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Abstract

To understand the role of the co-seismic moment magnitude, M,,, 9.1-9.3 Sumatra—Andaman Earthquake rupture mechanism
on the severity of the Indian Ocean Tsunami, we used permanent Global Positioning System (GPS) data and carried out an analysis
of co-seismic displacement and tsunami models. Tsunami modelling, validated against independent Jason-1 altimetry data and
tsunami arrival time data as determined from tide gauges, was used to analyse the results of five co-seismic slip inversions, using
GPS, seismicity and/or uplift data. In this way we determined the most likely slip distribution characterized by slip maxima of
~20 m in the South and ~20 m in the North. We used both the distribution and temporal evolution of the co-seismic slip as derived
from the GPS data. We show that the ~9 min propagation time of the rupture led to constructive interference of waves radiating
first from the South and minutes later from the North, strengthening the tsunami in Southern India, Sri Lanka and Thailand. We
conclude that the incorporation of permanent real-time GPS stations would represent a valuable component of future tsunami
warning systems.
© 2007 Elsevier B.V. All rights reserved.
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and Australia is a wide region, affected by NW—-SE
compressive deformation of the oceanic lithosphere
(Chamot-Rooke et al., 1993), and by active left-lateral
strike slip along north-trending paleo transform faults
(Deplus et al., 1998; Deplus, 2001; Abercrombie et al.,
2003). In the long term, the oblique convergence
between the Indian Ocean and the Sundaland Block
(Simons et al., in press) is accommodated by slip
partitioning between two parallel, interseismically
locked tectonic entities: the Sumatra—Andaman—Arakan
subduction in the forearc and the Sumatra—Sagaing
strike slip fault system in the back arc, (Fitch, 1972;
Curray, 1989; McCaffrey, 1991; Prawirodirdjo et al.,
1997; Genrich et al., 2000; McCaffrey et al., 2000;
Nielsen et al., 2004; Socquet et al., 2006). The earth-
quake ruptured an 1100—1300 km long section of the
subduction interface, starting from the northern edge of
Sumatra and ending offshore from the Andaman Islands,
(Banerjee et al., 2005; Bilham, 2005; Ishii et al., 2005;
Kriiger and Ohrnberger, 2005; Lay et al., 2005; Ni et al.,
2005; Park et al., 2005; Subarya et al., 2005; Vigny et al.,
2005; Briggs et al., 2006). It lasted for approximately 8—
10 min (Ishii et al., 2005; Vigny et al., 2005), and
generated one of the largest tsunamis of recent times
(Lay et al., 2005; Titov et al., 2005a) causing colossal
devastation and loss of life as it propagated into coastal
regions without any tsunami warning being issued.

This earthquake is thought to have increased the
stress and raised the seismic hazard on the adjacent
segments of the subduction zone. The March 2005
M,,=8.7 Nias earthquake, Briggs et al. (2006) which
occurred just south of the 2004 event, is an example of
the triggered seismicity, there is now concern for at both
ends of the rupture. To the north for example, offshore of
the Myanmar coast, the Arakan Trench elastically
accumulates a significant part of the relative motion
between the Indian and Sundaland plates and is likely to
produce a M,,=8.5 earthquake every century or a
M, =9 every 500 yr (Socquet et al., 2006). However, the
risk of another devastating tsunami is not restricted to
the Indian Ocean (Nedimovic et al., 2003; Titov et al.,
2005b). The population explosion in coastal regions
means that, more so than at any other time in our history,
we are at risk from tsunami’s resulting from submarine
earthquakes.

An outstanding issue is the rapid and accurate
determination of the spatial distribution of slip and its
temporal evolution. This has direct implications for
tsunami warning and will ultimately lead to a better
understanding of earthquake rupture mechanisms and
associated seismic hazards. The first estimates of the
earthquake magnitude calculated from seismic data

underestimated the magnitude of the earthquake, the
length of rupture and hence the size of the tsunami. It
took nine hours for seismologists to issue a My=9
estimate and ~450 km rupture length, but it took days to
get a more accurate estimate of the magnitude and real
rupture length. To address this issue, we present the first
Indian Ocean Tsunami modelling results to use co-
seismic uplift fields together with estimates, every 30 s,
of the position of the rupture as derived from the
kinematic analysis of permanent far field Global
Positioning System (GPS) stations (Vigny et al.,
2005). This analysis established that the rupture first
propagated toward the north—north-west at a speed of
~3.5kms™ " until 7-8° N, continuing farther north more
slowly at ~2 kms™' and that all co-seismic motion
ceased within 10 min.

We demonstrate how tsunami model results, validat-
ed against the independent Jason-1 altimetry data and
tide gauge arrival time data, can be used to select
between the results of five co-seismic slip inversions. To
our knowledge this is the first time GPS data have been
used together with tsunami models to improve our
estimates of the slip along a thrust-fault earthquake.
Here, we use permanent GPS data to gain new insights
into the earthquake rupture mechanism; in so doing we
demonstrate that the SE Asia GPS network in place at
the time of the 2004 Sumatra—Andaman Earthquake
could have been used to issue a tsunami warning and
that GPS should be part of future warning systems.

2. Methods

We run co-seismic displacement models and then use
the results of tsunami models, validated against
independent Jason-1 satellite altimeter data and tide
gauge data, to assess the quality of the inversions. In the
first step the GPS and uplift data, described in Vigny
et al. (2005), Subarya et al. (2005), Gahalaut et al.
(2006), and Bilham et al. (2005) are inverted to obtain
the co-seismic slip distribution. In the second step uplift
and subsidence fields are generated by a forward elastic
model using the previously calculated slip on the fault.
The uplift and subsidence fields are then used to
generate the initial fields for tsunami simulations, using
two unstructured mesh finite volume and finite element
numerical models, Delfin and Finlab, described in Ham
et al. (2005) and Labeur and Pietrzak (2005) respec-
tively. The quality of the inversions is assessed by a
comparison of the simulated sea surface displacements
against those measured by Jason-1. In addition, a
comparison is made between the simulated and recorded
tsunami arrival times around the Bay of Bengal.
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2.1. Co-seismic modelling from GPS data and uplift
data

The estimation of the surface deformation due to slip
on the fault was carried out with the Okada (1985, 1992)
half-space dislocation algorithm. This is implemented in
the inversion program DEFNODE (McCaffrey, 1995,
2002, 2005) which applies simulated annealing to
downhill simplex minimization (Press et al., 1989) to
solve for the model parameters. We minimize data misfit
(between modelled and observed co-seismic displace-
ments), defined by the reduced chi-squared statistic:
Xﬁ = % where 7 is the residual between model and
observations, s is the standard deviation and dof is the
degrees of freedom. The uplift field is generated by
calculating every 0.2° of latitude, the surface deforma-
tion due to the slip on the fault, determined by the
previous inversions. It should be noted that the
inversions are static; we did not account for the timing
of the rupture in the inversions, although this is possible
in principle, see for example Biirgmann et al. (2002).

In the first model, published in Vigny et al. (2005)
hereafter referred to as Model 1, the surface fault
geometry follows the map published by Pubellier et al.
(2003), the dip angle is fixed at 13° consistent with the
USGS focal mechanism and a maximum depth of 50 km
is assumed. The amount of slip on the fault is inverted at
each node with the assumption of a uniform direction.
With a normalised % of 2.2 and a weighted Root Mean
Square (RMS) of 4 mm, this model was found to give the
best agreement between modelled and observed defor-
mation in an extensive analysis of the GPS data. This
model leads to a seismic moment (Mo)=4.10%> N m,
corresponding to a M, ~9.06; if the rigidity values at
depth are those defined in the Preliminary Reference
Earth Model, (Dziewonski and Anderson, 1981).
However, the location at the bottom edge of the fault
of some patches of important slip does not seem realistic.
The low moment magnitude is probably due to the fact
that the fault interface is artificially stopped at 50 km
depth. We will show here that substantial differences
between modelled and observed tsunami arrival times
led us to further investigate the slip distribution.

In all subsequent inversions (Models 2-5), we
therefore use a refined geometry of the fault, for details
see Fig. S1, Supplementary Material. The co-seismic
slip direction on the fault is estimated by solving for the
normalized angular velocities of two fore arc segments
relative to Sunda. The angular velocities were con-
strained by GPS vectors and 314 slip vectors derived
from aftershock seismicity (CMT focal mechanisms).
Both normalized rotation axes comprise 4 free para-

meters. The amplitude of the co-seismic slip on the fault
plane was fit as a Gaussian function of depth along 15
independent profiles across the margin (3 free para-
meters for each independent profile), following the
method used by Subarya et al. (2005).

In Model 2 the same set of co-seismic, continuous
GPS data as in Model 1, are inverted in order to test the
effect of the fault geometry derived from seismicity and
slip direction. We obtain a reduced chi-squared statistic
of x*>=2.8 and a weighted RMS of 4 mm with respect
to the GPS data. The slightly decreasing fit to the GPS
data in this model with respect to Model 1 can be
explained by the introduction of slip vector data that
constrain the direction of the co-seismic slip that differs
from the one inferred by GPS data only. This model
leads to a Mo=3.6 10°> N m, corresponding to a
M, ~9.04.

The moment magnitudes of Models 1 and 2 are too
low when compared to those deduced from other
independent geodetic models (Gahalaut et al., 2006;
Chlieh et al., 2007). It is also smaller than that obtained
by the latter authors if they invert the same set of data.
This is because they minimize a cost function in their
inversion, which includes a term of misfit to the
supposed magnitude of 9.1. They also introduce a
smoothing term which extends the surface of patches
with significant slip and increases the magnitude. We
didn’t follow this approach.

In the third model presented here, Model 3,
additional near field geodetic data are used in the
inversion. In the south, GPS and uplift data at the
latitude of northern Sumatra are used, Subarya et al.
(2005). In the north, in the region of the Nicobar and
Andaman Islands, campaign GPS published in Gahalaut
et al. (2006) and uplift data published in Bilham et al.
(2005) are used. Being located close to the fault zone,
these data can help constrain the zones where slip
actually occurred. However, unlike the continuous GPS
data (Vigny et al., 2005) that are purely co-seismic, these
near field data contain up to 2 months of post-seismic
deformation. Consequently, these data should be
carefully used and interpreted. In particular, campaign
GPS data published in Gahalaut et al. (2006) claim a
very small uncertainty, which has been increased by a
factor 10 for the inversion. Whereas the uncertainties
published in Subarya et al. (2005) were retained for the
southern near field data. It should be noted that Banerjee
etal. (2007) recently corrected the Gahalaut et al. (2006)
data for the post-seismic contribution using an afterslip
model. However, since the afterslip contribution may be
extremely variable along the fault zone, here we use the
original measurements and increase the error bar.
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The co-seismic slip obtained for Model 3 corresponds
to a My, ~9.13 (Mo=5 10*? N m), which is close to the
magnitude given by seismic models (Ammon et al.,
2005) and by some recent geodetic models (Gahalaut
et al., 2006; Chlieh et al., 2007). However, the chi-
squared statistic x>=15.1 is worse, as is the weighted
RMS of 37 cm with respect to the uplift data and 17 mm
with respect to the GPS data. The fit of 9 mm to the far
field purely co-seismic data is much better than the fit to
the near field data (~27 cm to the data of Subarya et al.
(2005) and ~ 1 m to the data of Gahalaut et al. (2000)).
The difference of fit between the near field and the far
field data has been obtained on purpose. Indeed, this
model has been driven to fit in priority far field data to
reflect the purely co-seismic motion.

In order to assess the influence of post-seismic
deformation, Model 4 was run. This model only uses
the near field data sets and seismicity as described above.
The chi-squared statistic %°=4.1 is better than in the
previous model. This is due to a better fit to the near field
data. The weighted RMS is 22 cm with respect to the
uplift data and 8.5 cm with respect to the GPS data. The
fit of 59 mm to the far field data, is substantially degraded
with respect to the previous model. Whereas the fit to the
near field data (~ 11 cm to the data of Subarya et al., 2005
and 0.6 m to the data of Gahalaut et al., 2006) is
improved, by almost a factor 2, with respect to Model 3.
This model leads to a M0o=9.87 10> N m and
M,,~9.33. This magnitude corresponds to almost
twice the energy released according to Model 3 and is
higher than any geodetic or seismologic model published
(eg. Chlieh et al., 2007; Banerjee et al., 2007; Rhie et al.,
2007). This is confirmed by the amplitude of the vectors
predicted by the model, which is twice the one measured
by the continuous GPS in Thailand and Malaysia.

As we will show, Model 3 produced a substantial
improvement to the slip distribution in the south, but not
in the north. Consequently we carried out Model 5. This
model is identical to Model 2, except that it only uses the
southern near field data, Subarya et al. (2005). The chi-
squared statistic %>=8.2 is improved, though it is not
directly comparable to the y* of other models. The
weighted RMS is improved with respect to Model 3,
both with respect to the uplift data (22 cm) and with
respect to the GPS data (11 mm; being distributed
between 9 mm to the far field purely co-seismic data and
23 cm to the near field data of Subarya et al. (2005)). This
model gives a Mo=4.1 10 N m (M,, ~9.08), which is
in agreement with, though slightly higher than, the one
obtained for Models 1 and 2, purely co-seismic. The
misfit to the near field data represents the post-seismic
part of the measured vectors.

2.2. Numerical modelling

We used two unstructured mesh finite volume and
finite element models, Delfin and Finlab, which here
employ triangular elements. The unstructured mesh
approach, has only recently been adopted for tsunami
studies; although it is increasingly used in other
modelling studies of the oceans and coastal zone, see
Pietrzak et al. (2004, 2005) and references therein. It is
also used in the German—Indonesian Tsunami Warning
System, GITEWS (Schroeter et al., 2006) and in recent
New Zealand tsunami studies (Walters, 2006). It offers
the advantage of grid flexibility and the ability to better
resolve coastlines and islands. Consequently we used
high resolution (500 m) around the Andaman and
Nicobar Islands, 1 km resolution on the Sumatra coast
and parts of Thailand, through 10 km around Sri Lanka,
to 20 km on northern parts of the Indian coast. The
seaward most boundary of the domain to the south and
west were sampled at 40 km resolution. The bathymetry
comes from the General Bathymetric Chart of the
Oceans (GEBCO) with a resolution of 1° latitude. Both
Delfin and Finlab used the same mesh. Delfin is a
hydrostatic model, whereas Finlab is a fully non-
hydrostatic model. Finlab has the option to be run in a
hydrostatic mode.

The temporal forcing of the seismically induced sea
surface displacement was incorporated into the numer-
ical tsunami simulations every 30 s. It was based upon
the temporal evolution of the fault rupture as determined
from the kinematic analysis (Vigny et al., 2005). The
kinematic GPS analysis lists a set of points giving the
position of the rupture every 30 s. We assumed a one to
one correlation between the uplift and subsidence fields,
and the sea surface perturbation. Based on these data
sets we progressively perturbed the surface elevation at
each time step in the first 9 min of the simulations with
Delfin, as described in Ham (2006). In contrast, in the
non-hydrostatic version of Finlab, the sea floor itself
was ruptured, again according to this timing, and the
model then calculates the evolution of the sea surface. A
30 s time step was used, in order to resolve the temporal
evolution of the rupture.

In order to be sure the method of perturbing the sea
surface did not influence the results we carried out a
detailed comparison of the two codes, Delfin and Finlab
using the uplift fields described in Ham (2006) (not
presented here). The results from the two codes gave
nearly identical results; both when we compared hydro-
static simulations from the two codes, as well as when we
compared a hydrostatic and non-hydrostatic simulation.
This gives us confidence that the method employed to



J. Pietrzak et al. / Earth and Planetary Science Letters 261 (2007) 49—-64 53

perturb the sea surface in Delfin, was as accurate as
rupturing the sea floor itself (as simulated in Finlab). In
addition, the influence of non-hydrostatic effects was
found to be negligible for the large scale bed displace-
ments studied here. Therefore only the results from the
Delfin software are presented in the following.

2.3. Satellite altimeters and tide gauge data

Delft University of Technology and the National
Oceanographic and Atmospheric Administration main-
tain a common Radar Altimeter Database system from
which the Jason-1 altimeter data were extracted. Fig. 1
shows the bathymetry of the Indian Ocean, the location
of the tide gauges and the track taken by the Jason-1
altimeter as it passed from south to north across the
Indian Ocean. From this track we produced relative sea
level data by taking differences between track 129 within
cycle 109 that traversed the region on December 26th
2004 and a similar track observed 10 days earlier in cycle
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108 on December 16th 2004. Furthermore we compared
the results of taking differences between cycle 109 and
108, 109 and 107 and 109 and 106. We found negligible
differences in the results, supporting our confidence in
the Jason-1 data. We also discuss the TOPEX/Poseidon
(T/P) satellite altimeter data. However, due to acquisition
problems it has extensive gaps, which are described in
Gower (2007). The better data coverage of Jason-1
provides estimates of the incident tsunami wave
amplitudes and arrival times in deep water, as well as
information on reflected waves. It took over 9 min for the
Jason-1 altimeter to traverse the Indian Ocean. Conse-
quently the transit time of the altimeter has to be taken
into account in order to avoid potential timing errors. It is
necessary to extract the discrete tsunami model data at
the same position and time as that at which the altimeter
data were recorded. Therefore, the surface elevation data
calculated by the tsunami model were interpolated in
time and space to correspond to the instantaneous
measurements in the satellite track.

Fig. 1. The bathymetry of the Indian Ocean based on the GEBCO data set. The track taken by the Jason-1 satellite is shown, as are the locations of the
tide gauges. Modelled arrival times are sensitive to the accuracy with which the bathymetry is known. Tsunami waves, travel with a phase speed given
by ¢ = \/gH, where g is gravitational acceleration and H is the local water depth. In a depth of 4000 m, it takes 2 h to travel 1440 km. For much of the
Jason-1 track we expect fairly good agreement between modelled and observed arrival times. However, the phase errors will increase in areas with
substantial shallow regions, for example, the waves slow dramatically due to the topography in the Andaman Sea.
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In the following, we carry out a detailed comparison Supplementary Material). The two distinct patches of
of the numerical model results against the amplitude and large slip, one in the south and one in the north, are
phase of the incident tsunami waves recorded by the separated by a zone with little or no slip at 7-8° N in
Jason-1 altimeter. We do not use an RMS error measure Models 1 and 2, and at 5.5—-7° N in Model 5. In contrast
because it penalises phase errors, which as we will show the slip distributions of Models 3 and 4 are quite different.
provide valuable information about the slip distribution. They correspond to the longest ruptures produced by the
We use T/P data, where available, to further support our inversions, over 1500 km long; populated by five to six
findings. Finally we compare the model results with patches of high slip distributed along the length of the
arrival times as recorded at the coast. The tide gauge data rupture. Compared with Model 2, both rupture zones
are now known to a fairly high level of accuracy, see for extend 1° farther south and 4° farther north, in agreement
example, Merrifield et al. (2005), Rabinovich and with the area affected by aftershock seismicity. Model 3
Thomson (2007), Wijeratne and Pattiarachi (2005), also consists of a southern and northern region of slip, but
Pattiarachi (2005), and are summarised in Table 1. with a minimum at ~5-6° N.

However, we do not use waveforms as employed in Fujii The influence of the geometry, of the fault
and Satake (2007), since our resolution of bathymetry interface, is to emphasise the dual nature of the source
near the coasts is too coarse. Here we use information region in Model 2 (Fig. 2) compared with Model 1
about the incident waves, as revealed by altimeter data (Fig. S2). Furthermore, the southern patch of slip
and tide gauge arrival time data, to help identify the extends farther south-westwards in Model 2; note the
source region of the Indian Ocean Tsunami. extensive patch of ~ 20 m slip from 3—5° N, with a weaker

patch of ~5 m slip extending northwards to 7° N. In the
3. Results north, a significant patch of slip extends from 8—10° N,

with slip of ~25 m centred at 9° N. The effect of including
3.1. Slip distribution from GPS data the near field data in Model 3 is substantial, Fig. 2. The

dual source is now far less pronounced and the slip

A pronounced dual source region dominates the slip minimum is located 1° farther south. In terms of the
distribution of Models 1, 2 and 5 (Figs. 2 and S2 distribution of the co-seismic slip along strike, the current
Table 1
Observed and modelled tsunami arrival times
Site Co-ordinates Sampling Arrival times of the leading incident tsunami waves (in minutes since the earthquake started)

interval - 7i4e  Model Model Model 2 Model 2 Model Model 3 Model 3 Modeld Models
of tide gauge 1 2 South North 3 South North
gauge
(min)
Sibolga Indonesia ~ 01.75° N; 98.75° E 3 107 8 97 97 162 86 86 144 80 81
Tuticorin India 08.75° N; 78.20°E 6 205 207 208 209 208 204 206 204 194 206
Vizakhap-atnam 17.65° N; 83.28°E 5 156 136 150 168 150 132 185 132 130 152
India
Colombo Sri Lanka 06.93° N; 79.83° E 2 170 165 162 162 163 157 165 157 153 162
Male Maldives 04.18°N; 73.52°E 4 195 191 192 192 195 190 194 190 183 193
Diego Garcia UK 07.30° S; 72.38°E 6 226 217 207 207 225 208 208 216 203 207
Hanimad-hoo 06.77° N; 73.18°E 2 211 212 212 212 212 205 217 205 201 212
Maldives
Gan Maldives 00.68°S; 73.17°E 4 197 195 192 192 197 194 194 194 184 194
Port Blair India 11.68°N; 92.77°E 2 15 18 16 66 16 12 83 12 15 17

Tsunami arrival times in minutes after the start of the earthquake, recorded at each of the tide gauges listed, and as modelled for Models 1-5 and
Models 2 and 3 Southern and Northern ruptures. The name and co-ordinates of each tide gauge used, as well as the sampling interval are given in the
table. The tide gauge data are based on the extensive analysis conducted by Rabinovich and Thomson (2007). If there was a significant increase or
decrease in water level between two observation points, they assumed that the actual arrival time was midway between the adjacent points at which
the change occurred. Note the time of arrival of the first wave at Mutwal fishery harbour Colombo is given above. See also Pattiarachi (2005) for a
detailed discussion of the Columbo tide gauge. While the tide gauge data are now known to within 3—6 min it should be noted that the modelled
arrival times at the coast are only accurate to within about 5—10 min; due to grid resolution and or unknown bathymetry in the coastal zone. First
estimates of the Sibolga data (Merrifield et al., 2005; Vatvani et al., 2005) were based on analog records digitised for the tsunami event, with sampling
intervals of 10 min. More recently the records were re-digitised and made available to Rabinovich and Thomson (2007). However, the modelled
arrival times at Sibolga are less conclusive; all arriving too early. This likely reflects poorly resolved bathymetry and or physics in this area.
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Fig. 2. Co-seismic slip distribution (left) and uplift and subsidence fields (right) for Models 2, 3 and 5. Comparison of measured (purple vectors) co-seismic
horizontal displacements from the far field GPS data with the modelled deformations (green vectors) are also shown. Models 2 and 5 invert two large patches
of slip in the south and north, located at ~3—5° N and 8—10° N (Model 2) and at ~2—5° N and 7—11° N (Model 5), separated by a zone with no or minimum
slip at 7-8° N and 5.5-7° N, respectively. Note the more southern extension of the uplift and subsidence in Model 5. Model 3 inverts a much longer rupture
with slip from 2.5° N to 13°N, and a minimum located at ~5-6° N. The amount of slip decreases from 10 m at 10° N to a few meters at ~14° N.
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model is however in agreement with published models
(Gahalaut et al., 2006; Chlich et al., 2007; Banerjee et al.,
2007; Rhie et al., 2007); with a patch of important slip
between 3—-5° N and another one, with smaller slip,
between 6—10° N. The amount of slip decreases to a few
meters at ~14° N. The near field data both increase the
length of the rupture by over 500 km and the energy
released by of the earthquake. However, it decreases the
fit to the co-seismic far field data, (Fig. 2 and Section 2.1).

Model 4 displays a fairly continuous rupture with six
distinct patches of slip, at the locations where there are
data to infer it. The largest difference between the
modelled and observed co-seismic vectors is found for
this inversion, Fig. S2. However, the influence of the near
field data can be observed; it forces the patch of slip in the
far south at 2° N, as well as the patch of slip in the far north
at 14° N. Neither source is reproduced by the far field co-
seismic data alone. Notably the near field data also force
slip at 5-6° N, where we otherwise find a minimum in
Model 3. Furthermore, Model 3 is the only model to invert
a slip maximum from 6—-8° N. The slip distribution of
Model 5 is similar to Model 2. However, the influence of
the southern near field data is to extend the southern and
northern patches of slip 1° farther south and 1° farther
north. The obtained uplift and subsidence fields used for
the tsunami modelling show a bipolar geometry (subsi-
dence to the east and uplift to the west) in Fig. 2 and S2.
The regions of largest uplift and subsidence occur where
there is maximum slip on the fault interface.

3.2. Tsunami modelling

The best overall visual agreement, between the
modelled sea surface displacements and the Jason-1
satellite altimetry data, in both the south-west (1700—
2400 km) as well as the north-east of the track (3900—
4800 km), is found for Models 2 and 5, Fig. 3A. Model
3 has the best visual agreement with the leading tsunami
waves in the south-west of the domain. Conversely,
Model 4 has the worst overall agreement; yet notably it
is the only model to reproduce the peak at ~1900 km.
Model 1 has the worst visual agreement with the
incident waves in the south-west of the domain.
However, the agreement in the north-east is as good as
Models 2 and 5. It should be noted that Models 1 to 5
correspond to their respective slip inversions which
have the same names, Models 1 to 5, respectively.

Models 2 and 5 underestimate the amplitude of the
leading tsunami waves (at ~ 1900, 2000 and 2050 km)
by over 50%, and instead of two peaks there is only one
centred at the location of the trough at ~2000 km. In
contrast the trough at ~2250 km is well represented, as

is the peak at ~2400 km, with amplitude and phase
errors of about 10%. In the north, the peak at 4700 km,
the trough at 4400 km and the peak at 4200 km are
reproduced with phase and amplitude errors of only 5—
10%. Moreover the broad trough from ~2900-3900 km
in the Bay of Bengal is reproduced, with amplitude and
phase errors of ~10% from ~3300 km to ~3800 km.
While the addition of the southern near field data in
Model 5, did extend the location of the rupture farther to
the south, the results are similar to Model 2. This is
further supported by a comparison with the leading peak
in the T/P data, Fig. S3, Supplementary Material.

In contrast, Model 3 is the only model to reproduce
the double peak feature (at ~ 1900, 2000 and 2050 km),
although its amplitude is ~50% of that observed and
there are phase errors, with the simulated peak, trough,
peak sequence located at ~2000, 2050 and 2100 km.
The trough (~2250 km) is well reproduced in both
amplitude and phase (within 10%). While the peak
(~2400 km) and trough (~2450 km) are not repro-
duced, the broad peak from ~2600-2900 km is
captured. In marked contrast the visual agreement with
the recorded waves in the north, is the worst of all the
simulations except for Model 4. Note T/P records the
leading wave in the south-west as one broad peak,
instead of the double peak recorded by Jason-1, as does
Model 3; and Model 3 exhibits the same phase lag.

In either Model 3 or 4 there is no obvious peak, trough,
peak sequence at ~4700, 4400 and 4200 km. In addition
the broad trough from 2900-3900 km is replaced by a
series of peaks. The patch of slip (~ 10 m) in the Andaman
Islands in Models 3 and 4, corresponding to offshore uplift
(~3 m), degrades the agreement with the northern
incident waves. The poor visual agreement in Model 4
likely highlights the contamination of these data by post-
seismic movements. Note however, that the peak at
~1900 km is only ~20% broader than the Jason-1 signal
and the amplitude agrees within a few percent. When
compared with T/P the results are consistent; a similar
leading phase error although the amplitude is now
somewhat over estimated. However, it appears the broad
peak recorded by T/P is made up of the two leading waves
recorded by Jason-1; with Model 4 capturing the first peak
in Jason and the first half of the broad wave in T/P. Finally
it is worth commenting that while the leading wave of
Model 1 has a significant phase error, corresponding to an
arrival time delay of ~6 min, the results from Model 1
could have been used to issue a reliable tsunami warning,
Movie 1 Supplementary Material.

An analysis of the animations of Model 2 (Movies 2—
4, Supplementary Material) indicates, that the peak at
~ 1900 km, trough at ~2000 km, the peak at ~2050 km
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Fig. 3. Comparison of modelled against observed sea surface elevation anomaly. (A) For Models 1 to 5 and (B) for Models 2 and 3 northern and
southern ruptures only. The Jason-1 altimeter data are shown in black. The start time of the south-western most part of the track was 1:53:48 (0 km)
and the end time of the north-eastern most part of the track was 2:03:18 (~4800 km). The track intersects the leading waves of the tsunami in the
south at 1:55 (~ 1900 km) whereas the leading wave in the north intersected the track at ~2:03 (~4700 km). Note the data spikes at ~550 km and
~ 1600 km. Time in minutes since the earthquake initiated is also shown. The RMS error of the altimeter data is about 0.02—0.03 m, while the timing
is accurate to a thousandth of a second. Model 1 exhibits a substantial phase delay in the arrival of the leading wave in the south-west. Models 2 and 5
generate one peak instead of the double peak, whereas Model 3 reproduces the double peak but with a phase lag. Models 1, 2 and 5 reproduce the
northernmost incident peak and trough, at ~4700 and 4400 km, which are only captured if the northern rupture data are included in Model 2. Models
3 and 4 do not reproduce the northern peak, trough, peak sequence. Model 2 indicates that the southernmost patch of slip is responsible for the
simulated peak at ~2000 km, as well as reproducing the reflected peak from ~2600—2900 km. Notably the interference, of the waves from the south
and north, degrades the solution between 2600—-2900 km. The peak at ~4200 km appears to be due to the superposition of an incident wave from the
southern patch of slip, interacting with a wave from the northern patch of slip.
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and the trough at ~2250 km in the south-west, as well as
the peak at ~4700 km, trough at ~4400, and the peak at
~4200 km in the north-east of the Jason-1 track, are
incident waves. Whereas the third peak at ~2400 km,
the broad peak from ~2600-2900 km and the broad
trough from ~2900-3900 km in the Bay of Bengal are
due to reflection and diffraction from Sumatra and the
Nicobar and Andaman Islands. Any incident waves
originating from sources near the Andaman and Nicobar
Islands would already have passed through the region
and would not be recorded by the Jason-1 altimeter.
However the accurate numerical simulation of reflec-
tions and diffraction requires grid sizes (Stelling and
Duinmeijer, 2003) of the order 100 m and can also be
influenced by errors in bathymetry. Given these
limitations it is encouraging that the broad peak from
2600-2900 km (due to reflection from Sumatra of the
wave caused by uplift from 2.5-5° N) is resolved in
Model 3 and the trough from 2900—-3900 km in the Bay
of Bengal (due to reflection and diffraction from the
Nicobar and Andaman Islands) is partially resolved in
Models 1, 2 and 5.

3.3. Defining the source region

A further analysis of Models 2 and 3 was carried out,
in which the tsunami simulated by rupturing only the
Northern and Southern sections of the fault (above/
below 8° N for Model 2 and 6° N for Model 3), was
investigated. The incident waves recorded by the
altimeter in the South are caused by the southernmost
part of the rupture, Fig. 3B. Whereas the northernmost
incident peak and trough (at ~4700 and 4400 km), are
only captured if the northern rupture data are included in
Model 2. Note they are not reproduced by Model 3.
Furthermore the southern patches of slip in Models 2
and 3 (Fig. 2) produce similar wave signatures in
Fig. 3B, from the simulated peak at ~2000 km to the
reflected peak at ~2600-2900 km.

The southern and northern patches of slip, with
incident waves propagating to the south-west and
originating from slip at ~2.5-5° N and ~6-7° N in
Fig. 2, are responsible for the first and second simulated
peak in Model 3 at ~2000 km and 2100 km,
respectively. The double peak recorded by Jason-1
appears to be due to the above combination of incident
waves. However, in order to reproduce the correct phase
and amplitude of these incident waves, as recorded by
Jason-1, both patches of slip should be displaced farther
to the south-west and be of a larger magnitude. The
origin of the peak recorded by Jason-1 at ~ 1900 km, is
probably from a broad patch of slip from ~2—-3.5° N, see

Model 4, (Figs. 3A, S2 and S3). Whereas the observed
peak at ~2050 km likely originates, from a substantial
patch of slip from ~5—6° N, instead of the zone of zero
slip presented in Model 3. This is consistent with
Model 4, which also indicates substantial slip at ~ 5—6° N.
Results from an earlier simulation (Ham, 2006), using a
previous version of the fault model, also indicated that a
large patch of slip, from ~4—-6° N, does in fact reproduce
the peak at ~2050 km and the trough at ~2250 km, as
well as the reflected peak at ~2400 km. Finally, note the
trough at ~ 2250 km, is well reproduced by Model 3, and
is due to the arrival of incident waves associated with
subsidence arising from both the southern (2.5-5° N) and
northern (6—7° N) patches of slip. This is evident if one
examines the separate northern and southern contribu-
tions to the tsunami waves in Fig. 3B.

The results from Models 1-5 indicate that the source
of the tsunami originates from as far south as 2° N
(Model 4, Fig. 3A). The modelled arrival times at Male,
Diego Garcia and Gan Table 1, are in general agreement
with a southern patch of slip from ~2-5° N. As are the
arrival times at gauges to the west. Except for Model 4,
all waves arrive at Tuticorin within a few minutes of the
tide gauge arrival times and at Colombo somewhat
earlier than recorded. Incident waves generated by both
the northern and southern patches of slip in Model 2
arrive at Tuticorin and Colombo at the same time. In
contrast waves from the north arrive earlier in Model 3;
due to the greater extent of the northern slip in Model 3.
The results from Model 2 (Fig. 3B) suggest that incident
waves radiating from the northernmost patch of slip,
from 8—10° N, lead to the peak at ~4700 km and the
trough at ~4400. Note the peak at ~4200 km is also an
incident wave but from the southern patch of slip. This is
further supported by the arrival times at Vizakhapatnam,
which are best represented by Models 2 and 5. Models
1, 3 and 4 arrive too early. Whereas waves arriving from
slip due to the southern rupture arrive later in Models 2
and 3. The agreement of the modelled arrival times,
from the northern ruptures of Models 2 and 3 with the
Port Blair tide gauge data in Table 1, indicate that the
leading tsunami wave arriving at Port Blair also
originates from the northern slip. Model 3 does not
reproduce the two northernmost peaks and the trough in
Fig. 3A. The patch of slip from 10 to 14° N, offshore
from the Andaman Islands, leads to the early arrival of
the leading incident wave, Fig. 3B.

3.4. Temporal evolution of the tsunami

The temporal evolution of the rupture during the
earthquake clearly has an important influence on the
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Full rupture

Southern part Northern part

1350s (time step 45) 750s (time step 25)

4800s (time step 160)

6000s (time step 200)

Fig. 4. Snapshots of the evolution of the sea surface elevation during the first 6000 s of the Indian Ocean Tsunami for the full rupture and the Southern
and Northern ruptures only for Model 2. Red indicates an elevated sea surface, blue a depression. Note the tsunami waves radiating outward from the
southern section of the fault and those originating from the northern section of the rupture. The tsunami waves appear to interfere constructively as
they spread out over the Indian Ocean.



60 J. Pietrzak et al. / Earth and Planetary Science Letters 261 (2007) 49—64

numerical results, Fig. 4. Starting in the south and
ending less than 10 min later in the north the sea bed is
uplifted on the western side of the fault and depressed on
the eastern side; as further highlighted by Fig. S4,
Supplementary Material. In the first 5—6 min the
southern patch of slip of ~20 m generates a sea surface
elevation to the west and a depression to the east,
mimicking the shape of the ocean floor uplift and
subsidence, Fig. 2. On the west side a wave of elevation
radiates outwards in all directions and on the east a wave
of depression.

In the next 4 min a second patch of slip of ~20 m
centred near Car Nicobar (8—10° N) generates two more
patches of sea surface displacement; again one of
elevation to the west and one of depression to the east.
From these radiate the incident tsunami waves that are
recorded by the Jason-1 altimeter; the peak at ~4200 km,
the trough at ~ 4400 km and the peak at ~4700 km. Note
the agreement of Models 1, 2 and 5 with the altimeter
data, Fig. 3A, and Model 2 northern rupture, Fig. 3B.
This bi-modal slip distribution in the south—north
direction with a slip minimum around 7-8° N, seems
to be responsible for the generation of the two distinct
south and north regions of tsunami wave generation,
observed in Figs. 4 and S4, and in the animations
(Movies 2—4, Supplementary Material). This is consis-
tent with, the results of Models 2 and 3, Fig. 3B,
discussed previously, indicating that a large patch of
southern slip should extend northwards to ~6° N, and as
also found in Ham (20006).

To the east, Fig. 4 shows the large depression in sea
level propagating directly toward the Thai coast. The
same patch of slip that caused the incident waves of
elevation at ~ 1900 km and the depression at ~2000 km
in the Jason-1 track is also responsible for the southern
incident waves of depression and elevation that
propagated to the east. Refraction by the bathymetry
in the Andaman Sea appears to be responsible for the
focussing of the tsunami from Khao Lak to Phi Phi
Island. Finally one striking result that comes from
rupturing the two sections separately is that the leading
waves of the tsunami emanating from the south and
from the north constructively interfere, see Fig. 4 and
the animations (Movies 2—4, Supplementary Material).
This is further supported by Table 1, with the northern
and southern patches of slip in Model 2 arriving at
Colombo and Tuticorin at the same time.

4. Discussion

Tsunami modelling and a comparison with sea level
data, allows us to discriminate between the GPS slip

inversion based on fault maps (Model 1) and the
improved slip inversion using the aftershock data
(Model 2); as well as between inversions supplemented
by near field data Models 3—5. Model 3 provides a realistic
upper bound to the moment magnitude (M, 9.13).
However, the inclusion of the northern near field
data, degrades the modelled tsunami solution, suggest-
ing these data also include a component of post-seismic
deformation. Whereas the southern near field data,
while extending the fault to the south and north (Model
5), are consistent with the continuous far field GPS
data, (Model 2). However, while the Jason-1 data do
not allow us to determine which of Models 2 and 5
better represents the slip distribution; the analysis of
Models 1-5 provide important clues as to the likely
slip distribution.

The largest patch of slip inverted from the co-seismic
GPS data is located between 3-5° N, see Fig. 2
(Model 2). The missing peak (~ 1900 km) in the tsunami
modelling results (Fig. 3A), suggests that the magnitude
of'the slip and uplift to the south—west of Sumatra has not
been recovered by the co-seismic GPS inversions.
Neither was it resolved by seismic data in Ammon
et al. (2005). However, the further analysis presented
here, in which the co-seismic far field data are
supplemented by the near field data Models 3—5, does
indicate a large patch of slip about 1° farther to the
south—west. This is in agreement with the further
analysis of seismic data by Song et al. (2005), as well
as inverse numerical tsunami modelling based on tide
gauge and satellite data, see Fine et al. (2005), Lay et al.
(2005) and Vatvani et al. (2005). Model 5 inverts slip
from 2.5—-11° N which is in good agreement with these
studies, as well as the more recent study by Fujii and
Satake (2007). However, the analysis of the contribu-
tions of the southern and northern patches of slip in
Model 3, indicate that there should be a substantial patch
of slip extending northwards to ~6° N, which has not
been inverted in either Models 2 or 5. In addition the
southern slip should have a larger magnitude more like
that recovered in Model 4.

When compared to other GPS based inversions of the
co-seismic displacement (eg. Subarya et al., 2005; Chlich
et al., 2007; Rhie et al., 2007), our inversions show some
similar patterns; the co-seismic displacements all show
two distinct zones of slip, separated by an area of no or
low slip corresponding to the zone where the rupture
speed decreases (Vigny et al., 2005) and that may act as a
seismological barrier. The results from Model 2 suggest
that the likely source of the Indian Ocean Tsunami
consists of two distinct patches of north and south slip
separated by a zone of minimal slip at ~7-8° N. In
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agreement with reverse modelling studies (Fine et al.,
2005; Vatvani et al., 2005), we find that the northern
source of incident tsunami waves recorded by Jason-1,
radiate outwards from the northern patch of slip from
8—10° N. The earthquake magnitude obtained by our
models ranges between M,, 9.08 and 9.13. Although
some studies infer a significantly higher magnitude
(My,~9.2-9.3) (eg. Ishii et al., 2005; Banerjee et al.,
2007), our estimate of the magnitude is consistent with
the lower bound of the magnitudes obtained by both
seismologic (eg. Ammon et al., 2005) geodetic (eg.
Chlieh et al., 2007) and seismo-GPS combined models
(Rhie et al., 2007).

Models 3 and 4 demonstrate that slip, associated with
offshore uplift to the west of the Andaman Islands,
cannot extend to 14° N. Tsunami waves originating
from such an offshore source degrade the agreement
with the Jason-1 incident waves in the north, as well as
the reflected waves at 2900-3900 km and the arrival
times recorded by the tide gauges. However, Model 1
and results in Ham (2006), allow the possibility of slip
until 12° N if the uplift is displaced, eastwards of that
found in Models 3 and 4, towards the Andaman Islands.
Moreover the location of the pivot line is affected by the
inclusion of the northern near field data; Gahalaut et al.
(2006) and Bilham et al. (2005). In particular, the island
of Little Andaman uplifts in Models 1, 2 and 5; while it
subsides in Models 3 and 4. According to Meltzner et al.
(2006), the subsidence of Little Andaman that arises
from the Gahalaut et al. (2006) data, is not realistic.

It is worth commenting that Ammon et al. (2005)
found three distinct bursts of energy at 4—6° N, 8—10° N
and 12-13.75° N, which they attributed to patches of
high slip, although the northernmost limit of slip that fits
the peak, trough and peak sequence in the north, in
Model 1 and Ham (2006), is located 1° south of theirs.
Additionally Ishii et al. (2005) found distinct bursts of
energy at about 60 s (~3° N), 120 s (~5° N) and 300 s
(~8-10°N), with a minimum at 240 s (~7° N) and with
diminishing intensity to about 12° N. The kinematic
GPS analysis has all co-seismic motion ceasing at about
12° N. The Jason-1 data is the best data set with which to
validate the simulated tsunami arrival times in the north.
The survey reports for Myanmar give conflicting arrival
times and the data from Bangladesh are not available.
However, the Jason-1 data do not allow us to determine
if slip only extends to 10° N as found in Model 2, or
whether it extends as far north as 12° N, as found in
Model 1 and Ham (2006). Assuming the tsunami is
generated by co-seismic motion, the results of Models 2,
3 and 5 suggest the magnitude of the earthquake to be
My, ~9.1 (9.08<M,,<9.13).

The agreement in the north (Models 1, 2 and 5) of both
the phase and amplitude of the incident waves with the
Jason-1 data, suggests that the timing, as derived from the
kinematic analysis of the GPS data, is fairly accurate. It is
certainly within the constant rupture speed range of 2.3—
2.8 km s~ found by Ammon et al. (2005), Ishii et al.
(2005), Lay et al. (2005). In contrast, studies by de Groot-
Hedlin (2005) and Kriiger and Ohrnberger (2005),
indicate two distinct phases to the rupture, but with
comparable mean rupture speeds. Furthermore, these
results support the rapid slip hypotheses, see Ishii et al.
(2005), Kriiger and Ohrnberger (2005), Ni et al. (2005).
Results from the first analysis of the GPS data, the Hi-Net
array and the German array suggest substantial rapid slip
of about 20 m extending to the Andaman Islands,
consistent with geodetic observations of island uplift
and subsidence, Neetu et al., 2005.

Our models predict tsunami waves around the Bay of
Bengal, however, our results suggest that the unusually
large devastation recorded around Sri Lanka, along the
southern Indian Coast and Thailand was due to the
constructive interference of the incident waves radiating
outwards in the first 5—6 min from this southern patch of
slip and then in the next 4 min from the northern patch of
slip. Notably as discussed by Bilham et al. (2005) there
is no historic evidence of a tsunami in the Bay of Bengal
of similar magnitude.

5. Conclusions

Our results suggest that GPS analysis, in combina-
tion with tsunami modelling and sea level data, is a
powerful tool with which to gain insight into the seismic
rupture process and the consequences of its timing. This
is the first time such an approach has been used. The
new fault geometry based on the aftershock data gave an
improved agreement between the modelled tsunami
waves and the altimetry data. We conclude that rapid
slip in both the south and the north appears to account
for the incident waves recorded by the Jason-1 altimeter.
The large waves generated in the south are correlated
with the patch of slip of order 20 m off Sumatra. The
patch of order 20 m slip, extending from Katchell Island
in the Nicobars to Little Andaman, is responsible for the
northern waves. It is evident that both the north and
south sections act as significant tsunami wave generat-
ing sources and that the resulting constructive interfer-
ence pattern contributed to the enormous tsunami off Sri
Lanka and Southern India.

Finally the GPS data could be automatically
processed and inverted to provide initial surface
displacement fields within 15-30 min. Consequently
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they could already be a valuable component of an Indian
Ocean tsunami forecasting system. It is clear that even
the first model inversion, based on the available fault
maps, was enough to issue a warning if an operational
GPS based system had been in place. Indeed the same
regional GPS systems and analysis could be set up in
other areas of the world, in order to supplement
traditional seismic based tsunamis forecasting systems.
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