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Abstract. We have charcterized 27 earthquake-generated tsunamis from 1991
to 2012 in Indonesidyased on source parameter analh\This includes the focal
mechanism derived bW phas: inversion analysis, the rati@) between the
seismic energyH) andthe seismic momentM,), the moment magnitudév(,),

the rupture durationT@) andthe distance of the hypocenter to the trench. Most
of the earthquakes (24 evenwere tsunamigenic earthquakes with various fault
types, ashallow focal depth (12 ki< D < 77.8 km), a small to large magnitude
(6.6 <M, <9.0), alow ratio of seismic energto seismic moment (-5.8 &< -
4.9), a short to longupture duration (27 < To< 257 s), a small to large tsunami
height (0.1 n< H < 50.9 m) anca short to long distance from the hypocenter to
the trench (10 km <HT < 230 km). Three tsunami earthquakes were
characterized by a thrutult mechanism, a very shallow depih £ 20 km), a
moderate magnitude (7< M,, < 7.8), a very low ratio of seismic energy to
seismic moment® < -5.8), a long rupture duration (99<sTo < 135 s), a large
tsunami height (7.4 m H < 14 m) and a short distance from the hypocenter to
the trenchiIT <20 km).

Keywords. characteristics moment; rupture; tsunamigenic earthquakesunami
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1 I ntroduction

About 90% of thetsunams that have occurred in thedonesia region wer
generated by earthquakesgith a varietyof focal mechanisms and hypocer
depths [1,2]. In thesea regios of Sumatra, the Andaman Islands, Java, I%um
and Molucca, most commonly thrust fault mechanisms occurre&ome
earthquake-generatedunamis inthe Makassar strait were caused riprmal
faults. Strikeslip fault mechanisms occurred in several s of the Banda &.
The Papua earthquakenerate tsunamis occurred as a resulttbfust faults
and strikeslip faults. The December 26, 2004 Aceh earthquwas purely
thrust fault, witha largemagnitude 1, = 9.1) and a very largextending
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rupture (1300 km) [3-5]. The July 17, 2006 Javatheprake involved thrust
fault in the Java trench with a medium magnitullig € 7.8) [6]. This was an
inter-plate earthquake located at a very shalloptidgs]. Latief,et al. [1] made

a catalog of tsunamis and subduction zones in lesiarover the period of 1800
to 1999 using statistic analysis with frequency dadhage criteria. However,
the characteristics of the earthquake-generatemsis that have occurred over
the last two decades in Indonesia have not beetestwery well. Especially
the characteristics of tsunamigenic earthquakes tamdami earthquakes are
still not well understood.

Satake and Tanioka [7] classify earthquakes tha¢igee tsunamis anywhere in
the world into:inter-plate earthquakesntra-plate earthquakesnd tsunami
earthquakesbased on the hypocenter position in the subductime relative to
the trench. A common earthquake that generatesumans is called a
tsunamigenic earthquake. However, a special typeadghquakes with unique
characterizations are referred to as tsunami ezaitess. Tsunami earthquakes
are characterized by a long rupture duration, atdvedy wave magnitude and
location of the epicenter near the trench [8,9n&aori [10] has characterized
the September 2, 1992 Nicaragua earthquake asmantsearthquake using the
W phase method. Kanamori and Rivera [11] have aedlfthe December 26,
2004 Sumatra earthquake, the July 17, 2006 Jattageake and the September
12, 2007 Sumatra earthquake with the same metlwydh€ purpose of tsunami
modeling, Handayani [12] employed a method simtlarthe one used by
Kanamori and Rivera [11] to characterize earthgsalteat have generated
tsunamis in Indonesia from 2004 to 2009. Newman @kal [13] investigated
the ratio @) between seismic energi)(and seismic momenM) to identify
52 large earthquakes from 1982 to 1997 with d&tartdrom the catalog of the
National Earthquake Information Center (NEIC), pdad by 500 teleseismic
stations. Their study covers earthquakes in Indansach as the December 12,
1992 Flores earthquake, the June 2, 1994 Javageaké, the January 1, 1996
Minahasa earthquake and the February 17, 1996 Regotiequake. Polet and
Kanamori [14] employed the rati®) between seismic energl)(and seismic
moment M,) to investigate large-scale earthquakes. Loretg] [15] used the
same method as two previous studies [13,14] anidetbtsunami earthquakes
by ratio @< -5.5. Newmanet al. [16] have analyzed the rupture duration of the
October 25, 2010 Sumatra earthquake and categatizsda specific tsunami
earthquake.

The aim of this study was to characterize eartherginerated tsunamis in the
Indonesia region based on the focal mechanisméte (@) between seismic
energy E) and seismic momenM,), the moment magnitud®i(,), the rupture
duration o) and the distance of the hypocenter to the trdrtl). We hope
that the results of this study will contribute tetter tsunami hazard zoning in
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the Indonesia region. In additi, we hope that in the near fututee results o
this study will support the work othe Indonesian Tsunami Early Warnil
System (Ina-TEWS).

2 Data

This study utilized th@ésunami and earthqualdata catalog of thé&lational
Oceanic and Atmospheric Administration (NOAA, hitpww.ngdc.noaa.gov
Tsunami Laboratory Russia (http://tsun.sscc.ru) dhe Global Centroic
Moment Tensor ProjediGlobal CMT, www.globalcmt.org/CMTsrch.html).
Moreover, thehypocenter da relocated by Engdahét al. [17] were used. Th
seismic waveforms were obtained frofRIS (Incorporated Resear:
Institutions for Seismolog, www.iris.edu/cgi-in/wilberll/wilberll_pagel.pl)
The databases and gsmis waveforms were -accessed on February 7, 20
This study has ctdcted 27earthquake-generatedunamis around Indones
from 1991 to 2012 witla magnitudeM,, > 6.5 and shallow depttD(< 77.8
km), as listed in Table 1. The geographical coordinafethe studied areare
longitude 90 E-140 E and latitude 1° S—-8 N, as shown in Figure 1.
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Mentawai, October 25, 2010 ( 0.00167 Hz - 0.005 Hz, n =4, W)
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Figure2 Waveform fitting betwee synthetic and observed signals for the
October 25, 2010 Sumatra earthqueThe global spheres on the left show the
distribution of theobservationstations (grey dots), the recording observation
stations (black dot), arttie epicenter (black star). The graphs show the syicthet
W phasesignals (thick lines) anthe observed signals (thin lines).

3 W phase M ethod

The Wphase method is an alterna, faster inversion analysis, neaitientical
to theGlobal CMT solutionThe W phase is a long-period wave phase (00
s), whose ppagation is similato that of whispering gallery waves.donsists
of a group ofP andSwaves P, PP, SS, SP, P&dS). TheW phase clearl
distinguishes arearthquake with a great magnitude from teleseisbudy
waves. he average length the wave signal was uséal detect the Septemb
2, 1992 Nicaragua tsunami earthquake [10]. In &mditW phaseanalysis
produces thdocal mechanismthe focal depth, the hypocenter locatidhe
seismic moment and thmoment magnitude, which followthe double couple
principle using the leastguares metho(The W phase can t®mulated by thi
summation of thenormal fundamentamodes of the & 2 and & overtont.
The input dataprocessingof W phase uses formattingnd moment tens
inversion performed by Global CMT or value estimation fortegquakss that
generate tsunamisFor detaed information about the wavheory anc
modeling of W phase wefer to Kanamori and Rivera [1

For example, W phase inversion presents the sgmoo® accordin to the
origin time of theGlobal CMT (centroid locatiol, as shown in Figure 2 for tt
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October 25, 2010 Sumatra earthquake. The synthigials (thick lines) of the
W phase are indicated by two parallel black doiaading with the observed
signals (thin lines). All distribution stations arearked by grey dots, the
selected stations by black dots, and the epicertgrblack stars. The total
number of IRIS stations used in this study was @tRipped with long-period
seismometers (LHZ, LHE, LHN). The stations’ azinsitdover the whole planet
Earth from 0° — 360°. The distance between seisrtevraad earthquake ranged
from 11° — 90°. The frequency range (0.005 Hz 2 @) of the long-period
wave depends on the earthquake magnitude [18].

4 Ratio of Seismic Energy and M oment

The seismic moment describes the overall size efeirthquake deformation
[19,20]. The moment magnitude is the scale of #iensic moment [16]. Data
on the waveforms were collected from 783 verticaimponent broadband
sensors of IRIS. These waveforms were analyzechey tphase of the body
waves recorded by a teleseismic station at a distafi more than 30 In this
study, the velocity seismogram was converted tplaiement by applying the
formula of Lomax,et al [15], where the Butterworth bandpass filters were
obtained from 0.001 Hz — 5 Hz. The signal procegsinseismic energy can be
seen in Figure 3.
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Figure3 The July 17, 2006 Java earthquake was recorded by dtation. The
signal processing from top to bottom: ground vejosignal (nm.g), removing
instrument response and filtering, cutting, andre& moment (N.m).
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Figure4 Seismogram of WAKE station detecting the April 2012 Sumatra
earthquake. From top to bottom: velocity signal @i removing instrument
response and filtering, squaring, and seismic snerg

The equations of seismic momerl,Jf and moment magnitudevi() were
derived from Kanamori [20] and Tsubet, al [21], as shown below:

M, = |max ([ u,(x,t)dt)|. 4mp3r (1)
_ (logM,—9.1
M, = () (2)
where,
U, 1) = displacement (Ibm)
0 = material density (3.4 x 1&g.m?)
r = distance from source to station {hg).

Moment calculation was started by cutting the gebomotion velocity signal, as
the raw input data, of tHe—PPphase. Th® phase propagates directly from the
source to the receiver. TH&P phase is then reflected to the earth’s surface
before it reaches the sensor. Cutting Baé”P signal was applied in order to
eliminate other propagation effects that inhibi ttalculation of moment. The
onset time of the wave phase was determined byf#iveP program with the
IASP91 velocity model [22] and refers to JefferyllBns [23]. For signal
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processing, the Seismic Analysis Code (SAC) progweas used [24]. The
instrument response of each seismometer was remoyedansfer function.
The frequency range of the Butterworth band-pdter fivas obtained between
0.001 Hz — 5 Hz, which was determined by the fregyespectrum. Then, the
signal was tapered in order to render it symméeiwveen the end point and the
starting point of the seismic waveform. The velpsignal was integrated to get
the displacement signal, whose value is equivalentthe moment rate.
Furthermore, the second integral function and ¢mméla of Tsuboigt al. [21]
were applied in order to calculate the seismic munf&,). For example, the
processing signal for the July 17, 2006 Java easdke M, = 7.7), as recorded
by ULN station (Ulaanbaatar, Mongolia), is shownFigure 3. The moment
magnitude ,) value was derived from the calculation of Eq. [&),21] after
signal processing of the seismic moment was fimishe

The radiated seismic enerdy)(is proportional to the energy flux of the seismic
propagation from the source in the Earth’s intetmthe surface. The energy
flux is the total seismic energy density measuretha high corner frequency.
The formula is explained by Lomaet al. [15] as follows:

E=(1+q).4nr? { <FP)2} pa [v2(t)dt (3)
) (FP)2) "
where,
E = radiated seismic energy BfSphase (N.m)
r = distance from source to station {h)
<FP>2 = radiation pattern d? phase (4/15)
<Fg4P> = radiation pattern of group of P phase (1)
q = ratio of S-wave energy ®wave energy (16=16.6)
0 = density at the station (2,6 x*llay.m?®)
a = velocity at the station & wave (5 x 18 m.s")
o () = ground velocity seismogram (i)s
477? = average density of Earth sphere with radius

By substituting all constant parameters and Eg. 8 equation becomes as
follows:

E =22x10%.7r2 [v2(t)dt 4)

The procedure of calculating energy is simpler ttraat of calculating seismic
moment. The vertical ground velocity seismogram wssd as the raw input
data. A similar method was applied for cutting giease of thé>—PP waves.
The instrument response was removed by deconvolusog SAC.
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Figure5 Procedure of rupture duration analysis by ABKT ietafor the July

17, 2006 Java earthquake. From top to bottom: uglaxs the input data,
removing instrument response and filtering, squgarand normalized signal of
rupture duration.

The Butterworth bandpass filter was applied witfremjuency range between
0.001 Hz and 5 Hz. Therefore, the velocity signakvequared before Eq. (4)
was applied. For example, Figure 4 shows the césineo April 11, 2012
Sumatra earthquake, recorded at WAKE station (Wéltend, Pacific).
Furthermore, the rati@ is a logarithmic relation between seismic energg a
seismic moment [15],

= log (Mio) (5)

5 Rupture Duration

The rupture durationr) is the time period that is required for an eantiice to
occur, from the beginning to the end process oéking along the fault area.
The P wave radiation has a high frequency and a high ggation velocity.
Therefore, the signal can be isolated from the rotvave phases in the
seismogram. The size of the rupture duration issonea as the polynomial
distribution area oP wave ground motion by seismic wave analysis, refgrr
to Lomax,et al [15]. The procedure starts with taking the vaitmmponent of
the velocity signal from each station. The instratneesponse is removed
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before cutting the signal of tHe-Sphase. In this study, the calculation of the
rupture duration was employed for filtering, squogri enveloping, and
normalizing. We used the Butterworth bandpassrfiltéh a high frequency
range (between 1 Hz — 2 Hz). Then the velocitynrsegram was modified by a
squaring and enveloping procedure to obtain a sguaglocity waveform with
an amplitude that has a positive value. The sigmfaleach station was
normalized. Then all the normalized signals wewkclstd into one duration
curve. Some stations with a high error and locsfeaibance rate were removed.
Figure 5 shows the procedure of rupture duraticalyais at the ABKT station
(Alibek, Turkmenistan).

Tablel Earthquake-generated tsunamis in Indonesia (1991320

L ocation Event Ref. H FM D MG Lon/lat
Alor 19910704 L,G NA T 17 6.7 124.7/-8.02
Flores 19921212 N,R,G,S 26.2T 204 7.8 122.5/-8.34
Java 19940602 N,R,G 14 T 15 7.8 113/-11
Halmahera 19941008 R,G NA S 15 6.8 127.8/1.2
Halmahera 19950213 L,R,G NA SO 15 6.7 127.9/-1.19
Timor 19950514 LNRG 4 T 15.8 6.8 125.3/-8.6
Minahasi 1996010 R,G 3.4 T 15 7.€ 119.9/0.7.
Papua 19960217 L,R,G 77T 15 8.2 136.6/-0.67
Sulawesi 20000504 R,G NA S 186 75 123.6/-1.29
Sumatra 20000604 R,G NA T 33 7.8 101.9/-4.73
Papua 20021010 R,G NA T 15 7.5 134.3/-1.79
Sumatra 20041226 N,R,G 50.9T 28.6 9.0 94.26/3.09
Sumatra 20050328 N,R,G 3 T 25.8 8.6 97.07/1.67
Sumatra 20050410 N,R,G 04T 15 6.7 99.54/-1.68
Ceram 20060314 N,R,G NA T 13 6.7 127.3/-3.35
Java 20060717 N,R,G 20.9T 20 7.7 107.8/-10.3
Sumatra 20070912 N,R,G 5 T 24.4 8.5 101/-3.78
Sumatri 20080221 N,G 01 T 144 7.2 99.95-2.6¢€
Sulawes 2008111 R,G NA T 29.z 7.2 122.1/1.!
Papua 20090103 R,G NA T 152 7.7 133.5/-0.58
Talaud 20090211 R,G 01T 239 7.1 126.8/3.92
Sumatra 20090816 N,R,G 02T 12 6.7 99.45/-1.56
Java 20090902 B NA T 53 7.0 107.3/-8.12

Sumatri 20090931 N,R,C 0.2 TO 77.€ 7.€ 99.67-0.7¢

Sumatra 20100406 N,R,G 04T 176 7.8 96.74/2.07
Sumatra 20101025 N,R,G 7T 12 7.8 99.32/-3.71
Sumatra 20120411 N,G NA TO 40 8.6 92.78/2.24

Remarks: Ref = reference, L = Latie&t al. [1], S = Shiet al [25], N = NOAA, R = Russia, G =
Global CMT, B = BMKG,H = tsunami height, NA = no available daf/) = focal mechanisml
= thrust fault,S= strike-slip,O = oblique,D = depthM,,G = moment magnitude of Global CMT.
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6 Results and Discussion

The calculation resultof W phase inversion, seismic moment, moment
magnitude, seismic energy and rupture duratiorstaogvn in Table 2. The event
locations are shown in Table 1. The epicenter doatds, depth and focal
mechanism (strike, dip, slip) resulted from the \Wage method. Detailed
information about earthquakes that generate tsumasnuseful for tsunami
hazard zoning and additional information for theemgpional routine of
INaTEWS at the Meteorological Climatological Geogibgl Agency (BMKG).
Currently, the criteria used to determine a po&tritical tsunami warning at
INnaTEWS are: magnitudéV(> 7.0 Richter scale), deptib(< 100 km) and
epicenter in the sea (ocean) [26].

Table2 Results of source parameters from W phase inversiosignal
analysis.

Lon/lat  Swkedipiip RFC  HT My, M, E ® To C
124.7/-8.02 97/38/135 055 20 6.6 1.07 2.0 57 26
122.3-8.7¢  78/24/9¢ 0.8 30 7.7 524¢ 2291 54 85 L
113.2/-11.2  269/7/85 095 20 7.6 2692 257 -6.00 1E
127.9/-1.59 85/67/-168 092 20 6.6 1.12 4.2 5.4 2B
128/-1.51  86/46/-3 080 10 68 214 3.2 58 36G
125.3/-8.6  39/40/-164  0.10 20 6.7 1.32 3.0 56 58
119.9/0.54  31/8/50 127 50 7.8 7244 1862 -56 4G
136.2/-0.87  109/14/80 1.37 50 80 14454 4571 -5HB7 G
123.4/-1.49 230/75/-173 120 -50 7.7 3981 977 6-585 G
102.1/-4.72  82/55/137 081 110 7.8 7244 5623 5865 G
134.3/-2.39  65/76/-43 036 70 7.7 4074 1202 -5B4 G
94.26/2.89  325/7/101 090 50 9.0 38904 6309.6 -5%7 G
96.67/1.6 332/10/11. 114 10C 8.2 323.5¢ 3981. -48 10C G
99.41/-1.84 151/27/103 0.81 130 6.8 2.29 6.3 5.6 3G
127.2/-3.6  190/87/-180 059 50 6.8 2.00 6.3 557 156

108.4/-10.7  275/12/77 181 -20 7.7 43.65 31.6 -6134 E
101.4/-4.4 313/14/81 161 160 8.2 263.03 2630.20-5174 G
99.55/-2.86  330/22/117 1.00 120 7.3 1047 33.9 5 G
122.1/11 58/14/90 0.12 50 7.4 1585 30.2 5.7 4G
132.8/-0.78 100/17/57 0.81 50 7.8 70.79 154.9 536 G
126.8/3.92  173/37/81 0.85 10 7.4 1585 28.8 -5.7 4G

99.05/-1.76  167/20/113 0.82 90 6.7 1.55 3.0 5.7 36
107.5/-7.92  118/83/92 023 230 7.1 6.03 447 5.7 2G
99.87-0.9¢ 69/43/13: 111 12C¢ 7.& 57.5¢ 141 -5€ 27 G
96.74/1.8°  307/9/8t 1.1€¢ 13C 7.8 724 109.7 -5.8 10C G
98.89/-3.88 97/38/135 124 -5 7.6 3548 50.1 -5.87 1E
92.78/2.04  78/24/99 038 -130 85 63096 331133 -5134 G

Remarks: RFC = ratio of focal sphere comparison between Gldb&IT and W phaseHT =
hypocenter distance to trench (km); a negativeevatheans that the hypocenter is back at the
beginning of trenchM,, = moment magnitude of signal analysig, = seismic moment (1
N.m), E = seismic energy (1dN.m), © = logarithmic ratio of seismic energy and momdiat=
rupture duration (s)¢ = character, G= tsunamigenic earthquakié,= tsunami earthquaké, =
landslide.
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Figure6 Earthquake and focal mechanism distributioin Indonesia.
Earthquakes are showas grayobelus, focal mechanism of W phase as black
balls,and Global CMT agray balls. Event numbers refer to Table 1.

INnaTEWS plays a role iAsia and surroundinareas for detecting tetsunam.
Therefore we recommend that Indonesia implemethe source paramet
retrieval ofW phase, the rat between seismic energy and seismic mopand
rupture duration. W phase has been adoptecthe Japan Meteorologici
Agency (JMA), thePacific Tsunami Warning Center (PTWC) athe United
State of Geological Survey (USGthttp://www.usgs.gov) because ib
consistent with both Global CMT and gecical structure. Figure 6 and Table
show that our W phasmalysis issimilar to Global CMT. In generadtrike, dip
and slip of W phase are similar tcose of Global CMT Comparison of th
values of thdocal parameters between Global CMT and W phasexgeesse:
by the ratio of focal sphere comparistRFC). This study has producdtie
consistenfocal parametss as amount of 23 events (85% of total) WRRC >
0.4. However, there we four nor-consistent events, witRFC< 0.4 fi0. 6, 11
23 and 27) The focal mechaniss of the May 14, 1995 Timor earthquake (
6) and the October 10, 2002 Papua earthquake (Ddaked on Global CM
were normal faultsiwherea our results point to oblique-thrust faultsor@parec
to Global CMT for the September 2, 2009 Java eagkg (10. 23) and th
April 11, 2012 Sumatra earthquake (no., according to our results ttiecal
spheres werdn the opposite direction and slightly differ. These no-
consistent results were causednot reaching theninimum number of seism
stations. Inaddition, in th processing of the W phase, the thceeaponer
sensors werenot used optimall in each station, except for one two
directions. The smahumbe of sensors and large gaps in th&tribution of the
network alsacontributed t the poor results.



200 Sugeng Pribadi, et al.

The results of the source parameter determinatipnsignal analysis are
presented in Table 2. This study shows the valuadifited seismic energy to
be 2.0 x 18 N.m < E < 6.309 x 18° N.m, seismic moment 1.07 x P0N.m <
M, < 3.89 x 18 N.m and in accordance with moment magnitude<6M\,, <
9.0. Overall, the value of the radiated seismiagyavas lower than the seismic
moment, although both describe the strength ofetiréhquakes with the same
dimension of energy (Newton.meter). The differeiscg.0 x 16 times . This is
caused by the flux of energy received at the siatihen attenuation effects
occur [12]. The minimum energy flux is influenceg the low density of rocks
in each receiving station and the low ground motiefocity. This situation
causes the low value of the energy-moment ratio.

Our calculation of the seismic energy-moment regtidifferent from Lomaxet

al. [15], who divide the area of tsunamigenic eartigs and tsunami
earthquakes along a ratio line 6f< -5.5. The ratio line is derived from linear
regression calculations on the distribution of ¢ihergy value moments of each
earthquake. In this study, the threshold lin®is -5.8, as shown in Figure 7.
This distinction is based on a variety of data usgéach researcher. Lomagt,
al. [15] used inland and ocean large-scale earthgakeer-plate and intra-
plate earthquakes, and earthquakes that genesateantis. The epicenters that
were used by Lomaet al. [15] were from 34 events around the world, from
1992 to 2006 (15 years of observation). Our dataiged only on earthquakes
that generated tsunamis. The time range of thiystilonger, i.e. from 1991 to
2012 (21 years of observation), covering 27 evertsthermore, the energy
calculations were influenced by the geometry ofdstribution of the seismic
waves as the energy passes through the layere @attth’s crust. Hence, they
were also influenced by the distance from the sotocthe station and by the
velocity of the seismic waves.

The rupture duration results of this study are shawFigure 8. Tsunamigenic
earthquakes are quite variedTin (> 10 s) and logV, (> 19 N.m.), that is from
the shortest duration, such as the July 4, 199biTearthquake (no. 1) wiffio

= 27 s, to the longest duration, such as the Deeer@s, 2004 Sumatra
earthquake (no. 12) witffo = 257 s. The tsunami earthquake distribution
ranged in rupture from 99 s o < 135 s and in seismic moment from 20.4 <
log M, < 20.7 N.m or with moderate seismic moment fros12x 13° N.m <

M, < 5.0 x 16° N.m. These parameters are consistent with pre\dtudies of
tsunami earthquakes [15,16]. Generally, earthqugherated tsunamis that are
called tsunamigenic earthquakes, are characterizgda large moment
magnitude ,, > 8), a long rupture duration, a high seismic enemgy a large
tsunami.



The Characteristics of Earthquakes Generate Tsunamis 201

L L L L 17.0
6.6 6.9 7.3 7.6 7.9 83 _ 86 8.9 »
Moment magnitude Mw~ -
B3 o e
- e 7 ) Y - 16.5
% g 4 E
/ =
- - 16.0
/ / o
I S
/
©=-49 / '-i 15.5
S/ o /
/ o e
i / 0”02550 8 - 15.0
/ e o [
% ¢ 2
/ Oog /.26 E
| y oﬂa%/% . _% - 14.5
/ @=-58 )]
s /
/ © Tsunamigenic earthquake -5.8 < © < -4.9 14.0
0%4/ 4 ® Tsunami earthquake @ <=-5.8
O4 /
. 6% . . -13.5
o/ Seismic moment Mo (log Nm)
190 195 200 205 210 215 220 225

Figure7 Ratio of energy-momentd). The tsunamigenic earthquakes ranged
between -5.8 ©©< -4.9 while the tsunami earthquakes l&d -5.8.

Specific earthquake-generated tsunamis, called aisiunearthquakes, are
characterized by a medium moment magnitullg, € 8), a long rupture
duration, a low seismic energy but a large tsundthis is caused by the fact
that the epicenter occurs in the segment of thglatisment rocks between the
plates in the area of the accretionary wedge witstable material conditions.
This area has a weak rigidity where brittle seditagnand fragile rocks are
mixed. This condition causes a weakening of thensiei radiation energy and a
long rupture duration [27].

Conversely, some tsunamigenic earthquakes with aemte moment
magnitude only generate a very small tsunami. Thsaused by a large focal
depth, a long distance from the hypocenter to rlwech and a horizontal focal
mechanism.
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Figure8 Ratio of seismic moment-rupture duration. The tsuin@arthquakes
ranged in rupture from 99 sFo< 135 s, in seismic moment from 20.4 < Mg
<20.7 N.m and 7.5 M,, < 7.8. Tsunamigenic earthquakes fad> 10 s and log
Mo > 19 N.m.

An example is the September 30, 2009 Sumatra estleg(no. 24), which had
a moderate magnitud®i(, = 7.6) and very shallow focal depth € 24.4 km),
but was located nearby a narrow fore-arc basin mitimum seawater volume.
Therefore it only caused a very small tsunari=(0.3 m). The March 14, 2006
Ceram earthquake (no. 15) had a long rupture durdfio = 117 s), a very low
seismic moment\, = 2.0 x 16° N.m), a smaller than moderate magnitulli, (
= 6.7), but had a long distance from the hypocemtethe trench. As a
consequence, it did not cause a tsunami.

We conclude that tsunami earthquakes are a speati@djory of tsunamigenic
earthquakes. From the discussion of the sourceredeas, such as the rupture
duration, the seismic moment and the ratio of gnsgismic moment, the
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unique character of tsunami earthquakes could tableshed. In addition, there
were the focal depth and the distance from treddfe 2 June 1994 Java
earthquake (no. 3) had a very shallow depth=(15 km), a very small distance
from the hypocenter to the trench, a moderate nbagdmi(V,, = 7.8) but a very
large tsunami heightH = 14 m). This is consistent with tsunami earthguak
characteristics in previous studies [28]. The July 2006 Java earthquake (no.
16) also had a very shallow depth € 20 km) and a very small distance from
the hypocenter to the trench (Sunda Trench). Tipedglection was distributed
near the surface with a shallow depth, which isharacteristic of tsunami
earthquakes [29]. The October 25, 2010 Sumatracpzake (no. 26) had a very
shallow depth = 12 km) and was located near the trench anddbeetonary
wedge. These parameters are similar to the ones fnevious studies and
categorize it as a tsunami earthquake [15].

From the epicenter determined by W phase, we céimas the distance
between the hypocenter and the trench. Subsequevelycan draw a cross-
sectional line for some events that are perpenaictd the trench lines, as
shown in Figure 9. For the North Sumatra regiom Becember 26, 2004
Sumatra earthquake (no. 12) and the April 11, 2Bathatra earthquake (no.
27) located at the front of the trenddT(= 50 km) and the back of the trench
(HT = -130 km). In this study, the tsunamigenic eartiige events had a short
to long hypocenter distance to the trench (10 khiiT< 230 km) and a shallow
focal depth (12 knx D < 77.8 km). The tsunami earthquakes had a very small
distance from the hypocenter to the trend € 20 km) and very shallow depth
(D <20 km).

The December 12, 1992 Flores earthquake (no. Zedaa large tsunami (26.2
m) but had a medium magnitudd,{ = 7.8). The epicenter was very close to the
offshore of MaumereHT = 50 km). The earthquake was related to the back-a
thrust fault and increased marine erosion, afteicwlan extensive landslide
took place. The survey observations showed as eegdthe fractured cliff near
Riang-Kroko, watermarks on wall structures, scattezoral boulders, and tree
leaves. The event was characterized as a landslideami [24,30]. Beside that,
the five times reflected tsunami waves hit thendland its surroundings and
caused 2,080 people to be killed [24].

7 Conclusions

We have characterized earthquake-generated tsunémis occurred in
Indonesia from 1991 to 2012. This characterizaticas based on a source
parameter analysis of the focal mechanism retriénaed the W phase, the ratio
of seismic energy and seismic moment, the momemgninale, the rupture
duration and the distance of the hypocenter totréech. The results of this
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study make it possibléo differentiate two kinds of earthqualenerate
tsunamistsunamigenic earthquas andtsunami earthquakes
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o vy L
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Q.
[
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Horizontal distance (km)
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Figure9 Seismicdistributior in the North Sumatra region, with the December
26, 2004 (no. 12) and the April 11, 22 Sumatra earthquake (no. 27). Top:
Mercator mapwith SS’ projection lin. Earthquakes are shown as gray obelus,
the projectedearthquake as black circles, the focal mechanisms of W plasse
black balls. Bottom: msssectional map. Projected focal mechanisms shown as
black stars, trenchesd fauls as black triangles.

Most of the earthquake®4 event, were tsunamigenic earthquakes. Theye
characterized by varioutypes of fault mechanisms, law ratio of seismic
energy and seismic momeila short to long rupture duration,short to lonc
distance from théaypocenterto the trench, a shallow focal depthsmall to
large magnitude, andsanall to large tsunami heig
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The remaining three events were tsunami earthquikesse were the June 2,
1994 Java earthquake, the July 17, 2006 Java eakboand the October 25,
2010 Sumatra earthquake. The characteristics afetlisunami earthquakes
were: thrust fault mechanism only, a very low ratib seismic energy and
seismic moment, a long rupture duration, only artshlistance from the

hypocenter to the trench, a very shallow focal deptmoderate magnitude but
always a large tsunami height.
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