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PRELIMINARY ANALYSIS OF THE EARTHQUAKE (MW 8.1) AND TSUNAMI OF APRIL
1,2007, IN THE SOLOMON ISLANDS, SOUTHWESTERN PACIFIC OCEAN

Michael A. Fisher, Eric L. Geist, Ray Sliter, Florence L. Wong, Carol Reiss, and Dennis M. Mann

U.S. Geological Survey,
345 Middlefield Rd., MS 999, Menlo Park, California, USA

ABSTRACT

On April 1, 2007, a destructive earthquake (Mw 8.1) and tsunami struck the central Solomon
Islands arc in the southwestern Pacific Ocean. The earthquake had a thrust-fault focal mechanism and
occurred at shallow depth (between 15 km and 25 km) beneath the island arc. The combined effects of
the earthquake and tsunami caused dozens of fatalities and thousands remain without shelter. We
present a preliminary analysis of the Mw-8.1 earthquake and resulting tsunami. Multichannel seismic-
reflection data collected during 1984 show the geologic structure of the arc’s frontal prism within the
earthquake’s rupture zone. Modeling tsunami-wave propagation indicates that some of the islands are
so close to the earthquake epicenter that they were hard hit by tsunami waves as soon as 5 min. after
shaking began, allowing people scant time to react.
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1. INTRODUCTION

The M-8.1 earthquake in the Solomon Islands that occurred at 20:40 on April 1, 2007 (UTC),
struck along a complicated plate boundary in the southwestern Pacific Ocean (Figure 1). Earthquake
shaking and a tsunami caused as many as 52 fatalities and left thousands homeless (Reliefweb,
2007a). These figures remain unconfirmed because the affected area is impoverished and remote from
government resources. Clearly, however, this earthquake’s aftermath includes considerable human

suffering.
150" E 152° 154" 156" 158° 160°
1 \ ““. Q
o New Ireland I. ,, Ontong Java
N Plateau 100 km
New Britain I. o
6°S —
G
Solomon
Sea Plate
g
N\, Trobriand I.
~ x )/ 9
o Woodlark I.
O'@/); b W
2 _/'@ Sy
> e N
Lo ‘96‘/@(9
- &,
AN
ol g
~l A Woodlark
ey, < o o Basin Australia
AT e T lisg
: . % 4, Plate
Chy,
Elzauguinea - meagy /7’/3@/,390 Louisade Plateau
(S =B
12° W

Figure 1. Index map of the part of the southwest Pacific Ocean that includes the Solomon Islands arc
and the epicenter of the 2007 Mw-8.1 subduction-zone earthquake. The crosshatched area shows the
rupture zone of the 2007 earthquake. The dotted outline shows the part of the island arc that has been
characterized by a reduced level of historical seismicity (Cooper and Taylor, 1987). The box shows
the area included in Figure 2a. Plate-convergence rates and directions are from Mann et al. (1998).
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Figure 2a. Location of main shock (red circle) and aftershocks of the 2007 Mw-8.1 earthquake. Plate-

convergence rates and directions are from Mann et al. (1998). Black squares and numbers like “1975a

(7.6) ” give year, sequence and magnitude of doublet earthquakes that occurred in the rupture zone of

the 2007 earthquake. Figure area given in Figure 1. GI: Ghizo Island. KI: Kolombangara Island. NBT:

New Britain Trench. NGI: New Georgia Island. RI: Ranongga Island. SCT: San Cristobol Trench. SI:
Simbo Island. VI: Vangunu Island: VLI: Vela Lavella Island.

The Solomon Islands arc lies along the southwestern boundary of the Pacific plate, and the Mw-
8.1 earthquake was a subduction-zone thrust event. Several aspects of geography and geology make
this earthquake and tsunami unique. First, although young oceanic crust is being subducted eastward
at the New Britain Trench, the down going plate bends sharply downward and dips steeply (30° to
45%) into the mantle, and the earthquake’s epicenter is located almost beneath the trench axis (Figure
2a). Second, in the past 30 years, numerous earthquake doublets have struck this island arc (e.g. Lay
and Kanamori, 1980), and the rupture zone of the 2007 earthquake includes the locations of two
doublets, having magnitudes of about M 7 (Figure 2a). To date (9/1/2007), however, the 2007 event
has produced aftershocks as large as Mb 6.6, but no second M-8 earthquake and tsunami have

occurred.
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Third, where the earthquake struck, complex bathymetric and tectonic elements, including an
active spreading ridge and transform fault, are being subducted. The effect of ridge subduction on
seismogenesis is evident from the fact that earthquake slip began southeast of where the spreading
ridge enters the subduction zone; slip was reduced directly over the ridge; and northwest of the ridge,
slip resumed with increased amplitude.

2. GEOLOGIC SETTING OF THE EPICENTRAL REGION

Since the middle Miocene, the Ontong Java Plateau (Figure 1) has been colliding with the trench
along the east side of the Solomon Islands arc (Kroenke, 1972; Mann and Taira, 2004; Phinney et al.,
1999). This collision caused eastward subduction of oceanic crust to commence along the west side of
the arc, forming an exemplar of subduction-polarity reversal (e.g. Karig and Mammerickx, 1972).
Earthquake hypocenters indicate that oceanic crust on both the east and the west sides of the island arc
is being subducted (e.g. Cooper and Taylor, 1985, 1987; Shinohara et al., 2003; Yoneshima et al.,
2005).

The 2007 Mw-8.1 earthquake occurred along the west side of the arc, where the New Britain and
San Cristobal Trenches mark the northeastward subduction of the oceanic plates on the west. This
crust includes the Solomon Sea plate to the north and the Australia plate to the south across the
Woodlark spreading ridge (Figure 1). Plate convergence between the Solomon Sea and Pacific plates,
is rapid, amounting to about 100 mm/yr (Bird, 2003; Tregoning et al., 1998).

The Woodlark spreading ridge extends discontinuously eastward across the Woodlark Basin to
where the ridge is being underthrust at the New Britain Trench, along the west side of the Solomon
Islands arc (Goodliffe, et al., 1999; Martinez, et al., 1999; Taylor, 1999; Taylor and Exon, 1987;
Weissel et al., 1982)(Figure 1). The spreading ridge figures prominently in this study because the
ridge enters the trench only about 50 km northwest of the epicenter for the 2007 earthquake (Figure
2b). North of the Woodlark spreading ridge, the New Britain Trench deepens northwestward, from
about 5 km near the ridge to as deep as 8 km west of Bougainville Island (Figure 1 and 2a). Across
the spreading ridge to the southeast, the San Cristobal trench is not well expressed bathymetrically, at
depths of 4 km to 5 km.

The Woodlark spreading ridge became active about 6 Ma ago (Taylor et al., 1999), and modeling
geodetic data indicates that the current half-spreading rate across the ridge increases progressively
eastward toward the New Britain Trench, where the half-rate may be as much as 40 mm/yr
(Tregoning et al., 1998).

This spreading ridge is segmented by several transform faults (e.g. Martinez et al., 1999; Taylor et
al., 1999). In particular, near the New Britain Trench the Simbo transform fault extends northward
from a spreading-ridge segment (Figure 2b) to obliquely underthrust the arc’s frontal prism. Swath-
bathymetric data indicate that the transform fault widens northeastward, which has been interpreted as
evidence for crustal spreading along this transform fault since about 80 ka (Martinez et al., 1999).

Ghizo Ridge, possibly an extinct segment of the spreading-ridge, is surmounted by seamounts and
extends southeastward along the axis of the San Cristobal Trench (Figure 2b). The epicenter of the
2007 earthquake is located just northeast of Ghizo Ridge and within a re-entrant in the forearc slope.

The Simbo bathymetric ridge, distinct from the transform fault, extends northward across the
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forearc slope and supports Simbo and Ranongga Islands (Figure 2b). These islands are near the trench
axis and were among the areas hardest hit by the 2007 tsunami. Simbo Ridge and its surmounting
islands apparently formed owing to subduction of the Woodlark spreading ridge. In this area,
spreading-ridge subduction mainly controls the location and intensity of near-trench volcanism (e.g.
Johnson et al., 1987; Taylor and Exon, 1987). Near the epicenter of the 2007 earthquake, volcanism is
restricted in occurrence to the area of New Georgia Island, east of where the spreading ridge is being
subducted. Near-trench volcanoes that formed Simbo Island actually lie west of the projected location
of the trench axis, and other volcanoes lie within just 30 km of this axis.

156 E°

Coastal zone
affected by tsunami

— Coastal zone severely
affected by tsunami

Main slip (>~4M)
zones (Yagi, 2007)

Main slip (>~2m)
zones (Ji, 2007)

Figure 2b. The areas most severely affected by the tsunami include the near-trench islands of Simbo,
Ghizo and Ranongga and the southwest coast of Choiseul Island. Red circle shows the epicenter of the
2007 Mw-8.1 earthquake. The main fault-slip zones during the 2007 earthquake are separated by the
subducted Simbo transform fault. Figure area given in Figure 2a. Location of MCS section 401 in
Figures 3a and 3b is shown by the heavy part of the black line labeled “401”. The line of section
showing locally recorded hypocenters used in Figures 3b and 3c is shown by the black line labeled
“Y05”. Abbreviations as in Figure 2a except for: Bl: Bougainville Island. CI: Choiseul Island. GR:
Ghizo ridge. REIL: Rendova Island. TI: Tetepare Island. SLI: Shortland Island. SR: Simbo ridge. TRI:
Treasury Island.
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Another geologic consequence of ridge subduction is vertical tectonic motion of local forearc
areas. For example, Mann et al. (1998) and Taylor et al. (2005) described a high spatial variation in
uplift rates, near New Georgia Island, that the authors attribute to subduction of the irregular lower-
plate bathymetry. The 2007 epicenter is located within a re-entrant in the lower arc slope (Figure 2b).
Similar forearc re-entrants are scars caused by the subduction of high standing bathymetric features
(e.g. Fisher et al., 1991; Geist et al., 1993). How tectonic processes associated with ridge subduction
affected earthquake and tsunami generation are topics for further research.

3. THE 2007 EARTHQUAKE (MW 8.1)

Cooper and Taylor (1987) noted that epicenters of shallow (<70 km) and intermediate (70 km to
130 km) focal-depth earthquakes are uncommon in the central part of the island arc, as outlined in
Figure 1. This central area coincides with the locus of subduction of the Woodlark spreading center
(Cooper and Taylor, 1987). The epicenter for the 2007 earthquake occurred within the central zone of
reduced seismicity (Figure 1), thus filling at least the northwestern half of the seismic gap.

Global CMT Catalog data (CMT, 2007) indicate that the main shock was located at 7.96" S and
156.40° E at a depth of 23 km, and the nodal plane showing thrust-fault motion strikes 331° and dips
northeast at 38°. Two other estimates of the attitude of the nodal plane yielded broadly similar values.
According to Yagi (2007), the strike is 300° and the dip 19°, whereas Ji (2007) estimated the strike to
be 305° and dip 25°. Fault rupture propagated northwestward from the epicenter at a mean velocity of
1.95 km/s (Yagi, 2007). The rupture zone of the 2007 earthquake extended at least 250 km along the
Solomon Islands arc. Within the two-month period following the main shock, as many as 10
aftershocks with Mb between 6 and 7 had occurred.

The Solomon Islands subduction zone is noted for producing earthquake doublets--two
earthquakes having similar magnitude that occur closely in space and time (Kagan and Jackson, 1999;
Lay and Kanamori, 1980; Schwartz, 1999; Xu and Schwartz, 1993). The mechanism causing
earthquake doublets remains controversial, although stress triggering of the second earthquake by the
first one in the doublet is likely to be a significant factor. Kagan and Jackson (1999) discuss the period
between doublet earthquakes.

The largest historic doublet to strike this island arc occurred 12 days apart during 1971 and
involved a pair of M-8.0 and -8.1 earthquakes north of Bougainville Island (Schwartz et al., 1989).
After the 2007 Mw-8.1 earthquake, despite deep concerns among disaster workers, a follow-on
earthquake and tsunami have not struck.

Most earthquake doublets in the Solomon Islands have occurred north of the 2007 epicenter, in the
vicinity of Bougainville Island and along the northwest-striking part of the New Britain Trench. Two
doublets during 1974 and 1975 were located within the northwestern part of the 2007 rupture zone
(Xu and Schwartz, 1993) (Figure 2a). The four events making up these doublets ranged in Mw from
7.3 to 7.6, and their focal mechanisms were compatible with underthrusting and subduction of the
western oceanic plate. Xu and Schwartz (1993) proposed that the 1974 and 1975 doublets originated
owing to the roughness of the oceanic plate that is being subducted because the Woodlark Rise enters
the New Britain Trench west of the epicenters.
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Subduction of high standing bathymetric features has demonstrably affected fault slip during the
2007 earthquake. According to two finite fault models (Ji, 2007; Yagi, 2007), fault rupture bridged
across the subducted part of the active Woodlark spreading ridge (Figure 2b). The finite fault models
differ in detail, but they agree to the extent that they show two main slip zones and a third small zone
near Vella Lavella Island. However, the slip zones by Yagi (2007) are shifted southwest from, and
indicate a slip magnitude nearly twice as great as, the slip zones and magnitude presented by Ji
(2007). Both models indicate that one of the two main slip zones surrounded the earthquake’s
epicenter and that the zones are separated by an area of slip deficit located where the Woodlark
spreading ridge and the Simbo transform fault are being subducted. In both models, the second or
northwestern main slip zone does not extend northwest of where the Woodlark Rise enters the trench
(Figure 2b), hence this bathymetric feature may have formed a barrier to earthquake rupture.

4. SEISMIC-REFLECTION SECTION THROUGH THE EARTHQUAKE RUPTURE ZONE

During 1984, the U.S. Geological Survey collected multichannel seismic-reflection (MCS) data in
the Solomon Islands arc (e.g. Bruns et al., 1989b). Seismic line 401 (Figs. 3a and 3b) from this survey
crosses the rupture zone of the 2007 earthquake (Figure 2b). Another version of this seismic section is
shown and interpreted in Bruns et al. (1989a). For this report, we reprocessed the seismic section,
migrating these data after stack and using sonobuoy-refraction velocities obtained over the lower
slope and Shortland basin (Cooper et al., 1986a,b, 1989) to produce a depth section without vertical
exaggeration (Figure 3b).

MCS section 401 reveals flat reflections from the interplate decollement that can be followed for
more than 40 km east of the trench (Figure 3a). These events separate discontinuous and weak
reflections from within the superjacent frontal prism of the island arc from more continuous
reflections from lower-plate rocks. The time and the depth-converted MCS sections (Figs. 3a and 3b)
reveal rocks under the decollement that dip consistently southeastward and terminate against the
abrupt seafloor rise that borders the New Britain Trench on the southeast. This rise is located along
the Simbo transform fault. Swath bathymetry shows that this transform fault strikes north, nearly
perpendicular to the seismic section, and the fault widens toward the New Britain Trench (Martinez et
al., 1998) (Figure 2b). Lower-plate rocks that dip southeast and abut the transform fault appear to fill
a half graben (Figs. 3a and 3b). This half graben may have resulted from the crustal spreading along
this transform fault that occurred since about 80 ka (Martinez et al., 1999), but the graben fill may be
too thick (~2 km) to have resulted solely from such a short period of extension. Alternatively, the
velocity used in the depth conversion is wrong and exaggerates the thickness.

To estimate the location of the interplate boundary northwest of where reflections from the
decollement end on MCS section 401, we plotted locally recorded hypocenters, instead of
teleseismically located ones, on the depth section (Figure 3b) and on a regional cross section (Figure
3c). The local hypocenters were determined from data obtained during a deployment of ocean-bottom
seismometers in 1998 (Yoneshima et al. 2005). Yoneshima et al. (2005) used these hypocenters to
show that the seismic front underlies the upper slope, consistently below the 1000 m isobath, and that
the down going plate dips ~30° northeast through the zone of highest seismic activity, which is deeper
than about 20 km. The water bottom multiple on MCS section 401 becomes a wide band of persistent
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Figure 3a. Migrated time section of U.S. Geological Survey seismic line. Section location shown in
Figure 2b by the black line annotated “401”.
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noise when migrated (Figure 3a), and it prevents us from making a direct connection between the
decollement indicated by reflections and the interplate boundary indicated by hypocenters.

Three seafloor discontinuities over the frontal prism may signify active thrust faults (Figs. 3a and
3b). The two discontinuities closer to the trench occur where reflections from within the prism are
poor, so the faults are speculative. However, reflections from near the shallowest seafloor
discontinuity yield better evidence for a thrust fault in that rocks at shallow depth on the fault’s
upslope side are more reflective and thicker than are rocks on the down slope side. Recent research
interest has focused on the role in tsunamigenesis played by splay thrust faults that deform a frontal
prism, especially in studies conducted off the Nankai Trough (e.g. Bangs et al., 2004; Kondo et al.,
2005; Park et al., 2000, 2002). Concerning the 2007 earthquake in the Solomon Islands, we currently
lack sufficient information to determine whether thrust faults interpreted from MCS section 401 (Figs.
3a and 3b) were active during the earthquake, but their potential role is a topic for future research.

The shallowest interpreted thrust fault coincides with an abrupt change in the critical taper of the
wedge (Figs. 3a and 3b). Over the lowermost slope, the wedge critical taper is 6° whereas at the
shallowest fault, the taper increases to 30°, and the taper maintains this value eastward to beyond the
shelf break (Figure 3b). At other subduction zones, variations in the critical taper of the frontal prism
provide clues to how and where major earthquakes might nucleate along an interplate decollement
(Wang and Hu, 2006; Kimura et al., 2007). Furthermore, Kimura et al. (2007) discuss the Nankai
accretionary prism and link variations in critical wedge taper to specific structural styles within the
wedge and to mechanical properties along the decollement. In the analysis by Wang and Hu (2006)
the break in slope between a forearc basin and the outboard accretionary prism coincides with the
outward-directed change in frictional properties along the decollement from velocity-weakening to
velocity-strengthening. Hence, in this analysis the slope break is proposed to overlie the updip end of
the seismogenic zone.

These findings are difficult to apply straightforwardly to the case of the Solomon Islands arc near
MCS line 401 because the nearby subduction of the Woodlark spreading ridge, with its irregular
bathymetry and probable high heat flow, injects a strongly three-dimensional aspect into the analysis.
However, the half graben associated with the Simbo transform fault thins northeastward and appears
to die out altogether below the increase in critical taper (Figure 3a). Thus the critical-taper increase
from 6° to 30° may coincide with a change in frictional properties across the decollement: presumably
northwest of where the graben ends, lower-plate rocks just under the decollement are igneous oceanic
crust instead of sedimentary graben fill. This lithologic change might form the updip limit of the
seismogenic zone.

The seismic section shows what may be pinnacle reefs under shallow water near the shelf break
(Figure 3a). If they are reefs, then their flat upper surfaces indicate previous sea levels and the present
depth of the pinnacles indicates submergence and southeastward tilting of the shelf edge. This may be
evidence for subduction erosion of the upper plate by high standing bathymetric features thrust
beneath the island arc.
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5. THE TSUNAMI

According to news reports, the areas most severely affected by tsunami inundation include the
near-trench islands of Simbo, Ranongga, and especially Ghizo (e.g. Unosat, 2007) as well as the
southwest coast of Choiseul Island, which lies east of the Shortland Basin (Figure 2b). Reportedly, the
tsunami waves were between two and ten meters high and swept inland for almost half a kilometer
(Alertnet, 2007). Thirty-three of the 52 tsunami victims died on the most severely impacted island of
Ghizo, and 21 victims on this island were children (Alertnet, 2007; Reliefweb, 2007b). The
government of the Solomon Islands estimated that 30,000 people were affected by the earthquake and
tsunami. After the tsunami, many villages lacked suitable housing. Homes were swept away because
of the primitive construction techniques traditionally employed on the islands. Most houses have roofs
thatched with Sago palm leaves and supported by wooden poles. Many people remain in makeshift
hilltop camps, too frightened to return to coastal villages. Mental health issues among the affected
populace are of greater concern than is rebuilding, according to a team from the Asian Development
Bank, which is working with the government on an emergency assistance project (Disasternews,
2007). The humanitarian disaster attending the earthquake and tsunami led to a convention of many
government agencies to determine what lessons were learned that would aid recovery in case of a
future disaster (Reliefweb, 2007¢).

The 2007 Solomon Islands seism does not appear to have been a "tsunami earthquake," defined as
one that produces a tsunami of far greater intensity than would be expected from the considering the
earthquake's magnitude alone (Kanamori, 1972; Kanamori and Kikuchi, 1993; Polet and Kanamori,
2000). The teleseismically determined location for the epicenter of the 2007 earthquake is close to the
axis of the San Cristobal trench, and a near-trench epicenter characterizes tsunami earthquakes.

However, observations concerning the 2007 earthquake do not accord with the other
characteristics of tsunami earthquakes listed in Polet and Kanamori (2000). Perhaps most significant
is the observed rupture velocity of 1.95 km/s (Yagi, 2007), which is higher than the low (as low as 1
km/s) rupture velocity typical of tsunami earthquakes (e.g., [hmlé, 1996; Lopez and Okal, 2006).

A more likely cause for the near-trench epicenter is the warm slab, including an active spreading
center, that is being subducted. A warm slab is thought to shift the seismogenic zone up dip along the
plate interface and to widen this zone, relative to the cold-slab case (Kirby, 2000; Peacock and
Hyndman, 1999; Peacock et al., 1999).

An exceptional tsunami could be caused by an earthquake rupturing inside a sedimentary wedge
made up of weak material, which conceptually could lead to enhanced seafloor motion (Fukao, 1979;
Okal, 1988). However, MCS data from the Solomon Island arc (Figure 3b) indicate that at least in the
northwest part of the rupture area of the 2007 earthquake, the frontal prism is narrow, measured
horizontally and perpendicular to the trench, and thin.

Although the 2007 tsunami had dire consequences for the Solomon Islands, the transoceanic
tsunami generated by this earthquake had only low amplitude (NGDC, 2007; NOAA, 2007). For
example, along the northeast coast of Australia, about 1600 km away from the epicenter, the wave
amplitude was about 0.1 m.

To create a preliminary numerical simulation of the April 2007 tsunami, we started with the fault
mechanism determined by the Global CMT Project (CMT 2007). The length of the fault that ruptured
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was determined from the distribution of aftershocks and from seismic inversions (Ji, 2007; Yagi,
2007).The tsunami-source and -propagation model is based on the method in an earlier study (Geist
and Parsons, 2005) that investigated tsunamis from the November 2000 New Ireland earthquake
sequence. Animations showing the propagation of the 2007 Solomon Islands tsunami are available on
the internet (http://soundwaves.usgs.gov/2007/04/).
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Figure 4. Numerical propagation model of the 2007 tsunami, based on the method in Geist and
Parsons (2005). The geographic area depicted here is the same as in Figure 2a. Colors show the
distribution of maximum calculated tsunami amplitude that occurred during the first 73 min. of
tsunami propagation. Red circle locates the epicenter of the Mw-8.1 earthquake. Dashed red and white
lines show trench axes. Red crosses show the locations of the marigrams in Figure 5. Red letters near
these crosses refer to specific marigrams. B: Bougainville. C1: Choiseull. C2: Choiseul2. G1:Ghizol.
G2: Ghizo2. Other abbreviations are as in Figures 2a and 2b.

Coarse-grid propagation modeling is useful for determining the open-ocean beaming pattern for
the tsunami. This modeling indicates that the highest offshore amplitudes occurred near the islands of
Simbo, Ghizo and Ranungga (Figure 4a), which accords with news reports. It is important to note,
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however, that this modeling does not account for propagation near shore, where water is less than 100
m deep. Modeling shallow-water propagation requires high-resolution bathymetry (Titov and
Synolakis, 1998). We await field measurements of tsunami inundation to better constrain the tsunami
modeling. Also, tsunami modeling can be further refined using the specific slip distribution for this
earthquake derived from seismic-waveform analysis (Ji, 2007; Yagi, 2007).

Offshore synthetic marigrams derived from our tsunami modeling indicate that the first tsunami
wave arrived at hard-hit Ghizo Island within just 5 min. after the earthquake, and contrary to common
expectation, the ocean apparently did not withdraw prior to the tsunami's arrival (Figure 5A). The
brief period between the onset of the earthquake and the tsunami's arrival denied people time to
realize the imminent danger and react accordingly. In contrast, at islands like Choiseul that are farther
away from the trench significant wave heights arrived as much as 20 min. after the earthquake (Figure
5B). Local areas along the coast of Bougainville Island that face the New Britain Trench may have
experienced some inundation (Figure 5C).
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Figure 5A. Synthetic offshore marigrams from the numerical tsunami model showing the calculated
wave height for at locations near Ghizo Island, which suffered the worst inundation, for 73 min. after
the earthquake. Marigram locations are shown in Figure 4. Water depths at Ghizol and Ghizo2 are
142 m and 104 m, respectively.

Figure 5B. Synthetic offshore marigrams near the west coast of Choiseul Island. Marigram locations
are shown in Figure 4. Water depths at Choiseull and Choiseul2 are 114 m and 114 m, respectively.

Figure 5C. Synthetic offshore marigrams near the west and southwest coasts of Bougainville Island.
Marigram locations are shown in Figure 4. Water depths at Bougainville and Alu are 155m and 134
m, respectively.
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6. CONCLUSION

The Mw-8.1 earthquake and tsunami that struck the Solomon Islands on April 1, 2007, had
substantial long-term impact on local population centers. This earthquake-driven tsunami revealed
particular challenges for government agencies in trying to warn local population centers, because only
a short time passed between the onset of shaking and arrival of tsunami waves.

The geologic complexity of the plate boundary where the 2007 earthquake struck provides fertile
ground for future research. Reprocessing MCS data from other parts of the earthquake’s rupture zone
will promote better understanding about the origin of this and other tsunamis that originate in
subduction zones. Other research topics include the influence of ridge subduction on seismogenesis
and the role of splay thrust faults deforming the frontal prism in the generation of tsunamis.
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ABSTRACT

The west coast of Peninsular Malaysia and Thailand is curvilinear in nature and the bending is
especially high along the coast of South Thailand. In hydrodynamic models for coastal seas, bays and
estuaries, the use of boundary-fitted curvilinear grids not only makes the model grids fit well with the
coastline and bathymetry, but also makes the finite difference scheme simple. In this study, a shallow
water model is developed using boundary fitted curvilinear mesh. The west coast of Peninsular
Malaysia and Thailand and the western open boundary are represented by two curves, which are
defined by two functions. The other two boundaries are considered as straight lines along the open
sea. Appropriate transformations of independent coordinates are applied so that the curvilinear
physical domain transforms to a rectangular domain and the curvilinear grid system transforms to a
rectangular system. The depth averaged shallow water equations and the boundary conditions are
transformed to the new space domain and these are solved in the rectangular mesh of the transformed
space. The model is applied to compute some aspects of the tsunami associated with the 26 December
2004 Indonesian tsunami along the coastal belts of Penang in Malaysia and Phuket in Thailand. The
computed results along the coastal belts are in excellent agreement with the observe data available in
the USGS website.

Keywords: boundary-fitted curvilinear grid; shallow water model; Indonesian tsunami 2004
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1. INTRODUCTION

The west coasts of Peninsular Malaysia and southern Thailand face an active seismic tsunami
source zone (close to Sumatra Island) along the fault line between the Burma and Indian Plates (Fig.
1). Hence, this coastal belt is vulnerable to the effects of seismic sea waves, or tsunamis generated
along this fault line. These events are frequent and often cause little or no damage. However, a great
earthquake may generate a large tsunami that may cause extensive loss of life and property damage

91.0°E 94.0°E 97.0°E 100.5°E
14.0°N i\ ekl 14.0°N

10.0°N 10.0°N

2.0°N { | 2.0°N
91.0°E 94.0°E 97.0°E 100.5°E

Figure 1: Model domain including west coast of Thailand, Peninsular Malaysia and source zone west
of north Sumatra (Source: Roy et al. 2006)
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along these coastal belts. This was demonstrated on 26 December 2004 when a magnitude 9.3
earthquake, which occurred off the west coast of northern Sumatra, Indonesia, generated a most
damaging tsunami. Penang Island in Malaysia and Phuket in Thailand were lashed by high tsunami
surges and many lives were lost due to the Indonesian tsunami of 2004.

Numerical computation has become a powerful and popular tool to study tsunamis. A number of
papers have been published on modeling the Indonesian tsunami of 2004 for the west coast of
Southern Thailand and Peninsular Malaysia after the event 26 December 2004 (see, Roy and Ismail.
2005; Roy et at. 2006; Karim et al. 2006). The analysis area is a rectangular region approximately
between 2° N to 14° N and 91° E to 101.5° E for all of these studies. The model area includes the
source region of the Indonesian tsunami of 2004. These models are based on depth-averaged shallow
water equations and were discretized by the finite-difference scheme in Cartesian coordinate system
with the shoreline represented by stair-steps. In a stair step model the coastal boundaries are
approximated along the nearest finite difference gridlines of the numerical scheme and so the
accuracy of a stair step model depends on the grid size. Since in the stair step models of Roy and
Ismail.(2005); Roy et at. (2006) and Karim et al. (2006) very fine resolution were not considered, the
representation of the coastal boundaries in those models were not very accurate.

The west coasts of Malaysia and Thailand are curvilinear in nature and the bending is high along
the coasts of these countries. Moreover, there are some offshore islands including Penang in
Peninsular Malaysia and Phuket in Thailand. For model flows in a rectangular domain, it is natural to
use Cartesian grids. Most hydrodynamic models of reservoirs, tidal harbors and estuaries rely on finite
difference solution of the depth-averaged equations expressed in a Cartesian coordinate frame (Abbot
et al., 1973; Falconer, 1980; Kuipers and Vreugdenhil 1973). In practice, a rectangular mesh with
fixed grid spacing is placed over the domain of interest, usually resulting in non-alignment of the
physical boundaries with the edges of the computational flow domain. This lack of alignment may
give rise to major inaccuracies in the solution. For cylindrical or spherical domains, it is natural to use
cylindrical or spherical grids. Hence in the presence of a curvilinear coastline, it is natural to use
‘boundary-fitted’ grids, or generalized curvilinear grids to represent the model boundaries accurately.

Boundary-fitted curvilinear grid systems provide an approach, which combines the best aspects of
finite-difference discretisation with grid flexibility. The boundary fitted grid technique makes the
equations and boundary conditions simple and better represents the complex geometry with a
relatively less number of grid points. Thus, it significantly improves the finite difference schemes.
However one difficulty in boundary fitted grid system is that the gridline of the numerical scheme are
curvilinear and non-orthogonal. In order to apply a regular finite difference scheme the grid system
must be rectangular. In a boundary-fitted model, the curvilinear boundaries are transformed into
straight ones using appropriate transformations, so that in the transformed space regular finite
difference techniques can be used. Boundary-fitted grid techniques for coastal dynamics have been
developed for many regions. Johns et al (1981) used partially boundary-fitted curvilinear grids in their
transformed coordinate model for the east coast of India to simulate the surge generated by the Andra
Cyclone of 1977. Johns et al. (1981) used a transformation to transform the irregular physical domain
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into a rectangular Science of domain. Dube et al. (1985) represented the shoreline of Bangladesh by a
curvilinear boundary and used the boundary-fitted curvilinear grids and a transformation, similar to
Johns et al. (1981). Roy (1999) developed a mathematical technique to incorporate island of special
shapes, each of whose boundaries were approximated along the boundary-fitted grid lines. Following
Johns et al.(1981), the transformation of a spatial coordinate was applied so that the physical domain
transformed to a rectangular one and the shape of each island also become rectangular in the
transformed domain. Johnson (1982) employed the elliptic grid generation technique to study the 2-D
vertical-averaged riverine circulation where non-orthogonal boundary-fitted curvilinear grids for the
physical domain were generated. Spaulding (1984) built a vertically averaged circulation model using
boundary-fitted co-ordinates to simulate the M2 tide in the North Sea. Androsov et al. (1997) made a
simulation of tide with a 2-D model in boundary fitted curvilinear mesh.
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(a) Physical Domain

(b) Computational Domain

Figure 2: Boundaries and grid system; (a) curvilinear boundaries and the curvilinear grid system, (b)
rectangular boundaries and the rectangular grid system

In this paper, a shallow water model is developed using a boundary fitted curvilinear grid system
to compute some aspects of the tsunami associated with the Indonesian tsunami of 2004 along the
coastal belts of Penang and Phuket. The west coasts of Malaysia and Thailand (curvilinear in nature)
and the western open sea boundary were represented by two functions. On the other hand, the north
and south open sea boundaries were considered as straight lines. In order to generate a set of non-
orthogonal curvilinear grid lines in the model domain and the boundary lines we define two
generalized functions. The four boundaries of each island are also represented approximately by these
two generalized functions. Two transformations are used so that the physical domain becomes
rectangular and the whereabouts of the boundaries of each island are identifiable in the transformed
domain. Details of incorporating coastal boundaries and islands are described in section 2.4 and 2.5.
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The depth averaged shallow water equations are transformed to the new space domain. These
transformed shallow water equations are solved in a rectangular mesh of the transformed grid system
in the transformed space using a regular finite difference scheme.

2. GOVERING EQUATIONS AND BOUNDARY CONDITIONS
2.1 The Original Shallow Water Equations and Boundary Conditions

The following set of shallow water equations have often been used for modeling tsunami:

& 9 d _
v 5[@ +hyu |+ 5[(z; +hyv] =0 D
a—u+ua—u+va—u—fv=—gE—Cfu(u-I-vj (2)
ot ax dy 0x (E+h)
ﬂ+uﬂ+vﬂ+fu=—g£—cfv(u +V) 3)
ot 0x ay ay (E+h)

Here u and v are the x and y components of velocity of sea water respectively, g is gravity, f is
Coriolis parameter, £ is the displacement of the free surface from the equilibrium state, C, is the

bottom friction coefficient, / is ocean depth from the mean sea level.

For numerical treatment it is convenient to express the equations (2) and (3) in flux form by using
the equation (1). Equations (1) — (3) may be expressed as
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where, (iz, v) = (§ + h) (u, v)
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2.2 Boundary Conditions

For closed (coast) boundaries, the boundary condition is that the normal component of the
vertically integrated velocity vanishes and this may be expressed as

ucosa +vsina =0 forall t=0 (7)

where o denotes the inclination of the outward directed normal to the x-axis. It follows that the
velocity component u is 0 along y-directed boundaries and v is 0 along x-directed boundaries. At the
open-sea boundary, the normal component of the velocity cannot vanish and so radiation type of
boundary condition is generally used. Following Heaps (1973), the radiation type of boundary
condition is

ucoso +vsina = —(g/h)"?¢ forall 120 )

Application of a radiation type of boundary condition at the open-sea boundary of a model allows
the propagation of energy only outwards from the interior in the form of simple progressive waves.

For x = b,(y) condition (7) may be simplified as « + vtana = 0, which implies that

u-vtan(180 —a) = 0. This can be written as u —v@ =0,1.e u —vL =0.
dy dy
Therefore, following Johns et al. (1981), the radiation type of boundary conditions are given by

vy =0 at x=b () ©)
dbz 1/2

M—Vg=(g/h)/ C at x=b2(y) (10)

v+(g/h)"PE =0 at y=10 (11)

v—(g/h)"*E =0 at y=1L (12)
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2.3 Boundary-fitted grids

A system of rectangular Cartesian coordinates is used in which the origin O, is within the
equilibrium of the sea-surface. OX points towards the west, OY points towards the north and OZ is
directed vertically upwards. The displaced position of the sea-surface is given by z =C(x, y,?)

and the position of the sea-floor by z = -A(x, y) .The eastern coastal boundary is situated at x = b;(y)

and a western open-sea boundary is at x = by(y). The southern and the northern open-sea boundaries
are at y =0 and y = L respectively. This configuration is shown in Fig. 2a.

The system of gridlines oriented to x = b(y) and x = b,(y) are given by the generalized function

x ={(k=Db/(y)+1b,(y)}/ k (13)
where k = m, the number of gridlines in x-direction and / is an integer with O0</<k.

The system of gridlines oriented to y = 0 and y =L are given by the generalized function

y=1q-p)0+pLi/q (14)
Where ¢ = n, the number of gridlines in y-direction and p is an integer with 0= p=<gq.

Note that equation (13) reduces to x = b;(y) and x = by(y) for [ = 0 and / = k respectively.
Similarly equation (14) reduces to y = 0 and y = L for p = 0 and p = q respectively. Now by proper
choice of /, k and p, ¢ the boundary-fitted curvilinear grids can be generated.

2.4 Coordinate Transformation

To facilitate the numerical treatment of an irregular boundary configuration, a coordinate
transformation is introduced, similar to that in Johns et al. (1985), which is based upon a new set of
independent variables n, A, y,t where

_X-bh») Yy b () —
n= ) , A L,Mw b,(»)=b,(») (15)

This mapping transforms the analysis area enclosed by x =b,(y), x=5b,(y), y=0 andy =L into a
rectangular domain given byO<n <1, 0=<A <1. Also the generalized function (13) takes the form
b+ b, = {(k=Db,(y) + 1b,(»)} / k
which can be written as

_I(b,~h)
bk

. This means

! 16)
T
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The generalized function (14) takes the form
AL ={(g- p)0+ pL}/q, which implies

=L (17)
q

For / = 0, we have the eastern coastal boundary =0 or x=5,(y) and for / = k we have the

western open-sea boundary 1 =1 orx =b,(y). Similarly, for p = 0, we have the southern open sea

boundary A =0 ory = 0 and for p = ¢ we have the northern open-sea boundary A =1 or y = L. Thus
by the proper choice of the constants k and g and the parameters / and p, a rectangular grid system can
be generated in the transformed domain. Figures 2a and 2b show the physical and transformed
domains and their grids.

2.5 Representation of Islands

Every boundary of each island has been broken into several segments and every segment has been
aligned either along (13) or along (14) so that the boundaries of every island are aligned along the
boundary fitted gridlines. The representation of the island boundaries are done in such a way so that
the whereabouts of them have not been lost in the transformed domain. Each of the eastern and
western boundaries of an island is given by (13) and each of the southern and northern boundaries of
an island is given by (14).

[ = 0 implies x = bi(y) or n =0 i.e. the coastal boundary and / = k implies x = b>(y) or n=1 i.e.
the open boundary. Equation (13) with two different values of /, say, /; and I, with /; < [, will express
the eastern and western boundaries of an island. Similarly equation (14) with two different values of
p, say p1 and p, with p;< p,, will express the south and north boundaries of the island. Thus the
transformed boundaries of an island are expressed as

n=>L/k,n=0L/k, A=plqg,A=p,/q (18)

2.6 Transformed Shallow Water Equations and Boundary Conditions

By using the transformations (15), we have

o _1a9

ax bon (19)

o0 __Lfay dby 9 10

dy bl dy 77a’y an L oA (20)
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Taking n,A,y,tas the new independent variables and using the relations (19) and (20), the
equations (4) — (6) transform to

opLL) 90 oV _
ot an oA

0 1)

Cfﬁ(u2+vz)l/2
C +h

8_u+ d (Un) N o(Vu)
at n A

fv = —gL(C+h)£— (22)
on

IO

o on a
C,v (u2 +V° )1/2
- C+h

fi =—g(§+h)[ aC—L(%m@)%] 23)

£ dy dy | on

db, db)v, V=—, (@%0V)=bLE+m)uv,UV)

where, U=l u—|—+n—
b dy dy

At x=b/(y)ie. atn=0,

U=l u- %+n& v
b dy dy
At x=b,(y)ie.atn=1,

U=l u- %H-ﬁ v
b dy dy

=— [u —&vl , which can be written as bU =u —%v.

b dy dy

Therefore the boundary conditions (9) — (12) reduces to

U=0 at n=0 (24)
bU -(g/h)"*E =0 at =1 (25)
VL+(g/h)"*E =0 at A=0 (26)

VL-(g/h)"*E =0 at A=1 (27)
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At each boundary of an island, the normal component of the velocity vanishes. Thus, the boundary
conditions of an island are given by

Uu=0 at n=/,/kandn=1/k (28)
V=0 at A=p /q and A=p,/q (29)

3. Numerical Discretisation

The transformed shallow water equations and boundary conditions were discretised on a staggered
(77, A) grid and solved by a finite difference scheme.

We define the grid points (,, 4,) in the domain by
n=n =@G-1)An, i=1,2,3,...,m (30)

A =(j-DAA, j=1,2,3,....n (31)

The sequence of discrete time instants is given by
t, = k At, k=1,2,3,... (32)

The curvilinear grid system is generated through (13) and (14). In the transformed domain the
corresponding rectangular grid system is generated through (16) and (17) with appropriate choices of
k, g, p and I. The curvilinear boundaries and grids in the physical domain and the corresponding
rectangular boundaries and grids in the computational domain are shown in Fig. 2.

The 1 -axis is directed towards west at an angle 15° (anticlockwise) with the latitude line and the
A -axis is directed towards north inclined at an angle 15° (anticlockwise) with the longitude line
through the origin. In this model the analysis area is extended from 2° N to 14° N latitudes
(incorporating the west coasts of Malaysia including Penang and Southern Thailand including Phuket)
and 91° E to 100.5° E longitudes. The number of grids in 1 and A - directions are respectively m =

230 and n = 319. The model area includes the source region of the Indonesian tsunami of 2004. At the
ocean boundary, radiation condition, in which the tsunami wave is assumed to go out without
changing its shape, is assumed. At the land boundary (coast), total reflection is assumed. The coastal
boundary is fixed; that is, no run-up on the land is considered. The time step of computation is
determined so as to satisfy the stability condition (Courant condition) and is set to 10 s in this
computation. Following Kowalik et al. (2005), the value of the friction coefficient Cy is taken as
0.0033 throughout the model area. The depth data for the model area are collected from the Admiralty
bathymetric charts.
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4. Initial condition

Tsunami generation is commonly modeled by assuming that the initial sea surface displacement is
formed by the permanent vertical displacement of the ocean bottom induced by an earthquake. The
generation mechanism of the 26 December 2004 tsunami was mainly due a static seabed deformation
caused by an abrupt slip at the India/Burma plate interface. The estimation of the extent of the
earthquake rapture as well as the maximum uplift and subsidence of the seabed is given in Kowalik et.
al.(2005). From the deformation contour, it is seen that the estimated uplift and subsidence zone is
between 92° E to 97°E and 2°N to 10°N with a maximum uplift of 507 cm at the west and maximum
subsidence of 474 cm at the east so that the uplift to subsidence is approximately from west to east.
We assume that this sea surface displacement is the same as the ocean bottom displacement, due to
incompressibility of the ocean. Following Kowalik et. al. (2005) the disturbance in the form of rise
and fall of sea surface is assigned as the initial condition in the model with a maximum rise of 5 m to
maximum fall of 4.75 m to generate the response along the western open boundary. In all other
regions the initial sea surface deviations are taken as zero. Also the initial velocity components in 1

and A - directions are taken as zero throughout the model area.
5. Results and Discussions

In this section, numerical results are given for the model described in the previous sections. Wave
propagation from the source is computed and the water levels along the coastal belts of Phuket and
Penang Islands are estimated. Every computed water level is measured with respect to the mean sea
level.

Figure 3 shows the time, in minutes, for attaining +0.1 m sea level rise computed through the
model. Considering the 0.1 m sea level rise as the arrival of tsunami, it is seen that after generating the
initial tsunami wave at the source region, the disturbance propagates gradually towards the coast. The
arrival times of initial tsunami at Phuket and Penang Island are approximately 110 min and 240 min.
According to USGS report the tsunami waves reached at Phuket within two hours time after the
earthquake [(http://staff.aist.go.jp/kenji.satake/Sumatra-E.html) (Tsunami travel time in hours for the
entire Indian Ocean)]. The above USGS website data also confirms the fact that the tsunami waves
reached Penang Island four hours after the earthquake. Hence the time of tsunami strike at the coastal
regions matches well with the observations. In an earlier study (Roy et al. 2006), it is reported that the
tsunami waves reached at Phuket and Penang Islands within 90 min and 230 min respectively. While
the agreement of earlier study is quite good, there is a slightly better agreement in timing in the
present study using boundary-fitted curvilinear grids.
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Figure 3: Tsunami propagation time in minutes towards Phuket and Penang Islands

The propagation of the tsunami towards the west coast of Peninsular Thailand and Malaysia can
also be seen in Fig. 4, where the sea surface disturbance pattern is shown at four different instants of
time. At 60 min after the generation of the initial tsunami wave at the source, the sea surface
disturbance is found to be proceeding towards Phuket (Fig. 4a). At 110 min the tsunami has
proceeded considerably towards Penang Island after flooding the Phuket region (Fig. 4b). In 180 min
the disturbance propagates further towards Penang Island and finally at 240 min the tsunami surge is
hitting the north and west coasts of Penang Island (Fig. 4c, d).
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Figure 4a: Computed tsunami disturbance pattern at 60 min
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Figure 4b: Computed tsunami disturbance pattern at 110 min
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Figure 4c: Computed tsunami disturbance pattern at 180 min.
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Figure 4d: Computed tsunami disturbance pattern at 240 min.
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Figure 5: Time series of computed elevations at two coastal locations of Phuket Island: (a) West

The computed water levels at different locations of the coastal belt of Phuket and Penang Island
are stored at an interval of 30 seconds. Figure 5 depicts the time series of water levels at two locations
of Phuket. At the west coast, the fluctuation begins with recession that reaches up to minimum level
of —8.0 m before rising up; then the water level gradually increases to reach a maximum level of 11.6
m. The fluctuation then continues for several hours with low amplitude (Fig. 5a). At the east coast of
Phuket also the fluctuation begins with recession reaching a minimum level of — 4.4 m. Then the
water increases to a maximum level of 5.2 m before going down again; the oscillation then continues
with low amplitude (Fig. 5b). Figure 6 shows the time series of water levels at two locations of
Penang Island. At Batu Ferringi (north coast) the fluctuation begins with recession; the minimum and
maximum levels attained are respectively — 3.4 m and 2.6 m (Fig. 6a). At the west coast the
fluctuation is also oscillatory with minimum and maximum elevations of — 2.2 m and 3.2 m

respectively (Fig. 6b).
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Figure 6: Time series of computed elevations at two coastal locations of Penang Island: (a) North
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Figure 7: Contour of maximum elevation around Phuket and Penang Islands.

Figure 7 depicts the maximum water level along the west coast of Peninsular Malaysia and
Thailand. It is found that the maximum water level gradually decreases in the southern direction. In
the Phuket region the maximum water level ranges from 6 m to 12 m from south to north. The
maximum coastal surge estimated by this model varies from 18 - 20 m in some locations located
approximately 50 km north from the Phuket. We compare the computed maximum surge levels with
that available in the website (www.drgeorgepc.com/Tsunami2004/Indonesia.html) and Tsuji et al.
(2006). In this website address it is reported that wave height reached 7 to 11 m surrounding Phuket
Island. Tsuji et al. (2006) reported that the largest tsunami height reached up to 19.6 m at Ban Thung
Dap located at 50 km north from the Phuket. Thus, comparison with USGS website and study of Tsuji
et al. (2006) is quite good for the Phuket region. Roy et al. (2006) reported that the computed
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maximum water level at Phuket region is from 3.5 m to 7 m. So the coastal surge estimated by the
present model shows better agreement with USGS than that of Roy et al. (2006).

The maximum elevation at Penang Island ranges from 2 m to 4 m along the west coast with an
increasing trend towards the north. On the east coast, the measures tsunami heights show a decreasing
trend towards the north. The coastal surge estimated by this model for Penang region matches
reasonably well with the reported information of Roy et al. (2006).

6. Conclusions and recommendations

The results of this study indicate that boundary-fitted shallow water model is a powerful tool for
simulating tsunami along a coastal belt, which is curvilinear in nature. As compared with other
models, this model can make the grids fit the boundaries and can facilitated the handling of boundary
conditions as well as the numerical simulation. Thus, the model has high simulation accuracy,
especially in the vicinity of boundaries.

A shortcoming of the curvilinear boundary fitted representation is its inability to represent coastal
and islands orographical detail. To incorporate the bending of coasts and the offshore islands with
considerable accuracy in the numerical scheme, a very fine mesh numerical scheme is necessary. A
nested numerical scheme (inner model with fine resolution) within the original model (outer model
with high resolution) can be developed to record the fine orographical detail in the regions of
principal interest. This work is ongoing and findings will be reported in our subsequent paper.
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REFRACTION OF TSUNAMI WAVES OF 26 DECEMBER 2004, ALONG SOUTHWEST
COAST OF INDIA
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Dept. of Fishery Hydrography, College of Fisheries
Panangad, Kochi — 682506.

ABSTRACT

In this paper the refraction of the tsunami of 26 December 2004, which caused severe damage
along the south west coast of India has been studied. Wave refraction diagrams for the possible wave
directions indicate convergence around the places like Kolachel, around Kollam and Alappuzha,
where greater destructions occurred due to this tsunami and divergence at the places spared by the
tsunami. Broad areas vulnerable to tsunamis have been identified. Possible causes for increased
destruction in Kolachel at the southern tip of Indian peninsula are discussed. Bottom topography is
one of the factors that determine the intensity of the tsunami waves. Bottom steering is caused by the
wave refraction. Comparatively gentler sloping topography in a zone north of Kollam at depths
beyond 200m and the topographic dome off Kollam appear to have influence on determining the
impact of tsunamis.
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INTRODUCTION

The great Indian Ocean tsunami was caused by an earthquake of magnitude 9.3 on the Richter
scale (Javed et al., 2005) on December 26, 2004 at 06:28 IST (Chadha et al., 2005) off the western

coast of northern Sumatra. The epicentre of the earthquake was at about 3.32 N & 95.85 E, at a
depth of about 30 km below mean sea level
(http://earthquake.usgs.gov/eqcenter/eqinthenews/2004/usslav). The length of the tsunami source
region has been estimated by backward ray tracing to be about 600 km (Lay et al., 2005). This has
been re-estimated by Neetu et al.,, (2005) to be about 900 km. The tsunami severely hit mainly
Srilanka, Indonesia and India, although some other littoral countries of the Indian Ocean were also
affected. The death toll is reported to be more than 2,50,000 (Chadha et al., 2005).

The arrival time of tsunami waves at Colombo, Chennai and Cochin were 0352, 0335, 0541 UTC
(IST is 5.30 hours ahead of UTC) respectively (Nagarajan et al., 2006). The affected places along
southwest coast of India were around Kollam, Alappuzha and Ernakulam districts in Kerala and the
Kanyakumari district in Tamil Nadu (see figure 1). Compared to the east coast, the impact was less
along the west coast. Although the impact decreased from south to north, it varied from place to place
along the coastline. The impact at Ernakulam district was lesser compared to affected areas further
south.
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4. Trivandrum
5. Kanyakumari

Figure 1. Tsunami affected districts along the southwest coast of India.

The main objective of the present study was to generate the wave refraction diagrams for different
directions of approach in the December 2004 tsunami along the southwest coast of India. For the
tsunami, the processes that occur as waves approach to the shore is the convergence and divergence of
energy, due to wave refraction. This causes greater damage and loss of life in some area, while the
other area in the neighbourhood may remain unaffected. It is important to know the possible areas of
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damage and destruction and wave refraction studies are useful to identify these areas. Varma and
Sakkeer (2005), presented preliminary results of refraction of tsunami, limiting to the study area to the
Kerala coast. In the present study, the area is extended and the coastline between Kanyakumari and
Cochin is considered.

Waves in shallow water and tsunami

Tsunamis are very long waves, with large dimensions in width. For such waves approaching from
easterly direction, Srilanka and the peninsular India act as barriers and diffraction brings the waves to
the Arabian Sea. On examining the simulations available in the internet
(http://valciner.ce.metu.edu.tr/sumatra/survey/simulation/index. htm,
http.//en.wikipedia.org/wiki/2004_Indian Ocean_earthquake; http://www.nio.org/jsp/tsunami.jsp), it
can be seen that the tsunami waves travelled from the place of origin in all directions of the Indian
ocean and on reaching Srilanka and the southern tip of India, these waves turned and moved to
Arabian sea. Numerical modeling have also shown (Kowalik et al., 2005) that the main energy lobe of
maximum amplitude was directed towards Srilanka and the secondary lobe was directed to South
Africa and also that large portion of Arabian Sea was in the shadow of main energy lobe. This was
the reason for lower intensity that was observed along west coast of India.

In the case of usual wind waves, refraction occurs only in the shallow water, while for tsunamis,
which are very long waves, refraction occurs over deep waters also. However, effects due to refraction
would become prominent near the coast because of the rapid decrease of depth towards the shore.
Helene and Yamashita (2006) used a simple model to understand the behavior of a tsunami in variable
depths and indicated the possibility of large-scale variations in the direction of propagation of tsunami
due to refraction. In the present tsunami, refraction and diffraction helped it to turn the corner around
the southern end of India and cause significant damage and loss of life in the state of Kerala even
though Kerala is located on the western side of Indian sub continent (Ahmet ef al., 2005).

Topography off southwest coast of India

Detailed topography is given in the refraction diagrams. Depth contours below 50m depth are
closer to coast, south of Kollam. At the same time, the gap between contours of 50 and 100m is least
off Trivandrum. The 1000m contour gradually turn towards offshore south off Cherthala and reaches
a distance of around 110km nearly off Azheekkal. Then it turns shoreward, reaches a distance of
about 80km from shore and runs at this closer distance to nearly off the tip of peninsula. Thus area
between 200m and 1000m is comparatively of gentle slope north of around Azheekkal than south of
this.

Methods
Study area is given in figure 2. Computer programme by Dobson (1967) has been used to generate
wave refraction diagrames. It is assumed that there is no energy loss due to bottom friction and that no

energy is transmitted across the wave rays. This programme was earlier used for studying refraction
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pattern along the shoreline near Cochin using climatological wind wave data (Varma., 2003). In the

present study, the area bounded by latitudes 7 N -10 30’ N and longitudes 74 30’E -78 E has been
chosen and the depths at grid points separated by 9 km were extracted from hydrographic chart No:
22, corrected up to 2001, after drawing additional depth contours. For completing the grid, negative
depths were given to grid points lying on land, considering an arbitrary slope. Coarse grid has been
used in the study because the area included is large and also because the attempt here is to find out
the gross features of refraction of tsunami waves. Variations of depth, as the wave progresses
shoreward, are interpolated in the computer programme with a local grid of depths with quadratic
surfaces in the neighbourhood.
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Figure 2. Study area (the rectangle indicates selected domain)

It is necessary to give a starting point of wave rays. These points are selected in such a way that
these are at maximum distance from shore, that is possible within the selected domain. Initial
directions that are likely to occur when these waves swing into the shadow zone are used and
refraction diagrams for different wave directions of approach viz, 180, 190, 200, 210, 220, 230, 240,
250 and 260 degrees (true north), have been prepared (Fig 3 to 11).

For calculating initial velocity, the depth at the starting point is used. In other words, period of
tsunami waves does not affect refraction. Since the wavelength is a requirement in the programme, the
initial wavelength at the starting point of wave ray is calculated from the estimated speed, using 20
minutes as the wave period. It has been noted that the 2004 December tsunami contained different
periods ranging between 20-50 minutes (Kowalik et al., 2005). In a recent study of the numerical
modeling of tsunami waves, Paul (2006) has taken the period to be about 15 minutes. Also, on,
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analyzing tide data from several places in the coastal India and neighboring places, during tsunami
spectral peaks at about 20 minutes and 35-45 minutes have been noticed (Nagarajan ef al., 2006).

Results

o
For180 T (Fig.3) wave rays converge north of Cochin and south of Trivandrum. It can be seen that
Trivandrum was a wide zone of divergence. Mild convergence was seen around Arattupuzha.

' A
TN ZN |
A/hxkkod
l Codnn i 10N
l LT \ " ‘ herthala I
1“t (
7 Alappu7ha
I ‘;? Arattupuzha I
i Q) H i) Azheekkal lon
b2 - \ § ollam
v TIINIERS I
\ T T N Trivandrum I
0 \ N ‘.
\ N \'f: KOL 4
I ., \J\ 2\_?‘\ T I8N
i q-?? ? / \7/\"/1
! P —"1
R '-I\L )
75E 76E 77E 78E

o
Fig.3 Refraction diagram for tsunami waves coming from 180 T. Depth contours are in metres.

For 190 T (Fig.4) wave rays converge around Cochin and slightly north of Kolachel. Trivandrum
was in a zone of divergence. While divergence was seen at Arattupuzha, mild convergence was seen
around Azheekkal. It may, however, be noted that the reported impact at Cochin was less than that at
Azheekkal in Kollam area and Arattupuzha in Alappuzha zone.

Science of Tsunami Hazards, Vol. 26, No. 1, page 46 (2007)



"g;\ ‘ochin ;‘ 10N

I -

’ ‘herthala I
/ ‘ Alappuzha I
] Arattupuzha I
I Azheekkal
1 Qg. /i ollam ON
H ks I (1 l ~ I
l I Tm andrum
I '(‘\ Kolacl |
i ///'7/ - -"‘“‘
; i
“
_,.200

7

o
Fig.4 Refraction diagram for tsunami waves coming from 190 T. Depth contours are in metres.

o
For 200 T (Fig.5), the convergence zone around Cochin has moved to south and was near
Cherthala. Strong convergence was seen near Kolachel. While mild convergence occurred near
Azheekkal, divergence was seen at Trivandrum and Arattupuzha.
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Fig.5 Refraction diagram for tsunami waves coming from 200 T. Depth contours are in metres.
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o
In the case of 210 T (Fig.6), zones of convergence are Kolachel, Alappuzha and Kollam.
Divergence was seen at Trivandrum and Arattupuzha. Mild converging tendency around Azheekkal
was also seen.
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Fig.6 Refraction diagram for tsunami waves coming from 210 T. Depth contours are in metres.
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o
For 220 T strong convergence was seen between Arattupuzha and Alappuzha (Fig.7). Divergence
was seen between Arattupuzha and Azheekkal. Mild converging tendency was seen near Kollam and
north of Trivandrum.
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Fig.7 Refraction diagram for tsunami waves coming from 220 T. Depth contours are in metres.
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Directions 230 to 240 T show convergence in the Alappuzha —Arattupuzha region. Interestingly
Azheekkal and Kollam were in the divergence zone (Fig 8 & 9).
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Fig.8 Refraction diagram for tsunami waves coming from 230 T. Depth contours are in metres.

Science of Tsunami Hazards, Vol. 26, No. 1, page 51 (2007



| EEE BN SN N I N I O IBE e B O Ea -
B E
| \\\ \
j NN i
( \ Azhikkod
: 3 & Cochin Lion

/
Naf K 1 “herthala I
I é) \ “’ Alappuzha I
| V’é /‘&",” Arattupuzha
777/ )M eAzheekkal
/'%})\\ ollam I' ON
/ 0‘*‘1\ I

J}»\.._\ Kolachg
)/’// ; \'\_—//’

TOB 76E TTE 78E

o
Fig.9 Refraction diagram for tsunami waves coming from 240 T. Depth contours are in metres.

Though it was not sure whether more westerly directions could be there for this tsunami from Bay
of Bengal, refraction diagrams for 250 and 260 were also generated (Fig 10 & 11). However, rays in
the southern part only were considered because it was thought that these waves from Bay of Bengal
might not swing so as to have such an approach all along the coast. For these directions convergence

zones were seen in the regions of Azheekkal and Kollam.
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Fig.10 Refraction diagram for tsunami waves coming from 250 T. Depth contours are in metres.
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Fig.11 Refraction diagram for tsunami waves coming from 260 T. Depth contours are in metres.
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Discussion and conclusion

o o

It is seen that the zones of convergence and divergence for 190 - 230 T broadly agree with the
regions of destruction and those spared by the tsunami. While, areas in and around Kolachel
(Kanyakumari district), Azheekkal (Kollam district) and Arattupuzha (Alappuzha district) appear as
convergence zones for some directions, divergence is, generally, seen in the region between Kolachel
and Kollam, which includes Trivandrum. Further westerly directions show strong convergence at
Azheekkal, which is an area of higher tsunami impact. As mentioned earlier, sea bottom beyond 200m
north of Azheekkal is gently sloping compared to further south. At the southern end comparatively
wide area is seen between 500 and 1000m. Tsunamis being long waves, the refraction occurs at
deeper regions itself, and the bending of waves due to north south gradient of depth several kilometers
away from the coast seems to have caused the divergence around Trivandrum. The wave rays passing
over the gentle off shore dome of topography around Kollam are found to cause convergence zones.
This topographic feature have an influence on producing the observed impact of tsunami. While
discussing about the local system of tsunami defense for Pacific coast of Kamchatka, using numerical
estimates, Chubarov et al., (2001) have reported that direction of tsunami movement is strictly
determined by the bottom topography.

The destruction in Kolachel has been reported to be more severe, compared to other northern zones
of convergence viz, around Azheekkal, around Arattupuzha and Alappuzha. In some animations
available on the internet (for eg. http://news.cornell.edu/ release/Jan05/ tsunamiVid320.html), waves
are seen to get reflected at Maldives Island and then impinge on southern end of the west coast of
India. Thus at this zone, in addition to the convergence of energy, surges due to reflection also
occurred. Refraction of such reflected waves from these islands are also to be considered. The chain
of islands, Maldives, extending about 500km in north-south direction, is situated south west of the
Indian peninsula. Tsunami waves, reflected from different parts of the island can possibly have some

o o o
of the directions like 190 T, 200 T, 210 T and the waves with these directions are found to be
favourable for convergence around Kolachel. Since reflected waves are not likely to occur in regions
further northwards along the shore destructions are less severe here compared to Kolachel.

As the tsunami wave are wide, the diffraction of tsunami would have swung it in such a way that
the directions over deep water could be slightly different at different parts off the west coast of India.
Another aspect is that tsunamis being very long waves, they feel bottom even over deep-water oceanic
areas. Hence, in present case, refraction takes place even while the wave diffracts around the land
mass. It has been shown that in the case of this tsunami, refraction changed orientation to bring it to
south east Arabian Sea (Helene and Yamashita., 2006). Thus different directions of approach towards
the shore in the study area are possible. This could be the reason why combinations of directions

ranging from 190 T to 240 T generally reproduced the broad areas tsunami impact along this coast.
Refraction diagrams along the southwest coast of India for tsunami waves have been generated,
starting the wave rays from depths exceeding 1000m. Areas of convergence and divergence for
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directions ranging from 190 T to 240 T in general agree with pattern of observed tsunami impact.
Areas around Kolachel, Kollam and Alappuzha appears to be more vulnerable for tsunami generated

in Bay of Bengal. Trivandrum being in the area of divergence, here the tsunami impact is likely to be
less.
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ABSTRACT

The classical Green’s function provides the global linear response to impulse forcing at a
particular source location. It is a type of one-source-all-receiver Green’s function. This paper
presents a new type of Green’s function, referred to as the all-source-one-receiver, or for short
the all-source Green’s function (ASGF), in which the solution at a point of interest (POI) can
be written in terms of global forcing without requiring the solution at other locations. The
ASGF is particularly applicable to tsunami problems. The response to forcing anywhere in the
global ocean can be determined within a few seconds on an ordinary personal computer or on
a web server. The ASGF also brings in two new types of tsunami charts, one for the arrival
time and the second for the gain, without assuming the location of the epicenter or reversibility
of the tsunami travel path. Thus it provides a useful tool for tsunami hazard preparedness and
to rapidly calculate the real-time responses at selected POIs for a tsunami generated anywhere
in the world’s oceans.

Keywords: all-source Green’s functions, real-time tsunami arrival simulations, tsunami arrival
time charts, tsunami gain charts.
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1. INTRODUCTION

Linear long wave dynamics can adequately describe tsunami propagation in the deep ocean (>
50m, Shuto 1991). For a linear dynamic system, the Green’s function, defined as the system response
to isolated and impulse external forcing, is fundamental. This is because any other type of external
forcing can be represented as a sum of isolated impulses and, because of the linear superposition
principle, the system response to arbitrary forcing is then merely a linear combination of the Green’s
functions. The Green’s function can be pre-calculated for fixed physical parameters and geometry of
the system. The pre-calculation implies a great time saving, which is essential when a catastrophe
occurs and a rapid solution is required.

Due to the complexity of realistic systems, the Green’s function for most problems of interest
requires numerical calculation. Since impulse forcing at one time step is equivalent to an initial
condition at the next time step, a Green’s function is traditionally obtained by setting up a unitary
initial condition at a model grid point (source point) and then running a linearized model to get a
solution field defined everywhere. This is a type of one-source-all-receiver Green’s function, or
briefly, one-source Green’s function.

Since external forcing may happen anywhere and with any spatial distribution, one would have
to run the model repeatedly by taking every grid point successively as the source point to achieve
thorough hazard preparedness. If there are N grid points in total, and if one defines a run for one-
source-all-receiver as a / x N problem, then the total of all runs will be an N x N problem, which is
infeasible to tackle when N is large. Consequently, such repeated runs must be limited to pre-assumed
source regions, €.g., a seismic active zone (a limited-source Green’s function approach).

This paper presents a new type of Green’s function, an all-source-one-receiver Green’s function.
For convenience, it may be alternatively referred as an all-source Green’s function (ASGF). The
ASGF focuses on a receiver point, regarding all the model grid points as the potential sources. One
may freely choose a point of interest (POI), for socio-economic, academic, or monitorial reasons, as a
receiver. A run for N-sources vs. [-receiver is an N x [ problem and, as will be shown in the next
section, its computational cost is the same as for the / x N problem mentioned above.

The ASGF can be used as a tool to rapidly provide responses at one or several POIs for the full
range of possible tsunami source locations; it allows almost instantaneous (within a few seconds)
determination of the linear response at one or several POIs to a tsunami originating anywhere in an
ocean basin or even in the global ocean. We shall see that it also invites the introduction of two new
types of tsunami charts, one specifying the arrival time and the other specifying the gain, without
assuming the location of an epicenter or the reversibility in the travel path of a tsunami. The next
section will give the basic algorithm and the mathematical definition of the ASGF. Its potential

application to the tsunami problem is illustrated in Section 3 and closing remarks are given in Section
4.
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2. THE ALL-SOURCE GREEN’S FUNCTION (ASGF)

For a linear system, one can write the evolution equation for its state vector, X, in the general
form

x O _ A x*D  gpk-D (1)

where k = 1, 2, 3, -, indicate the time steps, A is the system matrix which encapsulates the model
physics, B is the input matrix which projects the external forcing vector, F, onto the state vector. Once
a tsunami is initiated by an earthquake or a submarine landslide, its evolution is determined by free
wave propagation. This paper has two purposes, to introduce the ASGF and to demonstrate its
usefulness to tsunami problems. For these purposes, the external forcing term will not be required;
therefore, only the free motion problem is considered here. However, it is worth noting that the ASGF
could also be used for a forced motion problem, e.g., a storm surge; in that case, continuous forcing
must be considered and the second term would require additional consideration. The application of the
ASGF to a storm surge problem will be considered in a future paper.
With the second term omitted, Eq. (1) can be re-expressed as

x B2 Ak x© (2)

where ¥ s the initial state vector, A% represents the kth power of the system matrix (in this paper,
a superscript k refers to a time step if enclosed in parentheses and to a power otherwise). Eq. (1)
(without the second term) and eq. (2) are mathematically equivalent, but can differ dramatically in
their computational loads. If the solutions at all model grid points are required, eq. (1) would be the
choice for computational efficiency, since each time step only involves a multiplication of a matrix
with a vector. In this case, to choose eq. (2) would be unwise, since, when k = 2, it would involve
calculating all the kth powers of the whole N x N matrix A, which would be very expensive or
infeasible when N is large. On the other hand, if only a few elements of the state vector X need to be
determined (i.e., only a few model grid points are interested for having solutions), eq. (2) provides a
distinct advantage as shown below.

Assume that there is only one point, say the ith point, where the solution is required. From eq.
(2), one can write the solution at the ith point as

X(k)(i)= Ak (i,:)X(O) 3)

where A¥ (i) represents the ith row of the kth power of the system matrix, and the colon indicates all
the columns of the matrix. The crux here is how to calculate A* (. economically. If one first

calculates the whole matrix power, A¥ and then extracts the ith row from it, the calculation is too
expensive computationally. Can one obtain the value of just the ith row of the matrix power without
calculating the other rows? The answer follows easily once the question is posed in this form. In fact,
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GV = A, 4)

G? =GVA (5)
G =GPA (6)
GM =G¥ DA (7)
G =G NA (8)

where the capital K represents the total number of time steps, G is simply the ith row of matrix A,
and G* (k=2,3, ~K) are obtained by a series of multiplications of a row vector with the same matrix.

As one can verify, G*is the ith row of Ak (k=2,3, ~K) but it is not extracted from the whole matrix
to the kth power; it is calculated economically. The effects on the ith point of the coupling by all the
other model grid points, as well as of the global topography and lateral boundaries, have been actually
realized in the above vector-matrix multiplication sequence.

The series of G* define the ASGF, evaluated at r = kAt (k=1,2,3, ~K). Each G is a row
vector with N columns, each of which can be viewed as an information channel. Having N channels
means that a receiver can simultaneously receive signals from N different sources without interference
(think of G*® = G®1 where the identical matrix Icontains N unitary sources); linearity will allow
these individual contributions to be summed to obtain the full solution when required.

If we now form a new matrix G from the row vectors G* (k=1,2,3, “K) as

G-| | ©)

G&

then G x X provides the solution time series at grid point i in response to an initial setup anywhere
in the model domain. For a different initial setup, say, corresponding to a new tsunami, one can
simply substitute a new column vector for X©, without modifying the matrix G . That is, once G has
been determined, it can be repeatedly used; the evolution from any specified initial state is easily
calculated from a simple matrix-vector multiplication. The determination of the matrix G may require
significant computer resources, but the matrix-vector multiplication can be quickly performed even on
an ordinary personal computer or on a web server.

The calculation of the aforementioned one-source-all-receiver Green’s function will consist of a
sequence of multiplications of the same matrix A and a column vector, which costs the same
computationally as to calculate an all-source-one-receiver Green’s function.
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The ASGF approach does not require use of a particular model. All required is that the model
dynamics are linear. Thus, one can always choose a better model. The ASGF will not alter the realism
or quality of the particular model that it uses; it simply provides a very efficient means to quickly
compute responses at particular POIs.

3. APPLICATION TO TSUNAMI PROBLEMS

This section will explore two aspects of the applications of the ASGF to tsunami problems, the
real-time simulation for tsunami propagation, and two new types of tsunami prediction charts. For
these applications, Heaps’ two dimensional numerical sea model in spherical coordinates (Heaps
1969) is used, but rewritten in a matrix format so that the system matrix, A , can be easily produced.
The model spatial resolution is 5 min in both longitudinal and latitudinal, and the model topography is
determined from a decimation of the Etopo 2 bathymetric data
( http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html ).

The examples presented here are influenced by artificial closed boundaries along 100° W, the
prime meridian, the equator and 80° N. In addition, no tuning was done to improve the prediction skill
of the model (e.g., by modifying friction parameters). Such improvements should clearly be
implemented for practical applications, but for the demonstration purpose here, they are not essential.

3.1. Real-time tsunami propagation simulation

It is conceptually useful to think of the life of a tsunami as consisting of three phases: the
genesis, the open-ocean propagation and the final onshore run-up. While the initial genesis and the
final run-up are clearly nonlinear processes, the propagation through deep water fortunately obeys
simple linear long wave dynamics. Nevertheless, real-time simulations for tsunami propagation are
still lacking (Paul Whitmore, personal communication, 2005), principally because tsunamis move
very quickly (~700 km/hour) across very large (transoceanic) domains. Even with a supercomputer
and massively parallel computations, it is very difficult to win the race for time against a fast moving
tsunami. The limited-source Green’s function approach can provide results very quickly, but
unfortunately only for cases in which a tsunami originates within source regions that are determined a
priori.

The ASGF offers a new tool to address this challenge. Because it can be pre-calculated with the
entire domain as potential source locations, when a tsunami-triggering event occurs anywhere within
the domain, the part of the pre-calculated ASGF corresponding to the source region can be loaded into
RAM, and its multiplication with the source function can yield almost instantaneously the tsunami
arrival curves at one or several POlIs.

Figure 1 and Figure 2 illustrate results from an R&D version of an internet-based real-time
tsunami simulation system, accessible at http://odylab.qc.dfo-mpo.gc.ca . Figure 1 illustrates the
graphical user interface provided in the form of a map on which one can create an arbitrary polygon
defining the tsunami source region using a simple point and click procedure. Once this source region
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is specified, one has the option of checking one or several points of interest where a response time
series is desired. Pressing the "Make plot" button then produces the required time series within a few
seconds. For the example presented here, a 100 km x 100 km square was created at the position
shown by the tiny white square near x=-4000 km and y=2000 km on Figure 1. Within 6 seconds of
this source specification, a pop-up window showed the response curve at Halifax (Figure 2).

Real-time Tsunami Simulation

{(Lon,Lat): (Nan Nan ) (LY (Nan JMal b) Clearl

Ma p Projection: Sinusoida | Equa l-Area

-10 -9 -8 7 -6 5 -4 -3 -2 -1 0
% 1000 km

Choose among these points of interest:

1. Yarmouth [ 2. Halifax 7] 3. Halifax - Offshore | 4. Burin- Offshore "]
5. St John's (NFLD) [7] 6. Orphan ] 7. Hibernia "] {De)Select All: [
Make plot! |

See the plot(s) in the pop-up window.
05.54 sec

Figure 1. The graphical user interface for the tsunami simulation system. One may select points
anywhere on the map to create a polygon defining the source region and then check one or more
boxes as points of interest. Pressing the "Make plot" button then provides results such as those shown
in Figure 2. A sinusoidal equal area map projection with a reference longitude of 50° W has been used.
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Figure 2. The tsunami arrival curve for the point of interest and the forcing region specified by the
procedure described in the caption of Figure 1. Two pieces of information are particularly important,
the first arrival time and the relative maximum amplitude.

3.2. New types of tsunami charts, the arrival time and the gain charts

As noted in Figure 2, two particularly useful pieces of information can be extracted from the
response time series, the first arrival time of the signal and the largest relative amplitude during a
certain period. The largest relative amplitude is defined as a gain since it is relative to the source unit.
Proper definitions of the arrival time and gain can be discussed later. For demonstration purposes here,
the arrival time is defined as the first time when a signal with 1/1000 relative amplitude (positive or
negative) arrives, and a period of 12 hours is taken within which the maximum absolute relative
amplitude is searched to determine the gain.

The 100 km % 100 km square in Figure 1 was purposefully chosen so that one can use it to tile
the model domain. Each of the tiles will then give a pair of numbers for the arrival time and the gain.
Contouring them gives an arrival time chart and a gain chart. Figure 3 and Figure 4 illustrate these
charts for Halifax as the POI and the North Atlantic Ocean as the source field. In Figure 3, different
color bands indicate arrival times at Halifax for disturbances generated anywhere over the model
domain. Any tsunami originating in the same color band would arrive at Halifax within the same hour.
The gain chart, Figure 4, gives the magnitude at any source point in the domain of the largest
amplitude at the POI if a unit tsunami originates from that source point. It reveals a spatial structure
indicating which potential generation locations would have maximal impact on a particular POI. Both
charts are equally important. A combination of the gain map with a hazard map for earthquakes and
submarine landslides should provide a useful tool for tsunami risk analysis.
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Figure 3. Arrival time map for Halifax as a POI. Any tsunami originating in the same color band
would arrive at Halifax within the same hour.
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Figure 4. Gain map for Halifax. It gives the magnitude at any source point in the domain of the largest
amplitude at the POI if a unit tsunami originates from that source point over a 100 km x 100 km
region. It provides a spatial structure indicating which source regions would generate the largest
responses at Halifax.

The tile size may, of course, be made as fine as the model spatial resolution, which is 5 min in both
longitude and latitude for the model used to generate the results illustrated in this section (=10 km x
10 km cells in the equatorial region). However, since the gain is reduced for smaller tile size, the
details of the map depend on this choice. A 100 km tile, with about 144 model grid points, was chosen
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here so that the gain map has both good spatial resolution and is still readable. The curve seen in
Figure 2 is actually a summation of the contributions of these individual source points.

A traditional tsunami chart only contains information on the tsunami travel time, not on its
amplitude. This is because it is made with an approach where a tsunami is treated as an optical ray
from an assumed source. In this approach, one can deal with the time easily, but not so with the
amplitude. Moreover, the usefulness of such a chart depends on whether a future tsunami will indeed
originate from the assumed epicentre. To overcome this source dependence, one must also assume
that a tsunami travel path is reversible like a light ray path and hence if one switches the source and
receiver positions, the travel time is still the same. This reversibility assumption allows one to
interpret the travel time from a POI to anywhere in the domain as the arrival time from anywhere to
the POI, whereas the former can be obtained by placing a source simply at the POI and using the ray
tracing technique. It has been the practice to use the ray tracing technique and the path reversibility
assumption for making the tsunami charts (Paul Whitmore, 2006 and Tad S. Murty, 2006, personal
communications; also see http://slowmo.sourceforge.net/).

It will be interesting to see how valid this path reversibility assumption is. On the one hand, we
all know that the geostrophic component of long waves in the ocean prefer certain directions for their
travel. For example, under the effect of the earth’s rotation, they tend to travel in a direction with the
shallow water to their right (left) hand side in the northern (southern) hemisphere (e.g., Pedlosky
1979). However, the purpose of this paper is not to conduct an expanded discussion on the path
reversibility.

The arrival time and the gain charts made with the ASGF do not assume specific epicentres or
the path reversibility. The Coriolis effect, the seabed frictional effects, and the wave refractions and
reflections caused by arbitrary coastlines and topography are all accounted for.

4. CLOSING REMARKS

The all-source Green’s function has been defined and an algorithm for its determination has
been provided. Its usefulness in tsunami problems also has been demonstrated; it makes real-time
simulation feasible and it introduces the arrival time and gain charts without assumptions about the
epicentre location or the reversibility of tsunami ray paths.

In comparison with the traditional one-source-all-receiver Green’s functions, the all-source-one-
receiver Green’s function has the following advantages: 1) The latter covers source points for the
entire model domain whereas the former only covers one source point. 2) POIs are more easily
identified than potential source regions; one may use a thousand POIs to cover comprehensively the
important coastal cities worldwide, and perhaps a dozen POIs for an island country or region. In
contrast, model grid points can easily number in the millions. To cover m POlIs, the latter approach
results in an m x N problem which is still linear in N (as long as m < N ) and can be easily handled
by modern computers.

The index i was taken to indicate a single POI in the discussion of the numerical algorithm, this
was just for simplicity of presentation; nothing prevents use of the index i to represent several distinct
POIs. One can thus use the same algorithm to calculate the ASGFs for several POIs simultaneously.
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Also, the algorithm is completely ready for parallel computation; one can assign values of i to
different processors or even different computational platforms and compute the individual solutions
without any need for exchange of information between processors. It should be feasible to calculate
and store the ASGFs for worldwide important cities as POIs and the entire global ocean as the
potential sources. It would also be interesting to make a tsunami atlas consisting of the arrival time
and gain charts covering the global domain.

The system matrix, A, should be very sparse, since it results from discretization of a set of
partial differential equations. The Heaps’s model adopted in this paper gives a sparsity of the order of
107 (the ratio of non-zero elements versus the total elements in the matrix). One should use a good
sparse matrix technique, such as the nonzero-element-only technique implemented in Matlab (Gilbert
et al 1992), for efficiency in the CPU time and in the disk storage.

The ASGF does not address the tsunami initial set-up or the final run-up issue but only
addresses the tsunami propagation issue. However, it is the propagation issue that is the most
computationally challenging. The ASGF provides an efficient intermediate connection between a
genesis model and a run-up model at the two ends.

The initial state vector, X', contains both the elevations and the depth average velocities. This
will allow for different types of initial conditions: the elevation only, or the currently only, or a
mixture of them.
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