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Abstract—The 2004 Indian Ocean tsunami caused an estimated 230,000 casualties, the worst tsunami
disaster in history. A similar-sized tsunami in the Pacific Ocean, generated by the 1960 Chilean earthguake,
commenced international collaborations on tsunami warning systems, and in the tsunami research
community through the Tsunami Commission of International Union of Geodesy and Geophysics, The
UGG Tsunami Commission, established in 1960, has been holding the biannual International Tsunami
Symposium (ITS). This volume contains selected papers mostly presented at the 22nd ITS, held in the
summer of 2005, This introduction briefly summarizes the progress of tsunami and earthquake research as
well as international cooperation on tsunami warning systems and the impact of the 2004 tsunami. Brief
summaries of each paper are also presented.
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1. Introduction

The 2004 Indian Ocean tsunami was the worst tsunami disaster in history. The
tsunami, caused by the giant Sumatra-Andaman earthquake (M, 9.3; STEIN and
OKAL, 2005) on December 26, 2004, devastated the shores of the Indian Ocean. The
total number of victims, dead and missing together, is estimated as 230,000
(INTERNATIONAL FEDERATION OF RED CROSS AND RED CRESCENT SOCIETIES, 2005);
the largest in Indonesia (163,795), followed by Sri Lanka (35,399), India (16,389),
Thailand (8,343), and Somalia (298).

In the Pacific Ocean, a similar, basin-wide lsunami occurred in 1960, This
tsunami was generated by the giant Chilean earthquake, which remains the largest
instrumentally-recorded earthquake on record (M,, 9.53). The tsunami caused more
than 1,000 casualties along the Chilean coast, then propagated across the Pacific
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Ocean, taking 61 lives in Hawaii 15 hours later, and reaching the coast of Japan in 23
hours and claiming 142 more casualties, Following this Pacific-wide tsunami,
international collaborations started on operational tsunami warning systems and
scientific studies of tsunamis.

The Tsunami Commission of IUGG (International Union of Geodesy and
Geophysics) was established immediately after the 1960 tsunami. The Tsunami
Commission organizes the biannual International Tsunami Symposiem (ITS), The
22nd TS was held in Chania, Greece, from July 27 to 29, 2005, with approximalely
90 participants from 20 countries. This volume contains selected papers presented at
the meeting and a few other papers, and reflects tsunami research after the 2004
Indian Ocean tsunami.

In this mtroductory paper, Section 2 reviews international cooperation and
progress on earthquake and tsunami research in the last half century. Section 3
describes the impacts of the 2004 Indian Ocean tsunami. Finally in Section 4 we
briefly introduce the papers in the following categories; survey and research results
on the 2004 and other recent tsunamis, geological studies of older tsunamis, and
studies on tsupami hazard analysis.

2. Status Before the 2004 Tsunami

2.1, International Coordination on Tsunami Warning Systems

After the 1960 tsunami, which affected many countries around the Pacific Ocean,
international coordination was initiated by the 10C (Intergovernmental Oceano-
graphic Commmission) under UNESCO (United Nations Educational, Scientific and
Cultural Organization). In 1965, TOC set up ITIC (International Tsunami Informa-
tion Center) in Hawait with support from the USA NOAA (National Oceanic and
Atmospheric Admimistration). With the mission of mitigating tsunami hazards
around the Pacific, ITIC cocrdinates international activities on tsunami warning
systems, helps countries to establish national warning and mitigation systems,
collects publications and other materials on tsunami events, develops educational
and awareness materials, and serves as an information resource on fsunamis. The
ICG/ITSU (International Coordination Group for the Tsunami Warning System in
the Pacific) was also established under the auspices of TOC, and first convened in
1968, The ICG/ITSU as of 2006 has 30 member countries and holds a biannual
meeting to exchange information and coordinate international activities in the
Pacific.

For operational tsunam: monitoring and warning activities in the Pacific, three
tsunami warning centers have been established. The PTWC (Pacific Tsunami
Warning Center), established in 1949 following the 1946 Aleutian fsunami, serves as
the international warning center for the Pacific. The WC/ATWC (West Coast/Alaska
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Tsunami Warning Center), established in 1967 following the 1964 Alaska earthquake
tsunami, serves as a sub-regional center for the western USA and Canada. In 2006,
Japan commenced operation of the Northwest Pacific Tsunami Advisory Center to
provide advisories to the northwest Pacific. These centers, operated by USA NCAA
and Japan Meteorological Agency, monitor seismic activity around the Pacific, and
issue tsunami warnings for the Pacific countries. Al} the centers share information
and coordinate message content before issuing advisories.

2.2, International Collaboration in Research Commumity

The Tsunami Comumission was established at the 12th general assembily of
International Union of Geodesy and Geophysics (IUGG). The Tsunami Com-
mission is closely related to three associations of the IUGG, IASPEI (Interna-
tional Association of Seismology and Physics of the Earth’s Intericr), TAVCEI]
(international Association of Volcanology and Chemistry of the Earth’s Interjor)
and JAPSO (International Association for the Physical Sciences of the Oceans).
The Tsunami Commission also organizes the biannual International Tsunami
Symposium and publishes Proceedings with selected papers presented at the
Symposium,

Since 1992, many tsunamis have occurred in the world. The development of the
internet has accelerated internationai coilaboration through the 1990s. Immediately
after the 1992 Nicaragua tsunami, an e-mail Iist, then called Nicaragua Builetin
Board, was set up, and has been used ever since as a forum for international
coltaboration and exchange of information. Now called the Tsunami Bulletin Board
(TBB), this service is maintained by ITIC.

The Tsunami Commission has also performed successful international projects.
The Tsunami Inundation Modeling Exchange (TIME) project distributed computer
software, a support manual and conducted training programs 1o teach tsunami
mundation modeling techniques using a numerical model developed at Tohoku
University in Japan. Under the Historical Tsunami Data Base project, a repository
of tsunami data has been established and is maintained through the joint efforts of
the Institute of Computational Mathematics and Mathematical Geophysics, in
Novosibirsk, Russia and the National Geophysical Data Center, Boulder,
Colorado, USA, which also serves as the World Data Center — Solid Earth
Geophysics — Tsunamis,

2.3. Scientific Developmenis

In 1960, when the giant Chilean earthquake generated a Pacific-wide tsunami,
little was known about tsunami generation. Most of the current seismological
concepts have been developed since the 19560s. Plate tectonic theory was introduced
in the i960s and now explains the mechanism of great or giant earthquakes.
Mathematical models of earthquake source were developed in the 1960s to relate
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seismic moment and size of fault. On the observational side, the World Wide
Standard Seismic Network was deployed in the 1960s.

In the 1970s, using these theories and observed data, faclt parameters of many
large earthquakes in the world were determined. The moment magnitude (M) scale,
based on seismic moment, was also introduced. It took more than a decade to
accurately estimate the size of the 1960 Chilean earthquake. Theoretical and
computational developments made if possible to compute seafloor deformation from
fauit models and the tsunami propagation on actual bathymetry.

Since the 1980s, seismograms have been recorded digitally, which has improved
data quality and reduced processing times. As a result, basic earthquake source
parameters can be estimated quickly and almost automatically. Heterogeneous slip
distributions {asperities) on the fault also have been studied. Large-scale numerical
simuations of tsunamis also became pepular in the 1980s.

In the 1990s, developments in computer networking have made it possible to
share the resuits of seismic wave analysis and tsunami aumerical simulations in real
time through the internet. In addition to instrumental seismology, historical and
geological studies of past earthquakes and tsunamis have made important discoveries
around the Pacific, advancing our understanding of tsunami hazards and recurrence
intervals.

At present, after a large earthquake, globally observed seismological and sea-level
data, as well as initial estimation of earthquake source parameters, are available
within minutes through the internet. Based on these data and information, more
seismological and tsunami siudies are made and the results are also shared in real
time. The development of the internet thus made positive feedback and accelerated
tsunami research,

3. Impacts of the 2004 Tsunami

3.1, International Acitivities

The lack of a tsunami warning system in the Indian Ocean contributed to the
severity of the 2004 Indian Ocean tsunami, At the 2005 I0OC general assembly, it was
proposed and adopted to organize ICGs (Intergovernmental Coordination Groups)
in occans and basins other than the Pacific. They are ICG/IOTWS {1CG for the
Indian Ocean Tsunami Warning and Mitigation System), ICG/NEAMTWC (ICG
for the Tsunami Early Warning and Mitigation System in the northeastern Atkantic,
the Mediterranean and connected seas}, and ICG/CARIBE-EWS (1CG for Tsunami
and Coastal Hazards Warning System for the Caribbean and Adjacent Regions). The
ICG/TSY for the Pacific has been renamed as ICG/PTWS (ICG for the Pacitic
Tsunami Warning and Mitigation System). 1CG/PTWC performed the first
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international tsunami drill for issuing and transmitting tsunami warning messages in
May 2006.

Among the scientific community, information on tsunami damage, survey plans
and obtamed data or research results have been exchanged and discussed through
Tsunami Bulletin Board {TBB). Within & month after December 26, about 500 mails
were posted to the TBB. Through such coordination, hundreds of tsunami scientists
around the world participated in tsunami surveys, most of them consisting of
international teams, to document the 2004 tsunami. The survey data were also shared
through the Tsunami Bulletin Board and individual websites. The surveys showed
that tsunami heights were very large around Band Aceh (maximum 30 m) on
Sumatra Island. They were 5 to 15 m aleng Thailand and Sri Lanka coast, but much
smaller in Myanmar (< 3 m) or the Andaman Islands (< 5 m).

At the business meeting held during the 2Znd ITS, the Tsunami Commission
decided to publish collections of selected papers presenied at the Symposium. The
Commussion also orgamized Working Groups to collect field data, survey results, tide
gauges and satellite data on the 2004 Indian Ocean tsunami.

3.2. Scientific Impuacts

There are several new lines of scientific progress resulting from the 2004 Indian
Ocean tsunami. Numerical simulations were made immediately; with several groups
performing the numerical simulations within hours after the event and posting the
results on websites,

Sea-level monitering stations, namely GLOSS (Global Sea Level Observation
System) stations and stations in Australia, the Pacific and Atlantic Oceans recorded
the 2004 tsunami (RapiNovicH and THoMSoN, 2007). For tsunami recording, higher
sampling interval (1 min) than ordinary tide (typically 6 min) is required. Such digital
data were provided to researchers through websites in real- or semi-real-time.

High-resolution satellite images, taken before and after the tsunami, made it
possible to estimate the tsunami damage in the hardest-hit areas such as Banda Aceh
{e.g., BORRERQ, 2005). Snapshots of nearshore tsunamis (e.g., on Sri Lanka coasts)
were recorded in high-resolution satellite images. Tsunami propagation across the
Indian Ocean was also captured by satellite altimeter {(JASON-1) data (e.g., Fusn
and SATAKE, 2007).

Numerous reports and papers have been published regarding the 2004
earthquake and tsunami, and it is almost impossible to list all of them. Here we
only reler to special issues of other scientific journals. A special section in Science on
May 20, 2005 (BiLaamM, 2005) contains papers mostly on the seismological aspects.
The special issue of Farth, Planets and Space (vol. 58, no. 2) contains 20 papers on
various aspects such as GPS measurements or tsunami surveys {TANIOKA ef al.,
2006). The June 2006 issue of Farthquake Spectra contains 44 reports, mostly on
tsunami field surveys and societal responses (Iwan, 2006). A special issue of Bulletin
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of Seismological Society of America contains 22 papers on seismological and tsupami
analysis (BILEK ef al., 2007).

3.3. Future fmprovements

Despite the advances mentioned in the previous subsection, we still need to
improve our scientific understanding of tsunamis. We are still unable to accurately
forecast coastal tsunami heights in real time. Initial numerical simulations made
after the Sumatra earthquakes in December 2004 and March 2005 assumed a
generalized source mechanism and computed tsunami propagation over the
relatively coarse ETOPO2, 2 min gridded bathymetry data (SmiTh and SANDWELL,
1997). Although these data are accurate for deep oceans, shallow bathymetry is not
accurate enough to be used for reliable tsunami forecasiing. Hence the numerical
simulations reproduce the overall features of tsunami propagation but cannot
predict accurate arrival times and amplitudes. Nearshore tsunami effects can be
accurately reproduced using available numerical codes for tsunami generation,
propagation and inundation, however the results depend heavily on detailed
information on the source mechanism as well as on local bathymetric and
topographic features,

Since it is unlikely that the detailed analysis of the seismic signals will accelerate
significantly nor wiil there ever be established a comprehensive database of detailed
bathymetry for every coast in the world, it is important that we develop the technology
to continuousiy monitor the tsunamigenic regions of the world and directly observe
tsunami generation and propagation. Offshore tsunameters (buoys) capable of
relaying real-time information to warning centers are essential for determining
whether or not a tsunami has been generated and how big the wave will be when it
reaches the coast. Dense networks of costal sea-level gauges in tsunami-prone areas
provide important confirmation of a tsunami’s generation, so that more distant
communities can be warned. All of these will enable more informed evacuation
decisions, as well as eliminate costly and potentially dangerous false evacuations.
Satellite technology should also be improved to allow for targeted tsunami
observation and rapid damage assessment for remote or inaccessible locations. Of
course, the real-time availability and exchange of these data are essential to improving
our understanding of a tsunami event as it unfolds and for saving lives and property. It
is also important to urge port and harber officials to install or upgrade tide measuring
stations to record water levels at a higher sampling rate {(1-minute or shorter) on a
continuous or event-triggerred basis.

For long-term forecast of future tsunamis, probabilistic estirnation can be made
based on the study of past tsunamis, using historical and geological data.
Paleoseismological work in the Nicobar and Andaman Islands would help us to
understand the occurrence and recurrence of great earthquakes in the Indian Geean
since prehistoric time.



Vol. 164, 2007 Tsonami and its Hazard in the Indian and Pacific Oceans 255
4. Contenis of this Issue

4.1, On the 2004 Indian Ocean Tsunami

As a part of the Tsunami Commission Working Group on tide gauge data,
RABINGVICH and Tuomson (2007) collected and compiled about 50 tide gauge
records around the Indian Gcean and provided analysis such as arrival times,
maximum amplitude and spectral components.

Tsunami was also recorded on hydrophones or seismometers. ORAL et al. (2007)
analyzed the hydrophone records at Diego Garcia and showed that the tsunami
signal is detected in a very wide period range (about 9¢ s to 3000 s), beyond the
shallow-water approximation. The dispersion character was modeled by normal
mode theory. OKAL (2007) shows that the 2004 Indian Ocean tsunami and other
recent tsunamis are recorded on horizontal components of seismometers. The seismic
detection of a tsunami can be modeled by using normal mode theory of the Earth
including the tsunami mode, thus leading to estimaie the seismic moment of pareni
earthguake {rom tsunami records.

OxAL and Trtov (2007) proposed a new magnitude scale, Af gy, from spectral
amplitude of tsunami. Similar to the mantle magnitude, M,,, the method is basad
on normal-mode theory and wses variable frequency, hence it is free from
saturation. They demonstrate that the new magmitude scale recovers the seismic
moment within a factor of two (0.2 in magnitude scale) from DART tsunameter
records, and from satellite sea-surface data obtained for the 2004 {sunami in the
Indian Ocean,

The 2004 tsunammi was also detected in the Atlantic and Pacific Oceans. KowALIK
et al. (2007) carried out a tsunami simulation on the global ocean while monitoring
energy flux. They found many important features of the tsunami. Reflection from the
coasts of Sri Lanka and Maldives were larger than the direct wave; the tsunami
entered the Pacific Ocean through various routes; the amplified tsunami energy
arrived much later than the first arrival.

INOUE et al. {2007) reports tsunami heights, arrival times and damage along the
Sri Lankan coast. A damaging tsunami had never been observed on this island
country, and then the 2004 tsunami resulted in about 36,000 victims. KELLETAT ¢t al.
(2007) examined the geological effects of the 2004 tsunami on the Thai coast. They
found minimal geomorphological changes and tsunami traces in their survey
immediately after the tsunami. Based on their observations, they concluded that the
2004 1sunami was considerably smaller than the paleo-tsunami events m the Atlantic
Ocean or Caribbean Sea that transported boulders.

4.2, Analysis and Stmulations for other Tsunamis

The last disastrous tsunami prior to the 2004 tsunami was the 1998 tsunami in
Papua New Guinea. This event generated sunami waves as large as 15 m around
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Sissano Lagoon near the epicenter and casualties estimated at 2,200, Jokvu et al.
(2007) report on their follow-up surveys of eyewitness accounts of this tsunami on
the coast west of the tsunami source region. They also summarize the experiences of
coastal residents from historical tsunamis since 1940,

Large tsunamis, including the 2004 event, demonstrate strong directivity; the
targest tsunanu heights were i directions perpendicular to the source, e.g., Sumatra,
Thai and Sri Lankan coasts. ABe (2007) found that in the direction of the long axis of
the tsunami source, or in the direction where the smallest tsunami amplitudes are
observed, the source length is represented well by the period of the initial tsunarni
wave. Through examinations of tide gauge records from four large Japanese
earthquakes in the last few decades, he measured the periods of the initial tsunami
wave, estimated the source length assuming that the observed period is equal to the
tsunami travel time across the source, and found that they are well correlated with
the earthquake magnitudes.

CHERNIAWSKY et al. (2007} carried out numerical simulations of tsunamis in the
southern Vancouver Islands from possible scenario earthquakes in the Cascadia
region of the Pacific Northwest. A very fine bathymetry grid, as small as 10 m, is used
in their stmulation, and tsunami run-up on land s considered. The computed coastal
tsunamu heights are mostly 5-8 m, with the maximum of 16 m, and larger than those
inferred from paleoseismological studies. The simulation also predicts very fast
current velocity up to 17 m/s (33 knots).

4.3. Geological Studies of old Tsunamis

Geological records or tsunami deposits have been studied around the Pacific
Ocean for the last two decades. KOMATSUBARA and Fusnwara (2007) provide an
overview of such studies carried out in southwestern Japan along Nankai, Suruga
and Sagami troughs. Many studies of tsunami deposits have been carried out in
the last 15 years but most of them were reported in Japanese language and not
known to the international community. The geological records cover a much
longer time range than the historical records. The inferred recurrence inter-
val is variable; the shortest ones are similar to those estimated from historical
records.

In the Cascadia subduciion zone, off the Pacific Northwest of the USA and
Canada, the recurrence of giant earthgualkes similar in size to the 2004 event has been
inferred from geological and historical records. KILFEATHER et af. (2007} extended
such studies on tsunami deposits by examining micro-structures in thin sections.
They found millimeter-scale stratipraphic features indicating multiple waves of
tsunamis, that are not visible on a macro-scale in the field.

FREUNDT et al. (2007) examined geclogical traces of past tsunamis around two
lzkes in Nicaragua, Lake Nicaragua and Lake Managua. These isunamis were of
volcanic origin, generated by pyroclastic flows or debris avalanches from flank
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collapse of nearby volcanoces. They emphasize that the tsunamis in shallow lakes can
be highly disastrous, not only in Nicaragua but also in other countries.

4.4, Tsunami Hazard Analysis

Probabilistic models have been developed to estimate coastal tsunami heights
from future earthquakes. Such methods have been widely used for seismic hazard
(Probabilistic Seismic Hazard Analysis), but only receatly applied to tsunamis.
POwWER et al. (2007} developed a Probabilistic Tsunami Hazard Analysis (PTHA)
method and apphied it for estimating probabilistic tsunami heights from distant
carthquakes. The end result 1s 2 map showing expected maximum tsunami heights
in the next 500 vears around New Zealand from earthguakes off South America.

A method for evaluating tsunami risk at nuclear power [acilities in Japan is
proposed by YANAGISAWA e al. {2007). Their method is based on a parametric study,
in which numerical simulations are repeated for clement tsunamis with various fault
parameters, and the element tsunami with the greaiest mfluence is sclected as the
design tsunami. The design tsunami is further compared with the historical data to
ensure that it produces tsunami heights larger than those historically recorded.
ANNAKA ef al. (2007) proposed a logic-tree approach for PTHA. Their end product is
a hazard curve, a relationship between coastal tsunami heights and the probability of
exceedance at a particular site. The hazard curve is obtained by integration over the
aleatory uncertainties, whereas a large number of hazard curves are obtained for
different branches of logic-trees representing epistemic uncertainty, such as isunami
sources, size and frequency of tsunamigenic earthquakes, standard errors of
estimated tsunami heights.

ORFANOGIANNAK! and PapADOPOULOS (2007) examined the stochastic methods
to compute the probability of tsunami generation from historical data of tsunami
and earthquakes. Two methods, based on the conditional probability of tsunami
occurrence and the total probability theorem, are compared to estimate the
probabilities in three regions around the Pacific: South America, Kuril-Kamchatka
and Japan.

FARRERAS ef al, (2007) reports developments of the Mexican national program
for tsunami hazard redection. It consists of a sea-level monitoring system with
real-time data access, deployment of a numerical simulation to construct tsunami
mundation maps for coastal communitics, and publication and distribution of
educational material on tsunamis. These efforts cover the three important areas,
warning guidance, hazard assessment and mitigation of tsunami hazard reduction on
both national and international levels,

The coastal behavier of tsunamis, such as wave fission or wave breaking, can be
studied by laboratory experiments. MATSUYAMA ef al. (2007) report their experi-
ments on tsupnami wave fission and wave-breaking in large-scale undistorted
experiments,
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