, E R = 1.38x1017 J, espe
cially if we divide it by 1.34 to correct for the effect of PP etc, 
as we will discuss later. However, this difference is what is 
expected because at low frequencies, P and pP and P and sP 
tend to destructively interfere each other resulting in smaller 
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Figure 3. The radiated energy E R as a function of high-cut fre
quencyfc. 
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Figure 4. Azimuthal variation of E R" 

amplitude at teleseismic distances. In any case, we will not use 
the estimate at frequencies lower than 0.1 Hz. 

The energy contained in the frequency range between 0.1 
to 1 Hz, is 2.lx1017 J. This includes the contributions from PP, 
PPP etc, which must be subtracted. Although we could not 
determine the energy spectrum at frequencies higher than 1 
Hz, if the approximate t·2 trend seen in Figure 2 continues to 
higher frequencies, the error in energy estimates caused by 
truncation of integration at 1 Hz is less than 3 %. 

4. COMPARISON WITH THE 2001 BHUJ 
EARTHQUAKE (Mw =7.6) AND REMOVAL OF 

THE CONTRIBUTIONS OF PP, PPP AND OTHER 
SCATTERED ENERGIES 

Figure 5 shows typical examples (station TIXI) of the P
wave records of the Sumatra-Andaman earthquake, the 2001 
Bhuj, India, earthquake (Mw =7.6) and the 2005 Nias, Sumatra, 
earthquake (Mw =8.6). This figure is useful for getting the 
overall picture of the difference in energy radiation among 
these three earthquakes. The seismograms are plotted with 
the same scale, both in time and amplitude. The radiated 
energy of the Bhuj earthquake has been determined from 
various types of data [Singh et al., 2004; Venkataraman and 
Kanamori, 2004b] and the estimates of ER obtained with 
different methods are in good agreement ranging from 1.9 
to 2.lx1016 J. We take ER=2x1016 J as a representative value 
for this earthquake. We can use the Bhuj earthquake as a 
calibration event, and estimate ER of the Sumatra-Andaman 
earthquake with respect to it. 

The P-wave pulse of the Bhuj earthquake is impulsive 
with a duration of about 40 sec. After the P pulse, PP and 
PPP and other scattered energies are seen. The gray curve 
is the integral of velocity-squared which is proportional to 
the radiated energy. The initial part of the dashed curve 



KANAMAORI 63 

Inter-event Comparison: Velocity and Integral of Velocity-squared (TIXI) 

2004 Sumatra
Andaman (Mw=9.2) 
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Figure 5. Comparison of the 2004 Sumatra-Andaman, 2001 Bhuj, India, and 2005 Nias, Sumatra earthquakes. The 
velocity record (dark curve) .and the integral of velocity-squared (gray curve) are shown. The integral of the velocity
squared for the Bhuj earthquake is multiplied by a factor of 20 for comparison with other events. 

to about 100 sec after the P arrival represents the radiated 
energy from this event, and the following gradual increase 
represents the contribution of PP, PPP and other scattered 
energies. In contrast, the P-wave record of the Sumatra
Andaman earthquake is extremely complex reflecting the 
long duration of the rupture process of this earthquake. The 
integral of the velocity-squared keeps increasing as a result 
of continuous energy radiation from the source. The effect 
of PP, PPP and other scattered energies is embedded in the 
complex waveform and is not evident, but it is included 
in the integral. For comparison, the integral of the veloc
ity-squared for the Bhuj earthquake is multiplied by 20 
with respect to that for the Sumatra-Andaman earthquake. 
This comparison suggests thatER of the Sumatra-Andaman 
earthquake is at least an order of magnitude larger than that 
of the Bhuj earthquake. Figure 5 includes a similar plot for 
the 2005 Nias, Sumatra, earthquake (Mw =8.6) for compari
son. Since the mechanism and depth of these earthquakes 
are different, we need to make a more detailed analysis for 
quantitative comparison. 

We performed the same analysis as described in section 3 
for the Sumatra-Andaman earthquake for the Bhuj, and Nias 

earthquakes, while varying the duration of the records used. 
The result is shown in Figure 6. We used 18 and 7 stations 
for the Bhuj, and Nias earthquakes respectively, with &70° 
andFP>0.7. 

Now we subtract the contributions of PP, PPP, and other 
scattered energies. Since the duration of P-wave for the 
Bhuj earthquake is less than 70 sec, as shown in Figure 5, 
the energy estimate using the record with a duration of 80 
sec should yield the correct estimate of ER. If we extend the 
records to 580 sec, the same as that used for the Sumatra
Andaman earthquake, the estimate includes the effect ofPP 
and PPP etc. Thus, the ratio of ER(580 s)!Ei80 s) should give 
the approximate effect of PP and other phases. From Figure 
6, the ratio is Ei580 s)!Ei80 s) =1.5. Then, to correct for the 
effect ofPP etc on the ER estimate of the Sumatra-Andaman 
earthquake, we divide ER obtained in section 3 above by a 
factor similar to this. Actually, for the later part of the energy 
radiation, PP and other scattered energies arrive after the 
time window of the integration, and the factor should be 
smaller than 1.5. Correcting for this effect, we find that the 
appropriate factor is 1.34. Thus, ER (0.1Hz<f<l.OHz)=2.1/l. 
34=1.57 x 1017 J for the Sumatra-Andaman earthquake. 
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Figure 6. The radiated energy E R as a function of record length 
after the P-wave arrival. 

In more detail, the contribution of the later phases is slightly 
frequency dependent. The correction factor is 1.67, 1.35, and 
1.23 for the frequency bands of 0.10-0.25 Hz, 0.25-0.50 Hz, 
and 0.50-1.0 Hz, respectively, and if we apply this correction 
separately to ER contained in each frequency band, the total ER 
for the frequency band from 0.1 to 1 Hz is 1.60x1017 J. 

In this method, we did not use the absolute value of ER for 
the Bhuj earthquake; only the energy ratio of different time 
intervals is used for removing the effect ofPP etc. Next, we use 
the absolute value E R of the Bhuj earthquake, and estimate E R 

of the Sumatra-Andaman earthquake with respect to it. From 
Figure 6, the ERratio ofthe Sumatra-Andaman to the Bhuj 
earthquakes is 10.6 when measured with the total duration of 
580 sec. If we correct for the effect of PP and other scattered 
energies, the actual energy ratio must be 10.6(1.5011.34)=11.9 
using the correction factors determined above. Since E R of 
the Bhuj earthquake is 2x1016 J, we estimate that E R of the 
Sumatra-Andaman earthquake is 2.4x1017 J. 

5. SUMMARY OF ENERGY ESTIMATES 

The estimates of the radiated energy of the 2004 Sumatra
Andaman earthquake described above can be summarized 
as follows. 

ER for.t;,::;0.1 HZ from the finite source model 
ER from the velocity spectrum 0.1Hz <f< 1Hz 
after the contributions of P, PP and scattered 
energies have been removed 

Total 
ER relative to the 2001 Bhuj earthquake 
(ER=2x1016 J) 

1.38x1017 J 

1.60x1017 J 
2.98 x1017 J 

2.4 x1017 J 

Although the estimate of E R is still subject to consider
able uncertainty due to several factors, especially the source 

structure, t*, and the contribution from the frequency band 
higher than 1 Hz, the lower bound estimated from the finite 
source model is considered robust. Also, the inter-event 
comparison with the 2001 Bhuj earthquake provides a use
ful check, because E R of the Bhuj earthquake is considered 
fairly reliable because of the availability of both regional 
and teleseismic data and of the relatively simple source pro
cess as shown in Figure 5. In view of the robustness of the 
estimate from the finite source model, and the uncertainties 
arising from the interference of P and pP and P and sP at 
low frequencies, we prefer the estimate ER=3.0x1017 J (the 
3rd row of the table above, rounded to 2 digit). The overall 
consistency of the E R estimates from the finite source model, 
the velocity spectrum, and the inter-event comparison gives 
confidence to this value. 

The value of E R obtained here is larger than that listed 
in the U.S.G.S. web site http:llneic.usgs.govlneisleqlistsl 
sig_2004.html), l.lx1017 J, and smaller than that listed in 
Lay et al. [2005], l.lx1018 J. Many factors contribute to this 
difference, and the spread of this magnitude is common with 
preliminary energy determinations. 

The large estimate in Lay et al. [2005] is mainly a result 
of the following: (1)A constant t*=1 sec is used. (2) A 
minimum FP factor of 0.3 is used. (3) The HVD CMT 
mechanism (dip=8°, rake=ll0°, strike=329°) is used. A 
combination of these factors increases the estimate of the 
energy by a factor of 2 to 3 compared with that obtained 
in this study. Other differences in the choice of stations, 
the source velocity structure etc contributed to the larger 
estimate in Lay et al. [2005]. The low estimate of the 
preliminary USGS result is partially due to the too short 
time window used for energy integration. The more recent 
study by Choy and Boatwright [2006] corrected this prob
lem and their estimate has increased to 1.3x1017 J. This is 
still about a factor of 2 smaller than the estimate in this 
paper. The phase-coherent interaction between P and sP 
at the source tends to reduce the amplitude, which could 
be responsible for their smaller estimate. Considerittg all 
the uncertainties, it appears that the factor of 2 agreement 
is satisfactory. 

6. ENERGY-MOMENT RATIO AND THE 
RADIATION EFFICIENCY 

The ratio of the radiated energy to seismic moment (scaled 
energy), e = ER I M 0, is a useful macroscopic parameter 
to characterize the overall dynamic property of an earth
quake [e.g., Kanamori et al., 1993]. This ratio multiplied by 
rigidity is called the apparent stress and has long been used 
in seismology [Aki, 1966; Wyss and Brune, 1968]. Since 
e=ER I M0 =(II J.l)(ll D)(ER I A)(D=fault slip,A=faultarea), 



it is proportional to the energy radiation scaled by the fault 
area and slip. This parameter can be determined solely from 
the two macroscopic parameters E R and M0 without making 
further assumptions on the source dimension. 

The seismic moment of the Sumatra-Andaman earthquake 
has been determined by several investigators [e.g., Stein 
and Okal, 2005; Ammon et al., 2005; Park et al., 2005; Tsai 
et al., 2005]. Excluding the contribution from the slow slip 
estimated from the GPS data, it ranges from 6 toll x1022 

N-m. The difference is mainly due to the different choice 
of the depth and dip angle by different investigators, and 
until source inversion using a realistic 3-dimensional source 
structure is performed, the difference is not meaningful. 
Here, for consistency's sake, we use M0=6.5xl022 N-m given 
by the finite-fault model used in this study (Model III in 
Ammon et al. [2005]). Note that, this value is for the rapid 
co-seismic slip (a local time scale of 50 sec with a total rup
ture time of about 550 sec) , and does not include the slow 
transient and post seismic slip on time scales longer than 
1 hour. Then we obtain for the Sumatra-Andaman earth
quake as a whole, e = ER I Mo=4.6x10'6• This value can be 
compared with the results for subduction-zone earthquakes 
determined and compiled by Bilek et al.[2004]. The value 
for the Sumatra-Andaman earthquake is similar to those 
of large dip-slip earthquakes determined by Kikuchi and 
Fukao [1988] and Bilek et al. [2004], but is smaller than those 
determined by Choy and Boatwright [1995], Newman and 
Okal [1998], Perez-Campos et al. [2003] and Venkataraman 
and Kanamori [2004b]. For comparison, the ratio for the 
2001 Bhuj earthquake, 6.2x10·5 [Singh et al, 2004], is about 
an order of magnitude larger. For further comparison, we 
estimated ER for two recent subduction-zone earthquakes, 
2001 Peruvian earthquake (Mw =8.4) and the 2003 Tokachi 
Oki earthquake (Mw =8.3). The values of ER and the ratio 
e are listed in Table 1; the values of e are similar to that of 
the Sumatra-Andaman earthquake. Thus, the ratio e for the 
Sumatra-Andaman earthquake is not particularly anomalous, 
and is slightly on the low side. 

KANAMAORI 65 

The rupture zone of the Sumatra-Andaman earthquake 
can be divided into three segments, Sumatra, Nicobar 
and Andaman segments, as shown by figure 8 of Lay et 
al. [2005]. From the spatial and temporal variations of the 
moment given by Model III in Ammon et al. [2005], and the 
temporal variation of ER shown in Figure 7, we can estimate 
e separately for each segment with the assumption that the 3 
segments do not interact in energy radiation. The E R curve 
shown in Figure 7 is constructed by combining E R estimated 
from the finite fault model for the frequency band from 0 to 
0.1 Hz, and ER estimated for the frequency band from 0.1 
to 1 Hz,with the frequency-domain analysis after the con
tributions of PP etc have been removed. Since the estimate 
of M0 for the Andaman segment is from the tail end of the 
moment rate function and is not reliable, we did not compute 
e for this segment. The results are listed in Table 1. Although 
the energy-moment ratio, e, is a useful dynamic parameter, 
e itself does not completely reflect the difference in the 
rupture physics in terms of the energy budget. The radiation 
efficiency 1JR is more representative of the rupture physics. 

The radiation efficiency was introduced by Husseini 
[1977] and recently used by Venkataraman and Kanamori 
[2004b] for characterizing the dynamic behavior of large 
earthquakes. A difficulty in going from e to 1JR is the dif
ficulty in estimating the average static stress drop, !:l:r. The 
stress drop varies spatially on the fault plane, and some 
ambiguity is inevitable in estimating !:l-r, especially for a very 
complex event like the Sumatra-Andaman earthquake. For 
this earthquake, we can use the relation for a long dip-slip 
earthquake, A 't' = c J1D I W where D is the average slip, W is 
the average width, and c is the geometrical factor given by 
c = 4(A. + J.L) I n(A- + 2J.L) or c = 8(A. +J.L) I n(A- + 2J.L) depend
ing on whether the slip breaks the surface or not [Boore and 
Dunbar, 1977]. For the Sumatra-Andaman earthquake, slip 
decreases at shallow depth with most of the slip at depths. 
Thus, we use the case for a buried fault. We use the fault 
length L and width W for the three segments from figure 
8 of Lay et al., [2005]. For the estimates of W we used the 

Table 1. Source Parameters of the Sumatra-Andaman Earthquake and Other Large Earthquakes. 

Event or Segment L(km) W(km) M0 (1021 N-m) D (m) .i't (MP) ER(IOI1J) e =ER!M0 (l0-5) T]R 
Andaman 570 120 13 2.8 2.7 0.60 
Nicobar 325 128 22 7.8 7.0 0.60 0.27 0.053 
Sumatra 420 180 30 5.8 3.8 1.7 0.57 0.21 
Sumatra-Andaman, Total 1315 141 65 4.9 3.8 3.0 0.46 0.16 
Nias 300 110 11 4.9 5.2 0.82 0.75 0.20 

2001 Bhuj 0.31 0.21 6.2 0.23 

2001 Peru 4.7 0.33 0.70 

2003 Tokachi-Oki 3.10 0.20 0.65 
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time, sec 

Figure 7. Temporal variation of M0 (solid curve) and ER (dotted curve) for the 2004 Sumatra-Andaman earthquake. 
Vertical dash-dot lines separate the Sumatra, Nicobar, and Andaman segments. 

values which is 75% of the width of the boxes in Lay et al. 
[2005] to represent the effective width. This reduced width is 
consistent with that inferred from the slip distribution shown 
in Ammon et al. [2005] 

Although the interpretation ofTJR is model dependent, if we 
use the widely used breakdown-zone interpretation of the slip 
weakening model [Li, 1987], it is defined by the ratio of ER 
to the potential energy available for strain release (i.e., total 
potential energy change minus the energy loss due to slip 
under constant friction [Rice, 1980]), AEro= (1/2)L\-rDA, 
and is given by 

The values ofTJR thus determined are listed in Table 1, and 
shown in Figure 8. 

7. DISCUSSION AND CONCLUSIONS 

Since the finite source model we used can explain a large 
body of seismic data from body waves, surface waves, to 
normal mode, the estimate of ER obtained from it is con
sidered reliable over the frequency band lower than 0.1 Hz. 
The estimate of E R contained over the frequency band from 
0.1 to 1 Hz is somewhat uncertain because of the energy 
attenuation during propagation and the effect of the near
source structure. Nevertheless, the comparison of the direct 
frequency-domain estimate with that of the 2001 Bhuj, India, 
earthquake suggests that the value ER =1.57x1017 J (O.l<f 
::;;1.0 Hz) is reasonable. 

The energy-moment ratio (scaled energy) e = ER I M0 
=0.46x10-5 is considerably smaller than that of many large 
earthquakes compiled by Venkataraman and Kanamori 
[2004b] and Perez-Campos et al. [2003]. However, it is still 
within the range for large subduction-zone earthquakes. 
Table 1 suggests that the radiation efficiency, TJR, for the 
Nicobar segment, is approximately 1/4 of that of the south
ernmost Sumatra segment, suggesting that the slip in the 

Nicobar segment involved a more energy dissipating process. 
Although we did not compute TIR for the Andaman segment 
itself because of the large uncertainty in M 0 for this seg
ment, TIR for the Nicobar and Andaman segments combined 
is 0.11 and is about V2 of that ofthe southernmost Sumatra 
segment. The absolute values of TIR depend on the estimate 
of Ll't which is subject to large uncertainty, but the relative 
values are considered more robust. 

The values of TIR for the Nicobar segment approaches 
those of the tsunami earthquakes such as the 1992 Nicaragua 
earthquake, the 1996 Peruvian earthquake, and the 1994 Java 
earthquakes listed by Venkataraman and Kanamori [2004b ]. 
Venkataraman and Kanamori [2004b] attributed the energy 
dissipation to volumetric deformation of the water-filled 
sediments on the subduction boundary. A similar mechanism 
may be responsible for the energy dissipation in the northern 
segments. The thickness of the sediments along the trench 

Energy-Moment Ratio and Radiation Efficiency, 17R 

W(km) s=E;/M0 llR 

120 

027x1o-s 0.053 

0.57x1o-s 0.21 

0.75x1o.s 0.20 

2004 Sumatra-Andaman 

148 0.46x10-5 0.16 

Figure 8. The scaled energy e and the radiation efficiency TJR for 
the 2004 Sumatra-Andaman earthquake, the 2005 Nias earthquake, 
and the two segments (Sumatra and Nicobar segments) of the 
Sumatra-Andaman earthquake. 



increases gradually from 1 km to more than 4km going from 
Sumatra to the northern Andaman Is. 

In general, the radiation efficiency 77R can be related to the 
rupture speed [Husseini and Randall, 1976]. If the energy 
dissipation near the fault tip during rupture propagation is 
large, the rupture speed, VR, decreases. Theories by Mott 
[1948], Kostrov [1966], Eshelby[l969], Freund [1972], and 
Fossum and Freund [1976] suggest that, 

'TlR "" (VR I fJi to 
2 

where f3 is the shear-wave speed. Although this should be 
regarded as a very approximate relation, it provides a useful 
means for relating 11R to VR. For most large earthquakes (VR/ 
~) > 0.5 (e.g., Venkataraman and Kanamori [2004b]), sug
gesting that 11R is larger than 0.25. The average rupture speed 
of the Sumatra-Andaman earthquake has been determined as 
2.5 km/s from the directivity of teleseismic high-frequency 
wave [Ni et al., 2005] and as 2.8 km/sec from back-projec
tion of the Japanese Hinet data [Ishii et al., 2005]. Tolstoy 
et al. [2005] investigated the T phase from this earthquake, 
and concluded that the rupture speed slowed down from 2.8 
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Figure 9. The relationship between the radiation efficiency and the 
rupture speed for the Sumatra segment, the Nicobar segment, and 
the Sumatra-Andaman earthquake as a whole. The base figure is 
taken from Venkataraman and Kanamori [2004b]. 
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to 2.1 km/s at about 450 km northward from the epicenter, 
between the Sumatra and the Nicobar segments. Compared 
with the shear velocity, 3.74 km/s, in the lower crust where 
most of the slip occurred, these velocities are fairly low. The 
results obtained by de Groot-Redlin [2005] and Guilbert et 
al. [2005] are qualitatively consistent with Tolstoy et al.'s 
[2005]. This transition is consistent with 11R being smaller for 
the Nicobar segment than for the Sumatra segment. Figure 
9 shows the relationship between the rupture speed and 
11R for the Sumatra segment, the Nicobar segment, and the 
Sumatra-Andaman earthquake as a whole. In general, 11R 
for the Sumatran-Andaman earthquake sequence is smaller 
than that for many large earthquakes, and is between slow 
tsunami earthquakes and the regular earthquakes. 
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