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AB STRACT

The rup ture directivity for the 2004 Su ma tra earth quake is an a lyzed by ex am in ing dif fer ences be tween the phase-de lay

times of Ray leigh-waves (in the 140 - 160 sec pe riod range) aris ing from the main shock and ref er ence earth quakes. A long

source-pro cess time (~463.0 sec) and large rup ture length (~1164.0 km) are de rived from this anal y sis of rup ture directivity.

The source-pro cess time for this earth quake is larger than for ei ther the 1960 Chile or 1964 Alaska earth quakes. This might be

due to the length of the rup ture that oc curred dur ing earth quake fault ing. The es ti mated rise time for the 2004 Su ma tra

earth quake, 92.0 sec, is ap prox i mately 20% of the whole source du ra tion and also larger than those for the 1960 Chile and 1964

Alaska earth quakes. This likely re flects a fun da men tal dif fer ence be tween the fric tional prop er ties of these earth quakes. When

the rise time is taken into ac count, an es ti mated rup ture ve loc ity of ap prox i mately 3.1 km sec-1 is ob tained. This value is higher

than that found in pre vi ous stud ies car ried out on the ba sis of hydroacoustic data and re gional seis mic net works. In this study,

we ob tain ad di tional ev i dence from anal y sis of the sur face-wave phase-de lay time which con firms the ba sic fea tures of the

rup tur ing of the 2004 Su ma tra earth quake. The re sults can also provide some constraints for the study of source rupturing for

this earthquake.
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1. IN TRO DUC TION

On 26 De cem ber 2004, a large earth quake (Mw = 9.0 -

9.3) trig gered a de struc tive tsu nami and large rup tur ing be -

tween the Sunda and In dia-Aus tra lian plates. The 2004 Su -

ma tra earth quake’s (cf. Lay et al. 2005) rup ture length and

source-pro cess time were first re ported to be hun dreds of

kilometers long with a ~200 - 400 sec slip dis tri bu tion in -

verted from teleseismic P-waves (Yagi 2005; Yamanaka

2005). Re cently, stud ies of high-fre quency en ergy ra di a tion

from P-waves, as well as hydroacoustic data have con firmed 

the rup ture length to be 1100 - 1300 km (Guilbert et al. 2005; 

Ishii et al. 2005; Krüger and Ohrnberger 2005; Lomax 2005;

Ni et al. 2005). The source-pro cess time is 430 - 515 sec,

with an av er age es ti mated rup ture ve loc ity from 2.3 to

2.8 km sec-1 (Guilbert et al. 2005; Ishii et al. 2005; Krüger

and Ohrnberger 2005; Lomax 2005; Ni et al. 2005). Ammon

et al. (2005) de rived the slip dis tri bu tion on the fault plane

from the deconvolution of sur face waves. They found the

larg est slip to be lo cated along a 600-km-long por tion of

the rup ture zone caused by the main shock. Oth ers found

the rup ture ve loc ity for the ear lier part of the earth quake

rup ture to be faster (2.4 - 4.1 km sec-1) than that of the later

one (1.5 - 2.3 km sec-1) (de Groot-Hedlin 2005; Guilbert et

al. 2005; Krüger and Ohrnberger 2005; Tsai et al. 2005;

Vigny et al. 2005). Seno and Hirata (2007) pro posed a rup -

ture model, in which the rup ture ve loc ity (2.5 km sec-1) at

depth is rapid while the rup ture ve loc ity (0.7 km sec-1)
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seaward is slow. This is in ter preted to be a pos si ble tsu -

nami source. How ever, based on mul ti ple event anal y sis,

Tsai et al. (2005) found an av er age ap par ent rup ture ve -

locity of ~3.0 km sec-1.

Vari a tions in seis mic-wave-du ra tion from the sta tion

azimuth are com monly ob served fol low ing a large earth -

quake be cause of the large fault ing and ex tend ing. This

phenomenon is gen er ally called rup ture directivity (Ben-

 Menahem 1961). Ben-Menahem (1961) first pro posed the

fi nite mov ing source the ory to ac count for the ef fect of rup -

ture prop a ga tion on far-field seismograms. Ba si cally, source 

fi nite ness would re sult in a time de lay in wave prop a ga tion,

and weaken the am pli tude of the seis mic waves, which

show up as a num ber of nodes in the Fou rier spec tra (Ben-

 Menahem 1961; Aki and Rich ards 1980). There are many

meth ods for the rup ture directivity anal y sis of large earth -

quakes, in clud ing deconvolution of P-waves or surface-

 waves, anal y sis of high-fre quency P-wave ra di a tion, and so

on (Schwartz and Ruff 1985; Am mon et al. 2005; Ni et al.

2005). Hwang et al. (2001) used phase-de lay time dif fer -

ences of Ray leigh waves be tween the main shock and its two 

large after shocks to de rive the rup ture directivity and de ter -

mine the fault pa ram e ters for the 1999 Chi-Chi earth quake.

In this study, we pro vide ad di tional ev i dence to con firm

the rup ture directivity and source-pro cess time for the 2004

Su ma tra earth quake. We use dif fer ences in the phase-de lay

time of Ray leigh-waves be tween the main shock and ref er -

ence earth quakes close to the main shock (cf. Hwang et al.

2001). The ad van tage of this method is that one can ef fi -

ciently and rap idly es ti mate the rup ture directivity and

source- pro cess time for large earth quakes, which then might 

pro vide ad di tional con straints for use in other stud ies, such

as source rup ture anal y sis.

2. DATA AND ANAL Y SIS

In this study, we ex tract long-pe riod Ray leigh waves

from ver ti cal-com po nent seismograms pro vided by the IRIS 

Data Man age ment Cen ter. These are then used to in ves ti gate 

the rup ture directivity and source-pro cess time of the 2004

Su ma tra earth quake. In our anal y sis, only data with good

sur face-wave en ergy ex ci ta tion and with epicentral dis -

tances from 30° to 90° were used to per form phase-ve loc ity

mea sure ment along the great-cir cle path. The in stru men tal

re sponse was first re moved from each seismogram. The

seismograms were also fil tered, be tween 0.001 - 0.1 Hz for

the main shock and 0.004 - 0.1 Hz for the rest. Ta ble 1 shows

the source pa ram e ters of these events as re ported from the

Har vard CMT cat a log.

The phase-de lay time was first cal cu lated us ing the

single-sta tion method. The phase ve loc ity of sur face-waves

along the great-cir cle path from earth quake to sta tion was

de rived (cf. Hwang 1999; Chang et al. 2007). The phase-

 velocity was sub se quently con verted into the phase-de lay

time. The phase-de lay time of the sur face wave to a given

sta tion at pe riod T can be writ ten as

(1)

where C(T) and t(T) de note the phase-ve loc ity and the

corre spond ing travel time (phase-de lay time) of a sur face

wave at a given pe riod T; L is the epicentral dis tance; fSR(T) 

is the sta tion phase af ter re mov ing the in stru men tal re -

sponse; f0R(T) is the ini tial phase of the source cal cu lated

from a known fo cal mech a nism and the ve loc ity struc ture

of the source area (cf. Wang 1981); N is an ar bi trary in te ger

for de tect ing the rea son able phase-ve loc i ties in the long-

 pe riod part.

The prob lem of the 2p-phase (N-value) giv ing rise to an

ob scure de ter mi na tion of the phase-ve loc ity means that we

must mod u late the N-value in Eq. (1) so as to de tect a rea son -

able phase-ve loc ity. The dif fer ences of phase-ve loc ity aris -

ing from the var i ous N-val ues are larger for the long-pe riod

parts than for the short-pe riod parts (see Fig. 1). The rea son

is that the long-pe riod sig nal is rel a tively less sub ject to in -

ter fer ence by the 2p-phase part. Hence, the phase-ve loc ity at 

the long-pe riod part can be used as a ba sis for de ter min ing a

rea son able dis per sion curve. The phase-ve loc ity is es ti mated 

us ing a global av er age Earth ve loc ity model, such as PREM

or the iasp91 model. It is es ti mated to be about 4.0 km sec-1

244 Chang et al.



for the 100-s pe riod and about 4.5 km sec-1 for the 200-s

period, ne glect ing the ef fect of a fi nite source on the phase-

 velocity cal cu la tion. These are usu ally taken as in di ca tors

to judge whether the dis per sion curve in di cates rea son able

val ues.

Fig ure 1 shows an ex am ple of phase-ve loc ity mea sure -

ments from sta tion ABKT for the main shock, and event 1

(see Ta ble 1). Ap par ently, an in cor rect N-value leads to an

un rea son able phase-ve loc ity for both the main shock and

event 1. When N = -2, the phase ve loc ity for event 1 is

4.08 km sec-1 for 100 sec and 4.59 km sec-1 for 200 sec.

These val ues are in agree ment with the gen eral val ues. When

N = -1 and N = -3, the val ues are 3.80 and 4.41 km sec-1 for

100 sec, and 3.93 and 5.51 km sec-1 for 200 sec, some what

dif fer ent from the gen eral ones. For the main shock, the

phase-ve loc ity is 3.84 km sec-1 for 100 sec and 4.22 km sec-1

for 200 sec when N = -2; how ever, for N = -1 and N = -3,

the val ues are 3.59 and 4.14 km sec-1 for 100 sec, and 3.66

and 5.00 km sec-1 for 200 sec, quite dif fer ent from the ge -

neral val ues. Ob vi ously, for the main shock, the rup ture direc -

tivity pro duces a lower ap par ent phase-ve loc ity (3.84 km sec-1

at 100 sec and 4.22 km sec-1 at 200 sec) in com par i son to an

or di nary phase-ve loc ity. Fig ure 2a shows the dis tri bu tion of

the sta tions, and the lo ca tions of the 2004 Su ma tra earth -

quake and three ref er ence earth quakes close to the main

shock. In cluded also in Fig. 2a are fault plane so lu tions for

the events used (Ta ble 1). Fig ure 2b dis plays Ray leigh

waves re corded at sta tions MAJO and ABKT for the main

shock and event 1 (see Ta ble 1); Fig ure 2c shows the cor re -

spond ing phase-de lay times of Ray leigh waves at pe ri ods of

100 - 200 sec as de rived from Eq. (1).

The time it takes for sur face-waves to prop a gate from

source to sta tion in cludes two phase-de lay times: one is from 

the source and is due to the rup ture directivity and ini tial

phase; the other is from the path ef fect due to prop a ga tion

from the source through the earth’s struc ture to the sta tion.

In or der to ex tract in for ma tion about the source from seis -

mograms, we must first elim i nate the path ef fect. Seis mo -

grams gen er ated dur ing the main shock and ref er ence earth -

quakes have ba si cally the same prop a ga tion path. This means

that dif fer ences in travel-time be tween the main and ref er -

ence earth quakes have re moved the path ef fect. Fig ure 2c

also shows dif fer ences in the phase-de lay time of Ray leigh-

 waves be tween the main shock and event 1 ob served at

MAJO (about 150-s at the 150-s pe riod). They are ob vi ously 

dif fer ent from those ob served at ABKT (about 90-s at the

150-s pe riod). The dif fer ences in phase-de lay time for MAJO

and ABKT ob ser va tions in di cate the source du ra tion, that is, 

the source du ra tion var ies with the ob ser va tion sta tion (i.e.,

az i muth). Hence, the directivity of rup tur ing of a great earth -

quake is ob serv able from such anal y sis.

Ow ing to in con sis ten cies in lo ca tion (epi cen ter and

source depth) and fo cal mech a nism be tween the main shock

and the ref er ence earth quakes, cor rec tions must be made

before the ob served source du ra tion can be de ter mined for

each sta tion. First, the travel time of the sur face-wave, which 

is af fected by the source depth and fo cal mech a nism, can be

cor rected through Eq. (1). Then, the source du ra tion TSPT
obs

observed at a given sta tion can be de ter mined [Hwang et al.

2001; please also re fer to Eqs. (5) and (6) in the next sec tion]:

(2)
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Fig. 1. The up per pan els de note the sta tion phase ob ser va tions (solid cir cles) and source phase ob ser va tions (solid tri an gles) of the main shock and

event 1 (see Ta ble 1) at sta tion ABKT (lo cated at 37.9304°N and 58.1189°E). These phases are rep re sented in frac tions of a cir cle, i.e., the real phase

(in ra dian) di vided by 2p. The lower pan els show the phase ve loc i ties de ter mined us ing var i ous N-val ues. By se lect ing a cor rect N-value, we can

obtain a rea son able dis per sion curve for the phase-ve loc ity as shown by the solid cir cle in the lower pan els.



where tm and ta are the phase-de lay times of the sur face-

 waves from the main shock and ref er ence earth quake, re -

spec tively; dm and da are the epicentral dis tances for the

main shock and ref er ence earth quake; C is the phase ve loc -

ity in the source area; Sa is the av er age source du ra tion of

the ref er ence earth quake on which the ef fect of the fi nite

source is ne glected. The mid dle term on the right side of

Eq. (2) is de signed to cor rect the time dif fer ence due to the

dif fer ent lo ca tions of the main shock and ref er ence earth -

quake. The last term in Eq. (2) is a cor rec tion of the phase-

 de lay time from the source du ra tion of the ref er ence earth -

quake. Af ter de tailed anal y sis of the phase-de lay time we

ob tain a to tal of 132 data points ex hib it ing the source-du ra -

tion with vary ing az i muth (see Fig. 3a).

3. RUP TURE DIRECTIVITY ANAL Y SIS

The Fou rier am pli tude and phase ve loc ity of the sur face

waves are si mul ta neously af fected by the source time func -

tion and fault fi nite ness (cf. Aki and Rich ards 1980). As -

sum ing the source time func tion to have a ho mo ge neous rise

time (t), the Fou rier trans form [S(w)] can be writ ten as

(3)

where w is the an gu lar fre quency. The rise time is not con -

nected with the ob served az i muth.

For a uni lat eral fault ing event, the fault fi nite ness func -

tion in the fre quency-do main can be ex pressed as fol lows

(Ben-Menahem 1961):

(4)

where X = 
w

2
 

L

Vr

æ

è
çç

ö

ø
÷÷                         , re lated to w and the ob served

az i muth; L and Vr are the rup ture length and rup ture ve loc -

ity, re spec tively; C is the phase ve loc ity in the source re -

gion and is a func tion of w; Q = fs - ff is the dif fer ence be -

tween the sta tion az i muth (fs) and the di rec tion of the fault

rup tur ing (ff).

Equa tion (4) can be used as sum ing that the earth quake

fault ing is a uni form rup ture pro cess, in clud ing a uni form

rup ture di rec tion, rup ture ve loc ity and slip ve loc ity. In other

words, Eq. (4) does not take ac count of whether larger en -

ergy re leases oc cur dur ing fault ing or not. It can not be used

to in ter pret the com plex ity of the earth quake rup ture, but

mainly ac counts for the first-or der rup ture char ac ter is tic of

large earth quakes. Equa tion (4) has been suc cess fully ap -

plied to sev eral his tor i cal earth quakes such as the 1960 Chile 

and the 1964 Alaska earth quakes (Press et al. 1961; Ben-

 Menahem et al. 1972).

Phase terms from both the source rise time [e
- j

wt

2 in

Eq. (3)] and fault fi nite ness [e-jX in Eq. (4)] give the phase

de lay of the sur face-wave prop a ga tion. In other words, the

phase ve loc ity is ap par ently slower than that de ter mined

when neglecting fault fi nite ness. For an earth quake with

uni lateral fault ing, the phase-de lay time (tde lay) re sult ing from

the source rise time and fault fi nite ness can be writ ten as

(5)

The source-pro cess time (TSPT) ob served at a given sta -

tion is 2 times the length of tde lay, and can be ex pressed in the
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Fig. 2. (a) Sta tion cov er age around the 2004 Su ma tra earth quake and

the fo cal mech a nisms of the main shock and ref er ence earth quakes as

re ported in the Har vard CMT cat a log. The stars and tri an gles de note the 

events and sta tions, re spec tively. After shocks of M ³ 5.0 are in di cated

by solid cir cles; (b) Ray leigh waves ob served at sta tions MAJO (lo -

cated at 36.5425°N and 138.2073°E) and ABKT from the main shock

and event 1; (c) phase-de lay times for pe ri ods of 100 - 200 sec at sta -

tions MAJO and ABKT cal cu lated for the main shock and event 1.

(a)

(b)

(c)



follow ing form:

(6)

In the above equa tion, the re la tion ship be tween TSPT and

cos Q is lin ear with a neg a tive slope - L

C
 and an in ter cept

L

Vr

  +
æ

è
çç

ö

ø
÷÷t  . The re la tion ship be tween TSPT and cos Q is a

neg a tive cor re la tion for an uni lat eral fault ing event. In ge- 

neral, 
L

Vr

  +
æ

è
çç

ö

ø
÷÷t  is treated as the av er age source-pro cess

time (or whole source du ra tion) ob served at Q = 90°. 
L

C
 is

the prop a ga tion time needed for a sur face wave to pass

through the fault dur ing the earth quake rup tur ing. We can

link Eqs. (2) and (6) by a stan dard lin ear re gres sion to esti-

mate 
L

C
 and 

L

Vr

  +
æ

è
çç

ö

ø
÷÷t  . The fault pa ram e ters, in clud ing the

source-pro cess time, rup ture length, rup ture ve loc ity, and

rup ture az i muth, can then be de ter mined.

Gen er ally, it is easy to un der es ti mate the value of the

rup ture ve loc ity from the whole source du ra tion 
L

Vr

  +
æ

è
çç

ö

ø
÷÷t  ,

in clud ing not only the rup ture time 
L

Vr

 but the rise time (t).

To cor rectly de ter mine the rup ture ve loc ity from 
L

Vr

, we use

the pe riod of the spec tral node as ob tained from the Fou rier

spec trum of the sur face-wave to as sist in iso lat ing the rup-

ture time 
L

Vr

 from 
L

Vr

  +
æ

è
çç

ö

ø
÷÷t  . Ac cord ing to Eq. (4), the

spec tral nodes will ap pear in the Fou rier spec trum when sin 

X = 0 (i.e., X = np, n is the node num ber and n = 1, 2, 3,…)

[please also re fer to Chap ter 14 of Aki and Rich ards (1980)].

These spec tral nodes would arise at pe ri ods Tn = 
1

n
 

L

Vr

æ

è
çç  -

L

C
cos Q

ö

ø
÷ , where the in di ces are the same as in Eq. (4). The

re la tion ship be tween the rup ture directivity and the pe ri ods 

of the spec tral nodes can now be writ ten as fol lows:

(7)

The above equa tion is not in clu sive of the rise time. A

com par i son of Eq. (6) with Eq. (7) shows them, in the ory, to

have the same slope. It is easy with Eq. (7) to de tect the pe -

riod of the first spec tral node (n = 1). This is done by com -

par ing them with the other nodes (n = 2, 3,…). The first node 

ap pears ear li est in the long-pe riod part of the Fou rier spec -

trum. Hwang et al. (2001) suc cess fully de rived the rup ture

time of the 1999 Mw7.6 Chi-Chi earth quake by using the pe -

riod of the first spec tral node of sur face-wave. Of course,

Eq. (7) can also be used to re solve the rup ture directivity of

large earth quakes. The fault pa ram e ters es ti mated us ing

Eq. (7) how ever are rel a tively less sta ble than those made

us ing Eq. (6), be cause it is more am big u ous to de ter mine the

pe riod of the spec tral node than to de ter mine the dif fer ence

in the phase-de lay time of sur face-waves be tween the main

shock and ref er ence earth quake. Hence, Eq. (6) is used pri -

mar ily to es ti mate the fault pa ram e ters of the 2004 Su ma tra

earth quake.

Source rup ture anal y sis re veals the com pli cated rup ture

pat tern of the 2004 Su ma tra earth quake (Am mon et al. 2005; 

Rhie et al. 2007). Mul ti ple event anal y sis (Tsai et al. 2005)

shows five sub-events with a mo ment mag ni tude (Mw) of

8.54 - 9.00, dis trib uted from north to south. Earth quakes of

Mw 8.54 - 9.00 gen er ally have source du ra tions of less than

200 sec (re fer to the Har vard CMT and EIC of ERI earth -

quake cat a logs). On the whole, the great 2004 Su ma tra

earth quake can be re garded more or less as an event with

uni form rup tur ing in terms of sur face-waves ob ser va tions.

For this rea son, we use Eqs. (3) - (7) and the 100 - 200 sec

pe riod phase-ve loc ity for our study.

From Eqs. (4) and (5) it can be found that the source fi -

nite ness would re sult in the travel time de lay of the sur face-

 wave, re lated to C, a func tion of w. Strictly speak ing, the

source fi nite ness can be stud ied at a spec i fied fre quency. In

other words, we can thus ob tain the same fault pa ram e ters

when us ing var i ous fre quen cies of sur face-wave. In fact,

how ever, shal low struc tures (with stron ger lat eral vari a tions

than deep ones) will in ter fere with a short-pe riod sur face-

 wave. Hence, we use sur face-waves with pe ri ods lon ger

than 100 sec, which gen er ally re flect struc tures about 200-km 

in depth or more. To re duce the ef fect of lat eral struc tures,

only the phase-de lay times of sur face-waves at pe ri ods of

140 - 160 sec are adopted in our anal y sis. The fi nal source-

 du ra tion is de rived for each of the sta tions from the av er age

of the dif fer ences be tween the phase-de lay times of the main

shock and ref er ence earth quake waves at pe ri ods of 140 -

160 sec (Fig. 3). The dis tri bu tion of the ob served source-

 dura tion at az i muths of 0° - 360° (Fig. 3a) con firms the

2004 Su ma tra earth quake to be a uni lat eral fault ing event

with ob vi ous rup ture directivity. A com par i son shows that

our re sults cor re spond well with those of Ni et al. (2005)

obtained from high-fre quency P-wave en ergy ra di a tion.

The source-pro cess time and prop a ga tion time are es ti mated

from Eq. (6) to be about 463.0 sec (i.e., 
L

Vr

  + t) and 264.6 sec

(i.e., 
L

C
) as shown in Fig. 3b. This is con di tional on the mis-

fit be tween the ob served and pre dicted val ues reach ing a

min i mum amount when an op ti mal rup ture az i muth of 336°
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is searched out. The mis fit is de fined as mis fit = 1 + g,

where g is the cor re la tion co ef fi cient be tween the ob served

and pre dicted data. The es ti mated source-pro cess time of

~463.0 sec is in good agree ment with that ob tained in

other stud ies, ~430 - 515 sec (Guilbert et al. 2005; Ishii et

al. 2005; Krüger and Ohrnberger 2005; Lomax 2005; Ni et

al. 2005). The optimal rup ture az i muth, 336°, mea sured

clock wise from the north, ap prox i mates the strike of the

fault plane so lu tion as re ported in the Har vard CMT cat a -

log. Fig ure 3b shows that the ap par ent rup ture ve loc ity es ti -

mated from the whole source du ra tion, ap prox i mately 2.5

km sec-1, a value com pat i ble with pre vi ous stud ies (Krüger

and Ohrnberger 2005; Ni et al. 2005). How ever, with Eq.

(6), the whole source dura tion, in clud ing the rise time and

rup ture time, will lead to an un der es ti ma tion of the rup -

ture ve loc ity. In this study, we used the pe riod of the

spec tral node of the Ray leigh-wave from the 2004 Su ma -

tra earth quake to as sist in de ter min ing the rup ture time

and the rise time (cf. Aki and Rich ards 1980; Hwang et

al. 2001).

Ow ing to the long source du ra tion (about 8-min) and the 

com plex ity of the rup tur ing of the 2004 Su ma tra earth quake, 

it is dif fi cult to de ter mine the pe riod of the first node from

the Fou rier spec trum. Hence, we must use a num ber of spec -

tral node pe ri ods from the sec ond or third nodes, es pe cially

for re cord ings from sta tions dis tant from the rup ture di rec -

tion. The re sults are shown in Fig. 3b. We can clearly see

which sta tion is far away from the rup ture ori en ta tion of this

earth quake. This is help ful to make a judg ment about the

spec tral node. For ex am ple, we de ter mine the first-node

period (n = 1) from re cord ings at ABKT near to the rup ture

direction. Its first-node pe riod is about 102.0 sec. The source 

du ra tion ob served at sta tion ABKT is about 220.0 sec, so the

rise time is es ti mated to be about 118.0 sec. If we sup pose the 

node pe riod at ABKT is not the first-node pe riod (i.e., is the

sec ond node or more), the rise time will be merely 16 sec or

has a neg a tive value, which is quite un rea son able for a large

earth quake (cf. Geller 1976). As men tioned above, the rise

time as de rived from sta tions near to the rup ture di rec tion

should be around 100 sec. The node num ber for a cer tain

station away from the rup ture di rec tion can be de ter mined

from the dif fer ence be tween nTn [see Eq. (7)] and the ob -

served source du ra tion (TSPT
obs ). The dif fer ence must be around 

100 sec. Fig ure 4a shows four node num bers at sta tions

ABKT, MAJO, MIDW, and NWAO. To fur ther es ti mate the

rise time, we use the re sults shown in Fig. 3b, in clud ing the

source du ra tion 
L

Vr

  +
æ

è
çç

ö

ø
÷÷t  , prop a ga tion time 

L

C
 and rup ture

az i muth (ff). The rise time can then be de ter mined by search -

ing for a se ries of given rise times (tg) at 0.1 sec in ter vals so as

to min i mize the dif fer ence                                              
é

ë
ê

ù

û
ú .

In Fig. 4b nTn [see Eq. (7)] is plot ted with re spect to cos Q

af ter search ing for the best rise time, 92.0 sec. The rup ture

time for the 2004 Su ma tra earth quake is thus 371.0 sec, and

the rup ture ve loc ity is es ti mated to be nearly 3.1 km sec-1.

This is higher than that de ter mined in other stud ies (Guilbert

et al. 2005; Ishii et al. 2005; Krüger and Ohrnberger 2005;

Lomax 2005; Ni et al. 2005). How ever, mul ti ple CMT

source anal y sis (Tsai et al. 2005) im plied an av er age rup ture

ve loc ity of ~3.0 - 3.1 km sec-1 for the 2004 Su ma tra earth -

quake. Dis crep an cies in the rup ture ve loc ity be tween our

results and other stud ies might be due to the com plex ity of

the earth quake. Our re sults ob tain the first-or der rup ture fea -

ture (i.e., a uni form rup ture) for the earth quake and also pro -

vide con straints for fur ther source rup ture anal y sis. The rise

time of 92.0 sec (i.e., the whole source du ra tion sub tracted

from the rup ture time) is about 20% of the source-pro cess

time (~463.0 sec), which is con sis tent with ob ser va tions for

large earth quakes (³ 10%) (cf. Geller 1976). Tak ing the

average phase ve loc ity in the source area to be 4.4 km sec-1, 

we es ti mate the rup ture length from the prop a ga tion time to

be about 1164-km. This value also co in cides with the value
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Fig. 3. (a) Es ti mated source-pro cess times of the main shock ob served

at the avail able sta tions plot ted against the sta tion az i muth. The sym -

bols de note the re sults for events 1, 2, and 4. The line shows the

estimation of the source-pro cess time from Ni et al. (2005) for a rup -

ture length of 1200 km, a rup ture az i muth of 330° and a rup ture ve loc -

ity of 2.5 km sec-1; (b) source-pro cess time plot ted against cos Q. The

rup ture directivity anal y sis is per formed by least-squares fit ting with an 

op ti mal rup ture az i muth. The in set de notes the op ti mal rup ture az i muth

336°, de ter mined from a min i mum mis fit.

(a)

(b)



ob tained in pre vi ous stud ies (1100 - 1300 km) car ried out

accord ing to a va ri ety of data sets. The es ti mated fault para -

meters are sum ma rized in Ta ble 2.

4. DIS CUS SION AND CON CLU SIONS

Sev eral ba sic fault pa ram e ters (Ta ble 2) for the 2004

Sumatra earth quake are es ti mated through rup ture direc -

tivity anal y sis. This is done by ob serv ing source-du ra tion

vari a tions from the sta tion az i muth [based on the work of

Hwang et al. (2001)]. We de rive a long source-pro cess time

(~463.0 sec) and large rup ture (~1164-km-long). These values

are in good agree ment with pre vi ous stud ies. The rup ture

length and source-pro cess time for the 2004 Su ma tra earth -

quake are larger than those for the 1960 Chile earth quake

(~1000 km) and the 1964 Alaska earth quake (~650 km) (cf.

Press et al. 1961; Ben-Menahem et al. 1972; Furumoto and

Nakanishi 1983). The av er age rup ture ve loc ity (3.1 km sec-1, 

~0.83 VS at VS = 3.75 km sec-1) de ter mined only by the rup -

ture time is ob vi ously higher than that (2.5 km sec-1, ~0.67 VS

at VS = 3.75 km sec-1) de ter mined by the whole source du ra -

tion. The for mer seems con sis tent with the re sults from mul -

ti ple event anal y sis (Tsai et al. 2005) and the lat ter is in

agree ment with pre vi ous stud ies from hydroacoustic data

and re gional seis mic net work (Guilbert et al. 2005; Ishii et

al. 2005; Krüger and Ohrnberger 2005; Lomax 2005; Ni et

al. 2005). Also, the es ti mated rup ture length (1164-km) agrees

well with a re sult de rived from high-fre quency P-wave en -

ergy ra di a tion (Ni et al. 2005). At any rate, the rup ture ve -

locity for the 2004 Su ma tra earth quake (see Ta ble 2) is

larger than that for the so-called “tsu nami earth quake”,

which is char ac ter ized by a slow rup ture ve loc ity and slow

slip ve loc ity or low ra tio (Es/M0) of ra di ated en ergy (Es)

to the seis mic mo ment (M0) (Kanamori 1972; Polet and

Kanamori 2000). Kanamori (2006) es ti mated the Es/M0 for

the 2004 Su ma tra earth quake to be 4.6 ´ 10-6. It dis plays

char ac ter is tics of subduction zone earth quakes but not tsu -

nami earth quakes. How ever, Seno and Hirata (2007) sug -

gested that the 2004 Su ma tra earth quake likely had a com po -

nent char ac ter is tic of tsu nami earth quakes. They uti lized a

rup ture model with a rapid rup ture ve loc ity of ~2.5 km sec-1

at the depth rel a tive to a slow rup ture ve loc ity of ~0.7 km sec-1

at shal low depths. Our re sults seem to re flect the rup ture at

the depth where the main rup tures oc curred (Am mon et al.

2005; Rhie et al. 2007). We ob tain a higher rup ture ve loc ity

from sur face-wave es ti ma tion which might ac count for the

main rup tur ing pro cess, and im ply a rel a tively low frac ture

en ergy and high ra di a tion ef fi ciency.

The es ti mated rise time (92.0 sec) for the 2004 Su ma tra

earth quake is ap prox i mately 20% of the whole source du ra -

tion, larger than ei ther the 1960 Chile earth quake or the 1964 

Alaska earth quake, which was pre dicted to be ~35 sec (cf.

Geller 1976). This prob a bly re flects a fun da men tal dif fer -

ence in the fric tional prop er ties of the earth quake fault ing.

The rise time ob tained in this study is com pa ra ble to that

(90 sec) of Seno and Hirata (2007). The es ti mated rup ture

az i muth also fits the fea tures of the plate tec ton ics in the

source area and the Har vard CMT so lu tion. We also com pare 

our re sults with the fault pa ram e ters of sev eral great his tor i -

cal earth quakes. Fig ure 5 shows the source-pro cess times vs. 
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Fig. 4. (a) Ex am ples of am pli tude spec tra for sta tions MAJO, ABKT,

NWAO (32.9266°S and 17.2333°E), and MIDW (28.2157°N and

177.3697°W) at pe ri ods of 10 - 400 sec. The ar rows des ig nate the po si -

tion of the spec tral nodes and their cor re spond ing pe ri ods; node num -

bers are also shown be low; (b) The plot of nTn [see Eq. (7)] where cos Q

in di cates the op ti mal es ti ma tion of rise time ob tained through a grid

search. The solid line is de rived from the equa tion: 371.0 - 264.6 cos Q.

(a)

(b)



seis mic mo ments for sev eral large earth quakes and our

study. The solid line in di cates a plot of the re sults ob tained

from an em pir i cal for mula de rived by Furumoto and

Nakanishi (1983). The seis mic mo ment of the 2004 Su ma tra

earth quake (1.0 ´ 1030 dyne-cm) was es ti mated by Stein and

Okal (2005). The es ti mated source-pro cess time for the 2004 

Su ma tra earth quake is not only larger than that (~343.0 sec)

pre dicted by this em pir i cal for mula, but also larger than that

for the 1960 Chile (~390 sec) and 1964 Alaska earth quakes

(~400 sec) (cf. Furumoto and Nakanishi 1983). This might

be due to the lon ger rup tur ing dur ing the 2004 Su ma tra

earth quake fault ing. In terms of their mag ni tudes, the two

his tor i cal earth quakes should be re ex am ined by our pro -

posed method. In this study, the ap proach to es ti mat ing the

source du ra tion is ba si cally sim i lar to the deconvolution of

P-waves or sur face-waves (cf. Schwartz and Ruff 1985;

Am mon et al. 2005). Al though we can not de rive the com -

plex ity of the earth quake rup tur ing as can be done by the

deconvolution of P-waves or sur face-waves, we find our

de ter mi na tion of the vari a tion of the source du ra tion with

the az i muth from the phase-de lay time dif fer ence to be rel a -

tively more sta ble than that de ter mined from the Rel a tive

Source Time Func tion (RSTF). The sta ble source-du ra tion

es ti ma tion [through Eq. (6)] makes the rup ture directivity

anal y sis more rea son able. For this rea son, we can make re -

l a tively ac cu rate es ti mates of the fault pa ram e ters which re -

p re sent the first-or der rup tur ing fea ture of the 2004 Su ma tra

earth quake. The rup ture length, ex ceed ing 1100-km, is esti-

mated from the prop a ga tion time [i.e., 
L

C
 in Eq. (6) and

Fig. 3b], in con nec tion with C (phase ve loc ity in the source

area). In spite of the rel a tively lower source du ra tion (< 8 min),

the re sults rep re sent the main en ergy re lease dur ing the

2004 Su ma tra earth quake. In ad di tion, it has not been pos -

si ble in pre vi ous stud ies to de rive the rise time, which is re -

lated to the dy namic stress drop dur ing the earth quake fault -

ing. How ever, with our pro posed method for data pro cess -

ing, the rise time is eval u ated, and then used to de ter mine

the av er age slip ve loc ity (in case where the av er age dis lo ca -

tion is known). Since the whole source du ra tion and rise

time are ob tained, the rup ture time can be es ti mated ac cu -

rately. This will lead to a rea son able es ti ma tion of rup ture

ve loc ity. The ig nor ing of the rise time in pre vi ous stud ies

has re sulted in un der es ti ma tion of the rup ture ve loc ity. It

might be fea si ble to use the method dis cussed in this study

to re ex am ine and ob tain more sys tem atic es ti ma tions of the 

fault pa ram e ters for his tor i cal or re cent earth quakes, and

then to de ter mine a new scal ing re la tion ship be tween these

fault pa ram e ters.
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