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Tsunami Source of the 2004 Sumatra—Andaman Earthquake Inferred

from Tide Gauge and Satellite Data

by Yushiro Fujii* and Kenji Satake

Abstract Tsunami source of the 2004 Sumatra—Andaman earthquake was esti-
mated from a joint inversion of tsunami waveforms recorded on tide gauges and sea
surface heights captured by satellite altimetry measurements. The earthquake, the
largest in the past 40 years, caused devastating tsunami damage to countries around
the Indian Ocean, but the tsunami source, in particular, its northern end, was not well
resolved. Although aftershocks and crustal deformation extended from off north-
western Sumatra Island through the Nicobar Islands to the Andaman Islands, some
seismic-wave analyses indicated a shorter source length, several hundred kilometers.
We used tsunami waveforms recorded at 12 tide gauge stations around the source
and the sea surface heights measured by three satellites: Jasonl, TOPEX/Poseidon,
and Envisat. We numerically computed tsunami propagation using realistic bathym-
etry; more than 66,000 depth points were digitized from nautical charts and combined
with the ETOPO?2 data. Inversion of satellite data indicates that the tsunami source
extended to the Andaman Islands with a total length of 1,400 km, but such a model
produces much larger tsunami waveforms than observed at Indian tide gauge stations.
Inversion of tide gauge records and the joint inversion indicate that the tsunami
source was about 900 km long. The largest slip, about 13 to 25 m, was located off
Sumatra Island and the second largest slip, up to 7 m, near the Nicobar Islands. The
slip distribution is similar for different rupture velocities and rise times, with a slow
velocity of 1 km/sec and a rise time of 3 min yielding the largest variance reduction.

Introduction

The Sumatra—Andaman earthquake (0:58:53 UTC, 26
December 2004) caused the worst tsunami damage in his-
tory; more than 200,000 people lost their lives in the coun-
tries around the Indian Ocean. The number of victims, both
confirmed dead and missing, is largest in Indonesia
(163,795), followed by Sri Lanka (35,399), India (16,389),
and Thailand (8345) (International Federation of Red Cross
and Red Crescent Societies, 2005). Within minutes of the
earthquake, the tsunami devastated Banda Aceh and other
coastal villages of Sumatra Island. The tsunami arrived at
Thai, Sri Lankan, and Indian coasts about two hours after
the earthquake. The tsunami propagated farther and arrived
at the eastern coast of Africa several hours after the earth-
quake and caused 298 fatalities in Somalia. The tsunami was
instrumentally recorded by coastal tide gauges around the
Indian Ocean (Merrifield et al., 2005; Nagarajan et al.,
2006). The tsunami propagation in the Indian Ocean was
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captured by satellite altimeters, probably for the first time
(Gower, 2005).

The aftershock area extended from the epicenter off
Sumatra through the Nicobar and Andaman Islands; the total
length is about 1200 km. The estimated seismic-moment
ranges from 4 to 10 X 10> N m, or moment magnitude
(M,,) between 9.0 and 9.3 (Park er al., 2005; Stein and Okal,
2005), and made this event the largest in the world in the
past 40 years. The rupture length, however, is controversial.
Analysis of seismic body waves shows that, in part, because
the time window for analysis is limited, the main moment
release was limited to several hundred kilometers from the
epicenter (Ammon et al., 2005), whereas an array analysis
indicated the rupture extended 1300 km (Ishii ez al., 2005).
From arrival times of tsunamis, the major source of tsunami
energy was estimated as 600-800 km long (Lay er al.,
2005b), though a later analysis indicated a longer source
(Lay et al., 2005a; Neetu et al., 2005).

Tsunami source is seafloor deformation caused by slip
on a fault during an earthquake. An important question about
the 2004 earthquake is whether the tsunami source extended
for 1200 km of the entire aftershock area. To estimate the
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tsunami source of the 2004 Sumatra—Andaman earthquake,
we will use tsunami waveforms recorded on tide gauges and
sea surface heights captured by satellite altimetry measure-
ments. Tanioka et al. (2006) and Piatanesi and Lorito (2007)
made inversion of tsunami waveform data, and Hirata ef al.
(2006) and Fine et al. (2005) used the satellite altimetry data.
We first invert the waveform and satellite data separately,
then perform the joint inversion of both data.

Data

Tide Gauge Data

The 2004 tsunami was recorded at more than 20 tide
gauge stations around the source (Fig. 1). Some of them,
namely in the Maldives and Sri Lanka (Colombo), have been
collected by Global Sea Level Observing System (GLOSS)
and were stored on the web site of University of Hawaii Sea
Level Center (UHSLC) (Merrifield et al., 2005). The Indian
tide gauges are operated by Survey of India and the 2004
tsunami data were processed by National Institute of Ocean-
ography (NIO) (Nagarajan et al., 2006). The Indonesian tide
gauge stations are operated by Geodesy and Geodynamic
Center in Indonesia (GGCI) (Tanioka et al., 2006). The tide
gauges in Thailand are managed by Thai Marine Department
(TMD) and Hydrographic Department, Royal Thai Navy
(HDRTN) (Tsuji et al., 2006). We downloaded digital data
from the web sites or digitized the analog data (Table 1).

The tide gauge records usually include ocean tides. For
the tsunami analysis, we need to separate the tsunami and
tide signals. The UHSLC and NIO offered residual data, after
the tidal component was removed. For the other data, we
removed the tidal components by applying a high-pass filter.

The processed tide gauge records show clear tsunami
signals (Fig. 2). The tsunami first-arrival times are about
120 min after the earthquake at Sibolga and Taphaonoi (Phu-
ket), 140 min at Cocos, about 150 min on the east coast of
India at Chennai, Vishakhapatnam, and Paradip, and larger
at stations on the west coast of India, Maldives, and Thai-
land. The Port Blair record shows a gradual increase in sea
level, which may indicate slow slip (Singh et al., 2006), then
was interrupted for 24 min (Neetu et al., 2005); hence, we
did not use this station for our analysis. Initial motion of
tsunami was downward at stations east of the source (e.g.,
Taphaonoi or Tarutao) and upward at stations west of the
source (e.g., Colombo or Male). Amplitudes of the initial
tsunami wave range from several tens of centimeters to 2 m.
The Colombo tide gauge record went off scale and is not
usable after the first peak. The tsunami periods are typically
longer than 20 min (Nagarajan et al., 2006). These tsunami
waveforms, or temporal changes of water height at tide
gauge stations, will be used for inversion.

Satellite Altimeter Data

The tsunami wave field during propagation was cap-
tured by satellite altimeters as sea surface heights (SSHs)
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Figure 1.  Epicenter of the 2004 mainshock (black

star). Epicenters of aftershocks occurring one day af-
ter the mainshock (solid circles) located by the U.S.
Geological Survey (USGS). Triangles indicate the lo-
cation of available tide gauge stations; we used only
the stations in black. The Harvard CMT solution is
also shown (lower hemisphere equal-area projection).
Track lines of three satellites (thick lines) are also
shown.

over the Indian Ocean. About 1.9 hr after the earthquake,
satellite Jason-1 reached the wavefront of the tsunami and
captured tsunami signals for 11 min of satellite transit time
as it passed over the Indian Ocean from south to north
(Gower, 2005). This altimetry measurement is numbered cy-
cle 109 on pass 129. About 2 hr after the earthquake, satellite
TOPEX/Poseidon flew over the ocean on a similar pass,
which is numbered cycle 452 on pass 129. Later, about 3.2 hr
after the earthquake, satellite Envisat flew from north to
south over the ocean to capture the tsunami propagation. The
cycle is numbered 33 on pass 352 (Fig. 3). We used altimetry
data from these three satellites, Jason-1, TOPEX/Poseidon,
and Envisat, downloaded from the Radar Altimeter Database
System web site (http://rads.tudelft.nl/rads/data/authentica
tion.shtml) by the Department of Earth Observation and
Space Systems.

The observed SSH records include not only tsunami sig-
nals but also other oceanographic effects. To isolate tsunami
signals, we used SSH data from previous cycles: 108 (16
December 2004) for Jason-1, 451 (16 December 2004) for
TOPEX/Poseidon, and 32 (21 November 2004) for Envisat.
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Table 1

List of Tide Gauge Stations*
Station Lat. (deg:min) Lon. (deg:min) D/AY Agency® Source
Hanimaadhoo 6:46N 73:10E 2 UHSLC Merrifield er al. (2005)*
Male 4:11N 73:32E 4 UHSLC Merrifield et al. (2005)*
Gan 0:41S 73:09E 4 UHSLC Merrifield er al. (2005)*
Diego Garcia 7:17S 72:24E 6 UHSLC Merrifield ez al. (2005)%
Colombo 6:57N 79:51E 2 UHSLC Merrifield er al. (2005)*
Paradip 20:16N 86:42E 6 SOI Nagarajan et al. (2006)
Vishakhapatnam 17:41IN 83:17E 5l SOI Nagarajan et al. (2006)
Chennai 13:06N 80:18E 5l Nell Nagarajan et al. (2006)
Tuticorin 8:45N 78:12E 6 SOI Nagarajan et al. (2006)
Cochin 9:58N 76:16E 6 SOIL Nagarajan et al. (2006)
Marmagao 15:25N 73:48E 5l SOI Nagarajan et al. (2006)
Cocos 12:07S 96:53E 1 NTC #
Port Blair 11:41S 92:46E A NIOT Singh et al. (2006)
Sibolga 1:44N 98:48E A GGCI Tanioka et al. (2006)
Belawan 3:55N 98:43E A GGCI Tanioka et al. (2006)
Taphaonoi** 7:50.029N 98:25.274E A HDRTN T
Tarutao** 6:42:06N 99:39:00E A HDRTN t
Kuraburi** 9:13.503N 98:22.613E A TMD Tsuji et al. (2006)%
Kantrang — — A TMD Tsuji et al. (2006)*
Krabi — — A TMD Tsuji et al. (2006)%
Ranong — — A TMD Tsuji et al. (2006)**
Tummarang — — A TMD Tsuji et al. (2006)%

*Location data of tide gauges are from Permanent Service for Mean Sea Level (PSMSL) web site, www.pol.ac.uk/psmsl/psmsl_individual_stations.html.

D/A indicates sampling interval in minutes for digital data, A for analog data.

*UHSLC, University of Hawaii Sea Level Center; SOI, Survey of India; NIOT, National Institute of Ocean Technology; GGCI, Geodesy and Geodynamic
Center in Indonesia; TMD, Thai Marine Department; HDRTN, Hydrographic Department, Royal Thai Navy; NTC, National Tidal Centre, Australia.

Shttp://uhslc.soest.hawaii.edu/

IDigitizing interval from analog data.
#www.bom.gov.au/info/tsunami/tsunami_info.shtml.
**Location data from Tsuji et al. (2006).
"'www.navy.mi.th/hydro/tsunami.htm

#Location data from www.navy.mi.th/hydro/tsunami.htm.
$www.eri.u-tokyo.ac.jp/tsunami/thai_records/

Because the SSH locations on previous cycles may not be
exactly the same as those during the tsunami, we have in-
terpolated the SSH data of previous cycles by applying a
moving average for 0.5 deg in latitude and resampling them
to estimate the values at the same locations. Assuming that
the other oceanographic effects are common to the both cy-
cles, we consider that the difference between the two cycles,
before and during the tsunami, represents the tsunami signal.
The SSH data, or spatial distribution of tsunami water height
with the satellite transit time considered, will be used for
inversion.

The tsunami amplitude of the direct arrival in deep
ocean is about 0.8 m. In SSH data of Jason-1, a broad peak
appears at about 11° S in both cycles, before and after the
tsunami. The narrow peaks at 5° S to 3° S appeared only
after the tsunami; hence, we consider this as the tsunami
signal. The TOPEX/Poseidon data show only a single peak.
The Envisat data indicate many peaks in a wider area, be-
cause they captured the tsunami propagation at a later
time.

Method

Fault Parameters

To estimate the extent of the tsunami source and the slip
distribution, we divided the source into 22 subfaults that
cover the aftershock area during one day after the mainshock
(Fig. 4). The subfault size is 100 km X 100 km (Fig. 4 and
Table 2). We fixed the size and geometry of each subfault
and estimated the slip amount. This subfault geometry is
similar to that of Hirata et al. (2006), who divided the source
into 14 subfaults along the Sunda trench, but we further di-
vided the southern eight subfaults into shallow and deep
parts. The epicenter is located between the southernmost and
next subfaults. The dip angle is assumed to be 10° from the
aftershock distribution determined from ocean-bottom seis-
mographic observation (Araki et al., 2006), and the slip an-
gles are based on the averaged compressional-axis directions
of the aftershocks by the Harvard CMT catalog (Hirata et al.,
2006). Assuming that the rupture started from the epicenter
and propagated unilaterally to the north at a constant veloc-
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Figure 2. Tsunami waveforms at tide gauge stations. Time indicates the elapsed

time (in minutes) from the earthquake origin time.

ity, we varied the rupture velocity from 0.5 to 3.0 km/sec at
a 0.5 km/sec interval.

Finite-Difference Computation

To calculate tsunami propagation initiated at each sub-
fault, the linear shallow-water long-wave equations were nu-
merically solved by the finite-difference method (Satake,
1995). The equation of motion and the equation of continuity
are written as

= —gVh ey

and

—dv -V, 2)

respectively, where V is the depth-averaged horizontal ve-
locity vector, & is the water elevation or tsunami amplitude,
d is the water depth, and g is the gravitational acceleration.
The computation area extends from 25° S to 25° N and 70° E

to 110° E (Fig. 1). The bathymetric grid interval is basically
2 arc-minutes (about 3.7 km); hence, there are 1200 X 1500
grid points along the longitude and latitude directions, re-
spectively. Near the coastal tide gauge stations, we used a
finer grid interval of 24 arc-minutes (about 0.75 km) to better
model near-shore propagation. A timestep of 2 sec is used
to satisfy the stability condition for the finite-difference
method. For the initial condition, static deformation of the
seafloor was calculated by using the rectangular dislocation
model (Okada, 1985). We also considered the effect of co-
seismic horizontal displacement in region of steep bathy-
metric slopes (Tanioka and Satake, 1996). Tsunami wave-
forms for tide gauge stations and SSH at observed points by
satellites were calculated assuming a constant rise time (or
slip duration) on each subfault of 1, 2, and 3 min. Because
the subfault size is 100 km X 100 km, these assumed rise
times include the effect of rupture propagation within each
subfault.

Bathymetry Data

Because the phase speed of long waves depends only
on the water depth, accurate bathymetric data are essential
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Figure 3.  Sea surface heights observed by satellite

Jason-1 (top), TOPEX/Poseidon (middle), and Envisat
(bottom). The previous cycle data before the tsunami
(gray crosses) were spatially filtered by the moving-
average method with a bandwidth of 0.5 deg in lati-
tude. Tsunami signals (open circles) have been ex-
tracted by subtracting the filtered data (black crosses)
from the SSH data after the tsunami (gray triangles).

for the tsunami numerical computation. For the global
ocean, ETOPO?2, the gridded bathymetry data derived from
satellite altimetry observations or gravity data combined
with shipboard echo-sounding measurements (Smith and
Sandwell, 1997), is commonly used. However, ETOPO2
data are less reliable in the shallow ocean. To improve the
accuracy, we have digitized nautical charts (United King-
dom Hydrographic Office, 2005) near coasts. The number
of digitized chart sheets is 56 and the digitized ocean-depth
points are 66,320, covering shallow coastal regions (Fig. 5).
We merged these digitized depth points with the ETOPO2
data. In some shallow seas (e.g., Myanmar coast of Anda-
man Sea, Fig. 6), the original ETOPO2 data show deep
(>100 m), canyonlike features, which do not appear in nau-
tical charts.
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Figure 4. Subfault locations and numbers. Star
shows the mainshock epicenter. Circles indicate af-
tershocks within one day after the mainshock.

Inversion

We assume that the observed tsunami waveforms or
SSHs are linear superposition of tsunami waveforms, or
Green’s functions, computed from each subfault using the
equations for coseismic displacement and the linear long-
wave propagation. The slip amount on each subfault is es-
timated by inversion using the nonnegative least-squares
method (Lawson and Hanson, 1974) to avoid negative slip.
The errors for the solution are estimated by the delete-half-
jackknife method, a resampling technique in which the in-
version is repeated 100 times by randomly deleting a half of
the data (waveforms and/or SSHS) to estimate the standard
errors (e.g., Tichelaar and Ruff, 1989). We first used only
tsunami waveform data on tide gauge stations, then SSH data
of satellites. Finally, we carry out joint inversion of both
datasets. The observed tsunami waveforms at tide gauges
were resampled at a 1-min interval for the inversion. The
total number of tsunami waveform data points used for the
inversion is 708. We weighted Colombo data three times
more than other tide gauge data, because we could use only
the first peak. The total number of SSH data points used for
inversion is 379, 87, and 584 for Jason-1, TOPEX/Poseidon,
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and Envisat, respectively. The relative weights for tsunami
waveforms to SSH data are therefore 708 to 1050. To quan-
titatively compare the results with different rupture veloci-
ties and rise times, we compute variance reduction of the
observed and synthetic data (100% if they are identical).

Table 2
Subfault Parameters*
Strike Dip Rake Lat’ Lon. Depth’

No. ©) © ©) (°N) (°E) (km)

1 315 10 95 1.75 95.60 3

2 315 10 95 2.38 96.23 20

3 315 10 95 2.40 94.90 3

4 315 10 95 3.00 95.60 20

5 325 10 100 3.20 94.10 3

6 325 10 100 3.71 94.83 20

7 330 10 105 4.00 93.50 3

8 330 10 105 4.44 94.27 20

9 340 10 105 4.90 93.00 3
10 340 10 105 5.30 93.80 20
11 342 10 100 5.82 92.68 3
12 342 10 100 6.15 93.50 20
13 340 10 95 6.72 92.38 3
14 340 10 95 7.02 93.22 20
15 337 10 85 7.64 92.08 3
16 337 10 85 8.00 92.90 20
17 350 10 99 8.60 91.64 3
18 0 10 106 9.60 91.51 3
19 10 10 115 10.66 91.48 3
20 10 10 115 11.56 91.63 3
21 15 10 120 12.51 91.78 3
22 25 10 130 13.51 92.01 3

*Length and width are 100 km for each subfault.

"Locations (latitude [Lat.], longitude [Lon.], and Depth) indicate the

left bottom corner of each subfault.

99’

Results

Inversion of Tide Gauge Data

Inversion of tsunami waveforms recorded on tide gauge
stations yields a tsunami source length of about 900 km. The
largest slip of 25 to 30 m is estimated on the southern and
shallow part of the source region (subfaults 3 or 5), off the
coast of Sumatra. Around the Nicobar Islands (subfaults 9

70° 100° 110°

' §
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\

\
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Figure 5. Distribution of digitized nautical charts
(solid rectangular). We used digitized data for shallow
regions bounded by dashed lines. For deeper parts,
we used ETOPO2 data, merged with the digitized data
if available.
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Figure 6. Comparison between ETOPO2 (left) and the merged bathymetry data

(right).
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to 16), the second largest region of slip up to 7 m is esti-
mated. On the northern end of the source (subfaults 19 to
22) near the Andaman Islands, the estimated slip is relatively
small (up to 2.5 m). This slip distribution is similar to those
of Fine et al. (2005) and Tanioka et al. (2006).

Y. Fujii and K. Satake

These features are very stable, regardless of the rupture
velocity or rise time chosen. The slip distribution for differ-
ent rupture velocities (Fig. 7 and Table 3) shows that the
largest slip on subfault 3 differs from 21 to 30 m, but large
slip stays on the same subfaults. The general pattern of slip
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Figure 7.  Slip distribution estimated by inversion of tide gauge (TG) data. Rupture ve-
locity is 1.0 (left), 1.5 (center) and 2.0 (right) km/sec. Rise time for each subfault is 3 min.
Table 3
Slip Distributions for Three Different Inversions with Different Rupture Velocities
Tide Gauge Data Satellite Altimeter Data TG + SA Data
No. 1.0 km/sec 1.5 km/sec 2.0 km/sec 1.0 km/sec 1.5 km/sec 2.0 km/sec 1.0 km/sec 1.5 km/sec 2.0 km/sec
1 0.0 = 0.2 0.0 £ 1.3 1.1 £ 105 104 += 49 104 = 5.0 8.0 + 4.2 0.0 + 0.2 0.0 + 04 00 £ 14
2 0.0 £ 0.3 1.9 =12 85 + 45 0.0 = 1.7 0.0 = 0.0 0.0 £ 0.0 43 £ 22 158 £ 7.8 19.6 £ 16.6
3 303 £ 155 254 £ 11.6 20.8 =92 1.0 = 0.6 1.2 + 0.6 3.6 + 1.6 24.6 £ 137 18.6 = 103 164 = 7.0
4 0.0 = 0.0 0.0 £ 0.0 0.0 = 0.0 25 + 1.1 0.7 £ 03 1.3 = 0.6 0.0 = 0.0 0.0 = 0.0 0.0 £ 0.0
5 246 = 10.0 255 £ 11.0 254 + 9.1 302 £ 13.7 274 £ 163 243 + 12.6 24.6 + 9.8 26.6 £ 11.5 255 + 10.2
6 74 + 35 0.6 £ 04 0.0 = 1.0 302 £ 154 350 £ 165 322 =160 123 =55 7.1 £ 32 39 + 38
7 132 £ 59 16.6 = 6.3 175 £ 7.8 197 £ 157 158 £ 74 18.1 = 13.1 128 £ 7.6 157 £ 7.0 16.8 = 8.0
8 1.7+ 14 6.8 + 34 49 + 23 0.5 + 9.8 30 7.1 64 + 74 1.8 + 2.8 6.0 + 32 47 £ 23
9 1.6 = 1.2 0.0 £ 0.3 0.7 = 0.2 154 + 6.6 18.1 = 8.3 175 £ 6.7 1.9 + 39 0.0 + 04 0.8 £ 04
10 42 + 1.8 24 + 1.6 26 + 14 8.0 = 4.1 11.3 £ 438 11.5 £ 5.1 45 £ 20 30+ 13 33+ 1.7
11 6.2 + 32 0.8 + 0.8 0.0 = 0.5 149 + 6.6 8.7 + 4.6 9.8 + 4.6 6.0 + 33 1.0 = 1.1 0.0 £ 0.5
12 39 + 4.1 33 +35 32 + 3.6 0.0 = 0.2 0.0 £ 1.0 0.7 £ 0.5 32 + 37 32 + 37 27 + 34
13 6.6 + 2.8 2.8 + 2.1 0.0 = 0.7 74 + 35 72 + 35 8.6 + 43 6.5 + 2.6 24 + 1.1 0.0 £ 0.5
14 0.0 = 0.2 08 £24 1.2 = 2.1 0.0 = 0.0 0.0 £ 0.5 0.0 £ 0.2 0.0 = 0.0 0.1 £ 0.2 09 £22
15 6.5 + 3.0 3.1 +33 0.0 = 0.5 127 £ 5.7 57 +23 83 + 3.6 7.1 + 29 36 = 1.2 02 + 02
16 2.8 +22 35+ 14 25 + 1.7 8.0 = 3.8 142 + 64 162 = 7.4 3.5 + 35 41 14 27 + 1.6
17 30+ 1.8 0.0 £ 0.3 0.0 = 0.0 6.1 + 3.1 124 £ 5.1 11.0 =+ 4.7 32+ 19 0.0 = 0.0 0.0 £ 0.0
18 25+ 1.5 42 £ 27 39 £ 20 0.0 + 04 46 + 25 52 +28 27 + 19 43 £ 25 40 £ 22
19 0.1 = 0.2 1.6 = 1.1 1.8 = 1.0 0.0 + 04 0.0 = 1.0 0.0 £ 0.0 0.0 = 0.3 1.7 = 1.0 1.8 = 1.0
20 0.0 = 0.7 0.0 £ 0.0 0.0 = 0.0 104 = 5.2 0.0 = 0.7 0.0 £ 1.6 0.0 =+ 03 0.0 = 0.0 0.0 £ 0.0
21 0.0 = 0.2 0.0 £ 0.1 0.0 = 0.3 0.0 = 0.6 0.0 = 0.0 0.0 £ 0.3 0.0 = 0.1 0.0 = 0.1 0.0 £ 04
22 0.7 £ 03 22+ 1.0 25+ 1.2 133 = 6.4 9.7 £ 50 7.1 £ 4.1 1.0 = 04 23 = 1.1 26 + 1.3
M,, 9.1 9.1 9.1 9.3 9.2 9.3 9.1 9.1 9.1
VR (%) 342 29.8 29.7 38.2 35.5 34.2 32.1 27.8 27.4

TG, tide gauge; SA, satellite altimeter; M,,, moment magnitude; VR, variance reduction.
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distribution around the Nicobar and Andaman Islands are
also stable. The maximum variance reduction was obtained
in the case for rupture velocity of 1.0 km/sec (Table 4). We
also varied the rise time on subfault for 1, 2, and 3 min, and
found that the rise time 3 min gave the largest variance re-
duction (Table 4). We therefore adopt the case with rupture
velocity of 1.0 km/sec and rise time 3 min as the best so-
Iution and compute synthetic SSHs (Fig. 8) and tsunami
waveforms (Fig. 9).

The synthetic waveforms in general agree well with the
observed ones at most stations (Fig. 9). The Vishakhapatnam
waveform can be reproduced better, if we weight this station
more. The overall slip distribution, that is, much smaller slip
in the Andaman Islands than around the Nicobar Islands and
off the coast of Sumatra, is similar for such a case. On the
contrary, it is difficult to reproduce the Paradip waveform
simultaneously with the other stations, in particular, Chennai
and Vishakhapatnam. Synthetic SSHs in general reproduce
the observed SSHs, but details such as the second peak of
the direct arrival around 3° S of the Jason-1 record are not
reproduced (Fig. 8) by a model estimated from tide gauge
data alone. The total seismic moment is calculated from this
slip distribution as 5.77 X 10?> N m (M,, 9.1), assuming the
rigidity of 5.0 X 10" N/m?.

Inversion of Satellite Altimeter Data

Inversion of satellite data yields somewhat different re-
sults than inversion of the tide gauge data does. The largest
slip is over 30 m, located on subfault 6 (Fig. 10). This is
also in the southern part of the source region, or off the coast
of Sumatra, but at a deeper part of the fault, and the slip
amount is larger. We confirm from numerical experiments
that deeper slip is required to explain the second peak of
SSH data. The slip amount around the Nicobar Islands (sub-
faults 9 through 16) is up to 18 m, but mostly on shallow
subfaults. The notable difference is that there is significant
slip around the Andaman Islands at the northernmost sub-
fault when satellite data are used. This indicates that the
tsunami source extended over the entire aftershock zone with
a length of about 1400 km, as suggested by Hirata et al.
(2006).

Table 4

Variance Reductions (%) for Three Different Inversions with
Different Rupture Velocities and Rise Times

Satellite Altimeter
v Tide Gauge Data Data TG+ SA Data

r

(km/sec) 1min 2min 3min lmin 2min 3min [ min 2min 3 min

0.5 23.1 208 188 27.8 295 31.0 220 20.1 183
1.0 328 334 342 338 364 382 298 31.0 321
1.5 293 295 298 31.1 338 355 268 273 278
2.0 302 299 297 297 323 342 272 273 274
2.5 284 282 283 284 30.6 329 250 252 256
3.0 285 284 285 274 297 319 249 252 256

S199

As in the case of inverting the tide gauge data (previous
section), the preceding feature is stable for different rupture
velocities and rise times. The largest slip amount is similar
(30 to 35 m) and always on subfault 6 (Fig. 10). The slip
amount on the northernmost subfault (subfault 22) varies
from 7 to 13 m when rupture velocity is changed from 1.0
to 2.0 km/sec (Fig. 10 and Table 3), but all the cases require
significant slip. Within the range we varied these parameters,
we found that the rupture velocity of 1.0 km/sec and the rise
time of 3 min yield the largest variance reduction (Table 4).

The synthetic SSHs agree very well with the observed
ones, including the second peak around 3° S of the Jason-1
record (Fig. 11). The synthetic tsunami waveforms, on the
contrary, do not reproduce the observed ones in some cases
(Fig. 12). In particular, on the east coast of India (Visha-
khapatnam and Chennai) the synthetic waveforms are much
larger than the observed tsunami amplitudes on tide gauges.
The synthetic waveform at Paradip has similar amplitude
with the observed one, but the phases are different. These
discrepancies may be the result of significant slip on the
northernmost subfaults around the Andaman Islands. The
total seismic moment for this slip distribution is calculated
as 9.53 X 10?> N m (M,, 9.3), assuming the rigidity of 5.0
X 10" N/m?.
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Figure 8. Comparison of observed (open circles)

and synthetic (solid circles) SSHs computed from the
slip distribution derived from inverting tide gauge
data. Rupture velocity is 1.0 km/sec, but other rupture
velocities yield similar results.
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Joint Inversion of Tide Gauge and Satellite
Altimeter Data

Joint inversion of tide gauge and satellite data results in
a slip distribution that is very similar to that of the tide gauge
data (Fig. 13). Although the number of data points is larger,
spatial and temporal distribution of SSH data is more limited
than that of tide gauge data. The largest slip, about 25 m, is
estimated on the southern and updip part of the source region
off the coast of Sumatra. The slip on the northern subfaults,
around the Andaman Islands, is relatively small, making the
source about 900 km long.

Again, the previous slip distribution is stable for the
choice of rupture velocity or rise time. The largest slip
ranges 25 to 27 m on subfault 5 for different rupture veloc-
ities. The slip on subfault just north (subfault 7) and just
south (subfault 3) on the updip part of the fault is also large,
although the amount varies (13 to 25 m) depending on the
rupture velocity (Fig. 13 and Table 3). For the subfaults

around the Nicobar Islands, the slip is large on the shallow
subfaults for a slower (1.0 km/sec) rupture velocity, whereas
slip is greater on deeper subfaults for a faster (2.0 km/sec)
rupture velocity. Slip on the northern subfaults (19 to 22) is
almost zero for any rupture velocity. Comparison of the var-
iance reduction indicates that the best fit between the ob-
served and synthetic waveforms is obtained for a rupture
velocity of 1.0 km/sec and a rise time of 3 min (Table 4).
These are the critical parameters, therefore, although the re-
sultant slip distribution is insensitive to the choice of rupture
velocity and rise time.

Comparisons of the observed and synthetic sea surface
heights (Fig. 14) indicate that the agreement is similar to the
case of the tide gauge inversion (Fig. 8), that is, the second
peak around 3° S of Jason-1 record was not reproduced. The
observed and synthetic waveforms agree well at tide gauge
stations (Fig. 15). The total seismic moment is 6.0 X 10
N m (M,, 9.1) for the joint inversion, assuming the rigidity
of 5.0 X 10" N/m?.
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fault, or that the rupture velocity is infinite. In the case of a
giant earthquake whose source length is greater than several
hundred kilometers, however, such an assumption may not
be valid.

The previous studies of tsunami-source inversion using
SSH data (Grilli et al., 2005; Hirata et al., 2006) suggested
that a low rupture velocity of about 1.0 km/sec reproduces
the observed SSH data. Our inversion of satellite data also
indicates that the maximum variance reduction is obtained
in case of low rupture velocity, 1.0 km/sec. We also note,
however, that the comparisons of the observed and synthetic
SSH data are quite similar in any case of rupture velocities;
hence, the slower rupture velocity is not well resolved. The
rupture velocity estimated from seismic-data analysis prefers
the faster velocity over 2.5 km/sec (Ammon et al., 2005;
Ishii et al., 2005).

We varied the rupture velocity and compared the syn-
thetic tsunami waveforms for the slip distribution estimated
by the joint inversion (Fig. 16). The synthetic waveforms are
sensitive to the rupture velocities only at tide gauge stations
in Sri Lanka and along the east coast of India. At Colombo
and Chennai, the synthetic waveforms for a rupture velocity
of 1.0 km best explain the observed waveforms. From this
comparison, we suggest that a rupture velocity of 1.0 km/
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Figure 12.  Comparison of observed (gray lines) and synthetic (black lines) tsunami

waveforms computed from the slip distribution derived from inverting satellite altim-

eter data. Rupture velocity is 1.0 km/sec.

sec is preferred for the tsunami source. In this article, we
assumed a uniform rupture velocity. As suggested by Lay et
al. (2005b), the rupture velocity might have varied during
the rupture process. Because waveforms are sensitive to rup-
ture velocity only at a few tide gauge stations, the temporal
change in rupture velocity may not be resolvable from tsu-
nami data.

Slip Distribution and Crustal Deformation

Our inversion indicates that maximum slip is located off
Sumatra Island. This is similar to the result of analyses using
seismic waveforms (Ammon et al., 2005). The moderate slip
around the Nicobar Islands is also similar to their result.
Around the Andaman Islands, our inversion of tide gauge
data and the joint inversion indicate little slip, whereas our
inversion of satellite data indicates significant slip there.
Spatial distribution of coastal subsidence and uplift has been
revealed from comparisons of satellite imagery before and
after the earthquake (Meltzner et al., 2006; Tobita et al.,

2006). Seafloor deformation calculated from the three mod-
els (Fig. 17) shows large (up to 14 m) uplift of the seafloor
in the southern part of the source. The large seafloor uplift
there must be responsible for the large tsunami damage in
and around Banda Aceh. Our results predict uplift near the
trench axis and subsidence of the Nicobar Islands. However,
the subsidence amount predicted by tsunami source model
is up to 1.2 m, too small compared with the observed sub-
sidence, up to 3 m on Great Nicobar Island (e.g., Malik and
Murty, 2005). Our joint inversion (right figure in Fig. 17)
predicts little deformation on the Andaman Islands, whereas
the inversion of only satellite data predicts some deforma-
tion. The field surveys indicate that North and Middle An-
daman Islands have uplifted as much as 1.5 m whereas South
Andaman has subsided nearly 1 m (Kayanne et al., 2005).

If the tsunami data do not support the slip beneath the
Andaman Islands, the observed sea level changes must be
produced by a slow slip at a timescale longer than tsunami
periods or postseismic slip after tsunami generation but be-
fore the survey.
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Slip near the Andaman Islands

Slip around the Andaman Islands is an important key to
estimate the tsunami source length. To assess the effect of
the slip around the Andaman Islands on the synthetic tsu-
nami waveforms, we compare the observed tsunami wave-
forms on the east coast of India and Sri Lanka with the
synthetic waveforms computed from three models (Fig. 18).
The slip distribution estimated by inversion of satellite data,
which has a considerable slip around the Andaman Islands,
does not explain the observed tsunami waveforms. The am-
plitudes at Vishakhapatnam and Chennai are overestimated
from the initial pulse to the later phases of tsunamis. In con-
trast, the synthetic waveforms computed from the slip dis-
tribution derived from the joint inversion, with a little slip
in the Andaman Islands, can reproduce the observed tsunami
waveforms at those tide gauges. This suggests that the tide
gauge data do not support slip around the Andaman Islands.
The fact that the tsunami height and damage were slight in
Myanmar, compared with the neighboring Thai coast, also
is consistent with a source limited in the southern part of the
aftershock zone (Satake et al., 20006).

Conclusion

We have estimated the tsunami source of the 2004
Sumatra—Andaman earthquake using tsunami waveforms at
tide gauge stations and SSHs captured by satellite altimetry
measurements over the Indian Ocean. Joint inversion of tsu-
nami waveforms and satellite data indicates that the 2004
tsunami source was about 900 km long, extending from off
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parison. Rupture velocity is 1.0 km/sec.

the west coast of Sumatra (maximum region of slip) to the
Nicobar Islands. Slip on the fault is 13 to 25 m off Sumatra,
up to 7 m around the Nicobar Islands, and relatively little
farther north around the Andaman Islands. The agreement
between observed and synthetic waveforms is best using a
rupture velocity of 1.0 km/sec and a rise time on each sub-
fault of 3 min.
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