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We present a discussion of the field srveys conducted in the wake of fifteen locally
devastating tsunamis in the period 1992-2002. The goal of these surveys has been to
gather homogeneous databases of run-up and mundation, for the purpose of document-
ing precisely the penetration of the waves along the affected beaches. In turn, these can
be used as datasets to be matched by numerical simulations of the generation of the
tsunamis, their propagation and interaction with the beaches. These surveys have pro-
vided new insight into some complex phenomena, such as the existence of a leading
depression in an N —wave, the tmportance of beach topography on the local enhance-
ment of run-up, the contribution of underwater landslides to tsunami hazard, and the
value of an educated population in terms of the mitigation of human losses. We review
a simple and robust algorithm allowing the discrimination between tsanamis generated
by dislocations and landslides, based on the aspect ratio of the distribution of run-up on
a nearby beach, and the comparison of maximam run-up to the seismic slip involved in
the parent earthquake. Some of the techniques developed in these recent post-tsunami
surveys can be extended to events dating back a few decades through the interview of
clderly witnesses and the surveying of remanent watermarks. When applied to the case
of the 1946 Aleutian tsanami, the resulting data vequire both a large dislocative source
to explain the far-field tsunami, and a coeval underwater landslide to account for the
near-field run-up values which reached 42 meters at the site of the Scotch Cap light-
house.

1. Introduction

Over the past twelve years, a number of substantial tsupamis have resulted in signifi-
cant damage to coastal areas, in the wake of large but not gigantic earthquakes. They
have resulted in more than 3000 fatalities, of which 2100 took place during the catas-
trophic 1998 Aitape tsunami in Papua New Guinea. For the purpose ol adequate miti-
gation of future tsunamis, it is important to understand which factors control most cru-
cially the final characteristics of the flooding, namely run-up and inundation. In turn,
their successful modeling requires a reliable database of inundation parameters, against
which models can be tested through numerical simuilation of the generation of the
tsunami, #ts propagation fo the local shores, and its final interaction with the relevant
beaches.

1
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In this framework, the past decade has seen the development of sysiematic post-
tsunami field surveys by international teams of scientists, generally within a few weeks
of the disaster. Although isolated surveys had occasionally taken place foliowing more
ancient events [e.g., Abe et al, 1986], the latter had usually concentrated principally on
macroseismic effects. Rather, and starting with the 1992 Nicaragua earthquake, specific
tsunami surveys have been carried out systematically for a total of fifteen events {Fig-
ure 1),

This paper presents a review of each of those surveys, and highlights the most impor-
tant results oblained in their course, and in particular their infiuence on the understand-
ing by the tsunami community of the factors alfecting the destructive and occasionally
lethal power of the waves as they attack the coastal communities. We also discuss a
simple algorithm allowing to quantify the distribution of run-up values, as well as our
experience in extending the concept of post-tsunami field surveys to historical events.
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Fig. 1. Map of the Pacific Ocean showing the locations of the tsunami surveys con-
ducted in the past 12 years. The triangles show the source locations for the surveys
of historical tsunamis. Note that the 1946 Aleutian survey was taker both in the
near and far fields. The inset shows the Aegean Sea, site of the 1999 lzmit and
1956 historical Amorgos surveys.
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2. Goals and Methods

The objective of a tsunami field survey is to identify guantitatively the inundation pat-
tern and determine the run-up height distribution along the stricken coastline. Such
datasets help better predict what the inundation might be in nearby areas should the
same setsmic zone rupture at a comparable location in the future, possibly involving an
earthquake of a different size. In particular, and through hydrodynamic inversion, the
restilts may help determine if this is the worst-possible event expected in the relevant
area and whether the possibility for a transoceanic {sunami exists in a future rupture.
Detailed survey results and comparisons with model predictions may also help explain
why an cvent may appear initially anomalous, in the sense that the tsunami damage
reported may be incommensurate with the size of the parent earthquake. This type of
understanding can lead to the production of inundation maps, similar to those In
Hawaii, Japan, and currently in the final stages of completion for parts of California,
Oregon, Washington and Alaska. In turn, such maps can help local authorities plan the
tocation of schools, hospitais, fire stations and other critical facilities.

While the scientific rationale behind tsunami surveys is evident, Interpaticnal
Tsunami Survey Teams must strike a delicate balance between the necessity to act
promptly in order o recover field evidence of an often ephemeral nature, and the obvi-
ous priority to be given to search-and-rescue operations in the immediate aftermath of a
disaster involving large scale loss of life, shelter, and essential life-sustaining supplies.
In this context, we note that most tsunami watermarks are short-lived and may be lost
after a single large storm. Similarly. the disposal of debris involving earth-moving
equipment may destroy vegetation bolding clues to the direction and iniensity of
tsunami currents, Eyewitnesses usually move to safer areas or are relocated, and some-
times may not welcome being tracked down months later to discuss what may well
have been the most painful experience of their Hves. In addition, and quite frequently,
once an official version of an event circulates, all eyewitnesses report identical informa-
tion, as it is in human nature for people to trust what they hear or read from the press
more than what they see with their own eyes.

In this context, it has been the experience of the international teams that surveys can
be successtully conducted within a two- to three-week period from the event, which in
general provides a sufficient time window to see the conclusion of search-and-rescue
efforts. We wish to emphasize the inobstrusive character of the work of the field survey
teams; ITST members have always met the enthusiastic support of the local "lay" peo-
ple, who have been receptive to the eventual benefits to their communities of the team’s
work, and usually ask many interesting and diflicult questions that further guide in a
substantial fashion the team’s work.

The essential elements of the database recovered during post-tsunami surveys consist
of measurements of run-up and inundation. We define the former as the maximum ver-
tical elevation of a point located on initially dry land and inundated by the waves, and
the latter as the maximum horizontal penetration of the waves in the direction normal to
the beach during the fooding (Figure 2). The identification of a data point characteriz-
ing water penetration can be made either on the basis of the recognition of a watermark,
such as a line of debris deposited by the wave either on land or in vegetation, or
through the personal report of an eyewitness to the phepomenon. On occasion, it
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may be possible to determine neither run-up nor inundation, but only to infer the local
flow depth, usually from watermarks on the sides of walils or from debris left dangling
on trees or posts.

Once a data point has been identified and its coordinates recorded with GPS technol-
ogy, run-up is measured using topographic techniques, either by running a traditional
leveling transect to the nearby beach, or through three-dimensionat laser surveying. In
cases of extreme penetration where running a full transect is impractical (e.g., over
more than 1 km), run-up can be measured from differential barometric readings taken

Fig. 2. Photographs iliustrating the definition and measurement of vertical flow depth
{top left; 1992 Nicaragua tsunami), run-up (top right; 1995 Mexican tsunami), and
inundation (bottom: 2001 Peru tsunami).
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at the point of maximum peneiration and at the shoreline, within a few minutes of each
other to minimize the potential for atmospheric perturbation [e.g., Okal ef al., 20034].
In all cases, a record is kept of the precise titne of the measurements, i order to later
effect the tidal corrections necessary to refer measurements o the same still waterline
datum at the time of the event.

Post-tsunami surveys also include the geotechnical documentation of dynamic fiow
over inundated areas, for example the guantification of the amount and direction of sed-
imentation or erosion, as well as of the granular nature of deposits. Such data can be
used to reconstruct quantitatively the currents invoived in the inundation [e.g., Gelfen-
baum and Jaffe, 2003].

An additional element of post-tsunami surveys is the conduct of interviews of eyewit-
nesses. We seek to record the experience of survivors, both from the standpoint of doc-
umenting the physical properties of the waves making up the tsunami (through parame-
ters such as their number and intervals in time, and the occurrence of down-draws leav-
ing no watermarks), and also regarding the human response to the phenomenon, e.g.,
the recognition by the population of its nature, and the behavior of the individuals with
respect to evacuation before or upon arrival of the waves. Such information can be
used to identify the most important factors mitigating tsunami hazard |e.g., Dengler
and Preuss, 2003].

In addition to photographic documentation of the damage inflicted by the tsunami,
and whenever possibie, a full video recording of the interview of wimnesses is taken and
permanently archived, after obtaining informed consent on their part.

Another aspect of the work of International Tsunami Survey Teams is their cutreach
to local communities. By working closely with community leaders and local teachers,
we seek to hold meetings in town and church halls, schoals, hospitals, etc., in which we
make presentations to the local populations. In a more casual fashion, we never cease
to talk to groups of residents, who simply congregate around the scientists during the
surveys (Figure 3). Not surprisingly, we have found considerable differences in the
level of sensitivity to tsunami hazards among the populations of various regions. In the
most earthquake-prone areas, such as the coast of Peru, the {ocal residents feel many
earthquakes every year, and most of them have been or will be exposed to a perceptible
tsunami in their life times. As a result, the concept of tsunarni hazard is passed along by
ancestral tradition, and the populations are well educated in this respect; the reflex of
self-evacuation upon nolicing an anomalous behavior of the sea is well developed, to
the extent, for example, that it contributed significantly to the reduction of the death
toll, during the 2001 Camand, Pern tsunami [Okal et al., 2002a]. In areas less exposed
to tsunamis, there is obviousty a lower awareness of tsunami hazard, and a greater edu-
cation effort is warranied.

In this general framework, the message from the ITST strives to repeat a few funda-
mental facts regarding tsunamis and their mitigation, namely {i) thal tsunamis are a nat-
ural phenomenon which is part of the normal geological processes occurring in the
Earth, and that they do and will recur; (i) that any local earthquake felt sirongly
enough to disrupt people’s activities could produce significant changes in sea level and
should dictate evacuation of low-lying areas; and (iii) that any withdrawal of the sea is
the harbinger of the destructive return of an inundating wave and should trigger an
immediate evacuation of the beaches. Based on local topography, we seek to give
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Fig. 3. Outreach to local communities by members of the International Tsunami Sur-
vey Teams. Top: Drs. 1.C. Borrero (left) and E.A. Okal (right) give a presentation at
the San Juan Bafista pubiic school on Juan Ferndndez Island, Chile, during the 1946
Aleutian survey in the far field. Bortom: Dr. C. Ruscher (with hat) answers questions
at a spontaneous gathering with local residents during the 1999 Vanuatu survey.
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guidelines as to the spatial extent of an adequate evacuation, and emphasize the need (o
remain vigilant for several hours, as tsunamis consist of multiple waves whose period
cannot be safely evaluated from the first arrivals. We also strive to distribute pam-
phlets, if possible translated in a local language, which summarize tsunami hazards and
simple rules for their mitigation, and we generally attempt to leave a master copy with
tocal officials and school teachers.

To local government officials and civil defense authorities, we also stress the Tmpor-
tance of a sensible control on the development of real estate in low-lying areas, and of
the value of keeping the population aware of tsunami hazard through various exercises,
such as the yearly drills conducted for example in Japan and Peru.

On a more formal level, the teams have enthusiastically sought to include members
from the affected countries, in order to provide opportunities for in situ training during
and after the survey, thus establishing the basis of closer international cooperation in
science. Local scientists also contribute regularly to the data analyses and are joint
authors of most publications resulting from field surveys. Repeatedly, scholars from
the home countries have later pursued graduate studies abroad (e.g. in the United
States, Japan or New Zealand) in the wake of their participation in International
Tsunami Survey Teams.

3. Individual tsunami surveys

In this section, we detail the fifteen surveys taken by International Tsunami Survey
Teams since 1992, and in particular emphasize the fundamental contributions which
each of them has brought to the advancement of our understanding of tsunami hazard.

3.1, NICARAGUA. 02 SEPTEMBER 1992; M, = 3.4 x10°" dyn-cm [Dziewonski et
al,, 1993a]; INITIAL FIELD REPORT: Satake et al. [1993].

With more than 160 people killed along the coast of Nicaragua, this was the first
tsunami in over a decade to result in a substantial number of casualties. This, and its
clear nature as a "tsunami earthquake”, motivated a number of detailed surveys, which
became the model for all subsequent field work by the International Tsunami Survey
Teams in the aftermath of Jater tsunamis. We recall that "tsunami earthquakes” were
defined by Kanamori [1972] as events whose tsunarmis have far greater amplitude than
expected from their conventional magnitudes.

The seismic characteristics of the earthquake have been described in a pumber of
publications [Kanamori and Kikuchi, 1993: Satake, 1994; Velasco et al., 1994; Kikuchi
and Kanamori, 1995]. Its strong deficiency in high-frequency energy release is best
illustrated by its low body-wave magnitude, n;, = 5.3, which resulted in the earthguake
not being felt along certain segments of coastline, and thus in the absence of natural
warning for the impending disaster. Newman and Okal [1998] computed their lowest
value of the parameter & = log,, £5 /My as —6.30 for that event (this parameter
expresses the dimensionless ratio of estimated radiated energy to seismic moment;
under generally accepted scaling laws, it is expected to be an invariant (© = —4.90)
related to source strain release). In addition, Okal er al. [2003b] documented the
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deficient hydroacoustic ("1™") waves of the 1992 Nicaragua earthquake. Okal and New-
man [2001] noted the absence of comparable or larger interplate thrust earthquakes
along the Nicaragua subduction zone.

Results from the field survey are given by Abe er al. [1993]. They confirm substantial
values of run-up, reaching 8-10 m and spread over a 290-kin long segment of coast-
line, extending from the Honduran border to the Costa-Rican one. These first datasets
based on modern surveys were impossible to model using the then-available simulation
codes, which would stop the wave evelulion calculations at some threshold depth {e.g.
5 or 10 m), and essentially treat the shoreline as a rigid and fully reflecting vertical
wall. In practice, those simulations predicted rup-up values too low by clese to an order
of magnitude, when based on dislocation models acceptable from the seismological
standpoint [fmamura et al., 1993]. By contrast, Titov and Synolaiis [1993] presented a
largely successful simulation based on a prototype algorithm handling the full interac-
tion of the wave with an initially dry beach.

3.2. FLORES, INDONESIA, 12 DECEMBER 1992; M;=5.1x10" dyn-cm
[Dziewonski et al., 1993b]; INITIAL FIELD REPORT: Yeh ef al. [1993].

The parent earthquake of this tsunami took place in the Flores Sea, north of the Sunda
arc, and represented subduction of the proposed Banda block below the Australian
plate, under a complex regime of back-arc compression probably associated with the
incipient collision between continental Australia and the Sunda trench farther East
iBeckers and Lay, 1995; Hidavat et al., 1995].

The field survey conducted in the aftermath of the tsunami [Tsuji ef al., 19954} docu-
mented several intriguing results: while it established a maximum run-up of 4-5 m on
most of the Northern coast of Flores Island, it revealed catastrophic values of up o
26 m at some localities (Rangrioko) in Northeastern Flores. Underwater surveys by
Plgfker [1997] showed that the latter resulted from submarine landslides triggered
tocally by the earthquake.

In addition, a remarkable observation on the nearly circular island of Babi showed
that the maximum run-up (7.2 m) was observed in the lee of the tsunami, following a
process of convergence of the tsunami waves behind the circular obstruction [Yeh ef al.,
1993; fmamura et al., 1995a], which was successfully reproduced in the laboratory by
Briggs et al. [1995], and simulated numerically by Yeh et al. [1994] and Tinti and Van-
nini [1993].

Finally, it was noticed at the community of Wuring, off Maumere on the northern
coast of Flores, that a strong overland flow had over-run a peninsula, illustrating the
vilnerability of such features due to bathymetric focusing of tsunami energy by shal-
low structures.

3.3 HOKKAIDO-NANSEI-OKI, 12 JULY 1993; M, = 4.7 x10% dyn-cm [Dziewonski
el al,, 1994); INITIAL FIELD REPORT: Shuto et al. [1993],

This tsunami remains to this date the last catastrophic one to affect Japan, with 198
fatalities confirmed on the small island of Okushiri. The Aonae peninsula at the south-
ern tip of the island was completely over-run by the waves, despite the presence of a
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7-m high protection wall. Seismological investigations of the parent earthquake were
carried out by Tanioka et af. [1995a] and Kuge et al. [1996]. Post-tsunami field surveys
[Shuto et al., 1993; Shuto and Matsutomi, 1995] documented run-up reaching 31 mat a
river gully near Monai on the Western shore of the island. emphasizing the importance
of the topography at the recelving shore on the eventual amplitude of run-up.

Based on the DCRC-17a source model of Takahashi et al. [1993], the modeling by
Titov and Synolakis [1997] of those maximum run-up values and of the inundation flow
over the Aonae peninsula using the MOST code [Titov and Synolakis, 1998] was the
first successlul demonstration of the capability, for simulation technigues, to reproduce
the highly non-linear interaction of the wave with originally dry land (Figure 4).

The Okushiri tsunani was relatively unique in the extreme proximity of the source
region to the isfand which left practically ne time for the residents to escape the
onslaught of the waves. This tragedy had a profound effect on the evolution of mitiga-
tion strategies, notably concerning sea walls, shoreline development and vertical evacu-
ation,

3.4, JAVA, 02 JUNE 1994; M, = 5.3 x10% dyn-cm [Dziewonski et al., 1995a]; INI-
TIAL FIELD REPORT: Synolakis et al. |1995].

This was the second "tsunami earthquake™ of the 1990s, characterized once again by an
exireme deficiency in energy-to-moment ratios (Newman and Okal’s [1998} parameter
= —0.01). The absence of ground shaking proved lethal to the population (223
killed by the tsunami, none by the earthquake), put helped evaluate the wave damage.
Tanioka and Satake [1996] suggested that a sloping ocean bottom in the epicentral area
could have enhanced tsunami generation through the contribution of horizontal dis-
placement of the sea bottom. Abercrombie et al. [2001] proposed that the earthguake
involved slip over a subducting seamount, which had provided a single locking asperity
along an otherwise aseismic subduction segment [Okal and Newman, 2001}, an idea
originally expressed in Japan by Lallemand and Le Pichon {1937].

The field survey [Tsuji et al, 1993b] identified rup-up amplitudes reaching 14 m at
Rajekwesi, and documented the importance of the local topography, capabie of ampli-
fying and funneling tsunami energy, notably over so-called pocket beaches.

3.5. SHIKOTAN, KURIL ISLANDS, 04 OCTOBER 1994; M, =3.0x10* dyn-cm
[Dziewonski et al., 19955]; INITIAL FIELD REPORT: Pelinavsky et al. [1995].

This earthquake was at the time the second largest in the Harvard CMT calalogue; it
was not, however a subduction event, but rather involved tearing of the subducting slab
along a nearly vertical fault plane [Tanioka ef al., 1995b]. It produced very strong shak-
ing resulting in the opening of large fissures in the ground, and led to environmental
damage due to leakage from oil storage tanks. The resulting tsunami was surveyed by
Yeh er ¢l 119951, with run-up in the range of 5 to 9 m; none of the 12 deaths were
directly attributable to the tsunami. However, most of the locations surveyed on
Shikotan Tsland lacked significant accumulation of tsunami deposits, indicating a Tack
of universal correlation between substantial inundation and sedimentation.
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The distribution of run-up was made relatively complex by the inltricale geography of
the islands and straits in the region, but was nevertheless successfully modeled by Yeh
et al. [1995] and Tirov [1996], even though Piatanesi et al. [1999] have suggested that
the surveved dataset is insufficient to resolve the two conjugate fault planes of the focal
mechanism.

3.6. MINDORO, PHILIPPINES, 14 NOVEMBER 1994; M, =5.1x10® dyn-cm
[Dziewonski et al., 1995b]; FIELD REPORT: Imamura et al. [1993].

This relatively moderate earthquake, characterized by a sirike-slip mechanizm, gener-
ated a significant tsupami, featuring run-up as high as 7.3 m. While some of the large
run-up values could be attributabie to local landslides (as in the case of Flores (1992},
but on a smaller scale), the survey conducted by Imamura ef ul. [19955] revealed local
on-land deformations departing from the expected field of static displacements, and
highlighted the importance of the horizontal displacement of a coastline traversed by a
strike-slip fauli as a posgsible mechanism of generation of a local tsunami, as modeled
by Tanioka and Satake [1996] and more recently Legg et al. [2003]. Finally, it pointed
out the existence of complex and powerful flow regimes at the mouths of rivers, due
both to the tsunami and the presence of cracks on the river bed, as exempiified at
Wawa, on the Baroyan River, where a 400(-ton barge was moved 1.6 km inland.

37. MANZANILLO, MEXICO, 09 OCTOBER 1995, Mp=115x 10%% dyn-cm
[Dziewonski et al. | 1997a} INITIAL FIELD REPORT: Borrero ef al. [1997].

This earthquake was the largest one to affect the Mexican ceastline since the devastat-
ing 1932 series, but remained significantly smaller than the latter’s mainshock [Pacheco
et al., 1997; Zobin, 1997], a conclusion upheld by Ortiz e al.’s [1998] modeling of
tidal gauge records.

During the field survey, Borrero et al. [1997] docummented on a photograph taken by a
coastal resident the leading depression {down-draw) expressing the first phase of inter-
action of the tsunami with a local beach (Figure 3). This is believed to be the first docu-
mented observation of this phenomenon, which had been predicted theoretically, for an
adequalte focal geometry, by Tadepalli and Synolakis {1994, 1996], and which is rooted
in the dipelar nature, involving both subsidence and depression, of the ground deforma-
tion during the earthquake. It confirms the challenge to the paradigm of the soliton
mode] for the leading waveform of an carthquake-generated tsunami.

3.8. BIAK, INDONESIA, 17 FEBRUARY 1996; M, = 2.4 X 10% dyn-cm [Dziewonski
et al., 1997h]; INITIAL FIELD REPORT: fmamutra et al. {19971

This very large earthquake took place along a segment of the New Guinea Trench with
no previously documented large scale seismicity, leading Okal [1999] to suggest a
regime of subduction through large events separated by long recurrence times, the pre-
vious one tentatively dated to 1914, The tsunami was damaging throughout Northwest-
ern Trian Jaya, and in particular on Biak Island, where run-up reached 7.7 m. The field
work of the YIST [Maisutomi et al., 2001} documented for the first time the feasihility
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of obtaining a database of current velocities, estimated from differences in inundation
depths upstream and downstream of obstacles such as house walls, based on an applica-
tion of Bernoullly’s theorem [Maisutomi and Tizuka, 1998].

3.9. CHIMBOTE, PERU, 21 FEBRUARY 1996; M, = 2.2 x10°" dyn-cm [Dziewonski
et al, 1997h]; INITIAL FIELD REPGRT: Bourgeois et al. [1996].

This represents the last of the recent "tsunami earthquakes” characterized by a deficient
energy-to-moment ratio {@ = —5.94); as in the case of the Nicaragua and Java eveats
described above, no other large subduction earthquakes are known along that section of
the Northern Peru coastline {Okal and Newman, 2001]. The earthquake also showed a
spectacular deficiency in hydroacoustic T waves at teleseismic distances [Ckal ef al.,
2003b]. The field survey [Bourgeois ef al., 1999] documented run-up in the 2 to 5 m
range over a 250-km stretch of coast, and the total run-over of a flat, 1.5—km wide isth-
mus separating the local bays at Chimbote and Samanco.

The run-up of the tsunami along the Peruvian coast, as well as in some bays of the
Marquesas [slands, was successfully modeled by Bourgeois ef al. [1999] and Heinrich
et al. [1998), after allowing for a low value of source rigidity, in order to reflect the
anomalous character of the earthquake [Thnlé et al., 19981, Satake and Tanioka [1999]
modeled regional tidal gauge records to constrain the width of the fault.

3.10. AITAPE, PAPUA NEW GUINEA, 17 JULY 1998; M, =3.7x 10%® dyn-cm
[Dziewonski et al., 1999]; INITIAL FIELD REPORT: Kawata ef al. {1999].

Despite the relatively small size of the parent earthquake, this tsunami resuited in over
2100 fatalities, officially surpassed in the 20th century only by the 1933 Sanriku, Japan
tsunami. The field survey was organized within two weeks of the disaster and con-
firmed exceptional run-up heighis, reaching 15 m at Arop, but concentrated on a
25—~km stretch of coastline outside which the effects of the tsunami were benign. As
documented in detail in Synolakis er al. [2002], the combination of excessive amplitude
and concentration of the run-up was quickly recognized as incompatible with any simu-
lation model based on the excitation of the tsunarm by the seisinic dislocation; in addi-
tion, the earthquake did not feature a slow source compatable to those of documented
"tsunami earthquakes” [Newman and Okal, 1998 Synolakis et al., 2002].

Finally, witness reports generally indicated that the tsunami had arrived at least 10
minutes later than predicted by all acceptable models of propagation from the earth-
quake source [Davies et al., 2003]. Based on the identification of a hydroacoustic signal
recorded near Wake Isiand and featuring an anomalous combination of amplitude and
duration, Oka! 11998; 2003] proposed that the tsupami had been generated by an under-
water landslide, itself triggered by the earthquake with a delay of 13 minutes. A num-
ber of ship-based surveys, using seismic refraction and remotely operated submersibles
{e.g, Sweer and Silver, 2003] later identified a 4-km® stump contained in a bowl-
shaped amphitheater located 25 km from the coast, which was used as the source of the
tsunami in several successful numerical simulations of run-up along the Sandaun coeast
{Heinrich er al., 2000; Synolakis et al., 2002; Imamura and Hashi, 2003].
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Results from the post-tsanami field survey thus led to the identification of a subma-
rine landslide as the source of the devastating 1998 Papua New Guinea tsunami, and
renewed sensitivity was aroused in the tsupami community for the hazards created by
underwater landslides [Bardet et al., 2003]. As a result, the level of hazard posed by
relatively moderate earthquakes (typically at the magnitude 6 level) must be re-exam-
ined upwards, on a case-by-case basis [Borrero et al., 2001 ).

3.11. IZMIT, TURKEY, 17 AUGUST 1999: M, = 2.9 x10%" dyn-cm [Dziewonski et
al., 2000a]; INITIAL FIELD REPORT: Alnnok et al. [1999].

The devastating Tzmit earthquake [e.g., Barka et al., 2002}, which killed upwards of
18,000 people, was accompanied by a significant tsunami which infiicted additicnal
destruction to coastal arcas at the Eastern end of the Sea of Marmara, including envi-
ronmental damage due to a major oil spill at a refinery in Izmit. A database of resuits
from lsunami surveys is given by Altnok et al. [2001], who attribute the origin of the
tsunami principally to the activation of underwater normal fauits located at pull-apart
basins offsetting the main sirike-slip fault, and documented by seismic refraction
[Alnnok et al., 1999), with additional contributions from localized coastal slumps.

The modeling of the 1999 fzmit tsunami, proposed by Yulgwner et al. [2000], has ted
10 a better understanding of tsunami risk in the Sea of Marmara [Yalgmer et al., 2002},
where a major earthquake with potentially catastrophic effects on the Istanbul mettopo-
lis is generally expected in the next decades | Parsons et al., 2600].

3.12. FATU HIVA, MARQUESAS, 13 SEPTEMBER 1999; FIELD SURVEY: Okal et
al. [2002b].

Without any warning (earthquake tremor, acoustic rumbling, etc.), a series of two
waves reaching 5 m in amplitude inundated the beach front in the village of Omoa on
the island of Fatu Hiva, and inflicted severe damage to the local school. Miraculously,
there were no victims among the estimated 85 children attending school that afternoon.
The cause of this local tsunami was an aerial landslide resulting from the collapse of a
weathered cliff, 3 km from the village (Figure 6). The resulting survey [Okal ef al.,
2002b] provided a volume estimate of (2 to 5) ¥ 10% m® for the slide, and successful
simulations were carried out by Hébert e ol [2002] and Okal et al. [20020]. To our
knowledge, the landslide was not detected instrumentally anywhere in the Pacific
Basin, and this event thus constitutes the first surveyed occurrence of an "aseismic
tsunami”,

As a result of this disaster, the school was rebuilt more than 1 km infand, in what one
would hope represents a reversal of the recent trend towards development of beachfront
real estate in the Marquesas.

3.13. VANUATU, 26 NOVEMBER 1999; M, = 1.7x10°" dyn-cm [Dziewonski et al.,
20000]; FIELD SURVEY: Caminade et al. [2000].

This event, discussed in detail by Pellefier ¢t al. (20001, took place behind the main
Vanuatu arc, and featured a thrusting mechanism. The field survey documented run-up
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Fig. 6. 1999 Tsunami al Falu Hiva, Marquesas. Top: View of the village of Omoa,
inundated by the wave. Bomtom: Landsiide at Vaifaite, 3 km from Omoa, pho-
tographed by the ITST 22 days after the event. The landslide (labeled "NEW") is
approximately 300 m across and 250-300 m tail. It expresses the ongoing erosion of
the island, with older episodes expressed in the morphology of the cliff, while the
central part of the picture (labeled "NOT YET") constitutes permanent hazaed,
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reaching 6~7 m on Peantecost Island and 7-8 m on Ambryn. It is probable that smalf-
scale landslides contributed locally to the larger values. From the standpoint of
tsunami mitigation and warning, the 1999 Vanuatu event served as a spectacular illus-
tration of the value of education of the coastal populations. The story of the village of
Baie Martelli is a case in point: only a few months before the event, the villagers had
been shown on portable, hattery-operated (elevision sets, a video based on the 199§
Papua New Guinea disaster, stressing the need to evacuate coastal areas following any
strong earthquake, and especially in the event of anomalous variations in sea level.
When the earthquake struck, in the middle of the night, and a villager reported a with-
drawal of the sea, the entire village was evacuated before the tsunami destroyed it
totally; out of a population of 300, the only five victims were elderly invalids who
could not evacuate, and a drunken man, who would not.

3.14. CAMANA, PERU, 23 JUNE 2001; My =4.7x10% dyn-cm [Ekstrom et al.,
2003}; FIELD REPORT: Okal et al. {20024].

This earthquake remains, to this day, the largest cvent in the past 39 vears, as docu-
mented by the Harvard CMT catalogue, and Kanamori {1977]. While exhibiting a trend
towards slowness (0 = —5.48), the event did not qualify as a "tsunami earthquake",
and its tsunami was adequately modeled as due to a standard seismic dislocation. The
tsunami affected the coastal communities from Ilo in the South to Tanaca in the North
and resuited in 86 people killed or reported missing in the coastal area. Most of the
imundation and damage took place in the Camanad river delta area.

Cne of the major results from the initial field survey [Okal et al., 2002a] was that this
death toll could have been much greater, had the tsunami struck during a Summer
night, when the beach would have been packed with vacationers. The survey team was
also impressed with the level of education and sensitivity to hazard of the local popula-
tion, especially in fishing communities with a deeply rooted ancestral tradition. Indeed
most of the victims at Camané were farm workers from the hinterland.

Another highlight of the international surveys following the event [Dengler er al.,
2003] was the access (o a video of the arrival of the tsunami in the bay of Matarani har-
bor, documenting a small initial positive wave (not exceeding a few tens of cm, and
thus within the range of tidal oscillations}), followed by a strong down-draw, emptying
the bay and grounding many boats for a peried of about 20 minutes, during which the
bay developed complex patterns of vortical flow. This video, filmed by a television
cameraman before he was ordered to evacuate the harbor {(and thus missed filming the
subsequent inundation) is one of a handful of existing films of the actual motions of
water in a harbor during a tsunami. Finally, a systematic investigation of the tsunami
deposits in the Camand delta revealed a large variation in thickness and layering, even
on the small scale of the delta, stretching approximately [0 km along a generally recti-
linear shoreline [Dengler et al., 2003],

3.15. WEWAK, PAPUA NEW GUINEA, 08 SEPTEMBER 2002, M, =29 x10%
dyn-cm [(G. Ekstrom, pers. comm., 2002]; FIELD REPORT: Borrero et al. [2003].

In contrast to the 1998 disaster, which occurred only 133 km to the Northwest, the
2002 earthquake was a larger seismic source, which did more signiticant damage
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onland, killing five persons , but resulted in a much weaker tsunami (maximum run-up
on the coast:3.5m), observed on a longer stretch of coast [Borrero et al., 2003].
This confirmed, if need be that the 1998 tsunami was generated by an exceptional
source — the underwater landstide — absent from the 2002 scenario.

4. The use of regional run-up datasets as identifiers of tsunami sources

In a recent contribution, Ckal and Synolakis { 20041 have shown that datasets of rua-up
amplitudes in the near field can be used to identify the nature (dislocation or landslide)
of the source of a tsunami based on the analysis of the aspect ratio of the distribution of
run-up along beach, and of the maximum run-up measured in the near field, scaled
by the co-seismic slip Au on the fault plane. Specificaily, given a distribution {(y) of
run-up values along a beach oriented in the y direction, these authors fit by trial and
error a function of the type
b
=]
+ 1
43

and define the two dimensionless guantities [; = b/Au and I, = b/a. They propose
that these behave as invariants, characteristic of the class of tsunami source considered
(dislocation vs. landslide), but largely independent of the exact parameters describing
such sources. They are motivated by the intuitive observation that maximum run-up
(hence b) should be principally controlled by the amount of deformation of the sea
floor, and hence by the slip Aw on the fault, while its distribution (hence a) should
reflect the lateral extent of the source. Noting the fundamentally different distribution
fields of underwater deformation for dislocations and landslides, and in particular that
the strain release in an earthquake is limited inherently by the strength of crustal rocks,
Okal and Synolakis [2004] showed that I; (as well as I; when Au is sufficiently well
known} can be used as a discriminant of the nature of a tsunami source (Figure 7).
This was supported by the systematic processing of more than 70 simulations of
regional  tsunamis using both kinds of sources, and letting their geometric parameters
vary  widely. A simple rule of thumb is that dislocations sources cannot feature aspect
ratios [, greater than 107*

Figure 8 presents the application of this approach to seven profiles obtained
from the above modern surveys (and the 1946 Unimak field survey; see Section 5.
below). We eliminated those surveys taken aleng contorted shorelines or those
featuring islands, where in both cases the definition of the coordinate y is difficalt.
These results clearly identify the 1998 Papua New Guinea and 1946 Alentian tsunamis
as the only ones requiring a non-dislocative source to model their tsunamis in the near
field (Figure 7). In particular, Figures 85 and 8¢ illustrate the fundamentally different
nature of the run-up distribution for the two Papua New Guinea events: the 1998
Altape tsunami, generated by a landslide, and the 2002 Wewak one, resulting form a
standard dislocation.

c= (1
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Fig. 7. Plot of the dimensionless parameters /; and /5 obtained by regressing the distri-
bution of run-up along near-field beaches for a number of tsunamis surveyed by the
ITSTs. This figure clearly identifies the 1998 Papua New Guinea and 1946 Aleutian
tsunamis as the only ones with I, > 2; I, > 107%, thus requiring generation by a
landslide rather than by the earthquake dislocation. After Okal and Synolakis 20047,

5. Extension to historical events: The case of the 1946 Aleutian tsunami

Some of the techmiques used by the International Tsunami Survey Teams can be
extended to build quantitative data bases of run-up and inundation for historical events.
When avatlable, historical archives can be used successfully, as demonstrated by the
reconstruction of the effects of the 1700 Cascadia tsunami in Japan [Satake ef al., 1996,
Atwater et al., 2004]. In their absence, and for more recent events, we have found that
many elderly residents throughout the Pacifi ¢ had kept vivid memories of the damages
wrought by the 1946 Aleutian tsunami, both in the near and far fi elds, to the extent that
quantitative information on run-up and inundation could be recovered more than 50
years afier the fact (Figure 9).

However, in dealing with historical events, the surveyor is faced with the additional
challenge of assessing the reliability of the recollection provided by a necessarily
elderly witness, whose memory may be fziling. In particular, it is of paramount impor-
tance o establish beyond doubt the association of a recollection with the correct
tsunami. As detailed in Okal er al. [2002¢], this may involve techniques of "cross-
exarnination” of the witnesses regarding time of the day (which often is characteristic
of a given tsunami on a particular islund) and age of the wilness (expected to vary sig-
nift cantly between candidate events, due to the general rarity of destructive (supamis).
We discuss here the application of this approach to two historical tsunamis.
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5.1. UNIMAK, ALEUTIAN IS., 01 APRIL 1946; M, = 9 x10* dyn-cm [Ldpez and
Okal, 2002].

The case of the 1946 Aleutian tsunami remains a challenge (o the seismological and
tsunami communities. The earthquake, featuring a conventional magnitude of only 7.4
[Gutenberg and Richrer, 1954} is deceptively small in regard of the catastrophic
tsunami which it generated, in both the near field, where it eradicated the Scotch Cap
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lighthouse, and in the far field, where it killed 159 people in Hawaii, and wrought sig-
nificant damage in the Marquesas, and probably as far as Antarctica [Fuchs, 19821 It
was recognized early on by Kanamori [1972] as a "tsunami earthquake” featuring
exceptionally slow rupture. During several campaigns of field work in 1999-2002,
described in detail in Okal et al. [2002¢; 2003a], we were able to successfully compile
a database of 57 far-field and 29 near-field run-up measurements through the interview
of 69 witnesses aged 59 io 89 al the time of the interview [Okal et al., 2002¢; 2003a].
These feld surveys produced two fundamental results: in the near field, we revised to a
maximum of 42 m the amplitude of run-up at Scoich Cap, and established that it decays
relatively fast along the coast of Unimak Island. These two observations reguire the
invelvement of a major underwater landslide as they indicate an aspect ratio
I, = 6.7 %107 and a ratio of maximum run-up to seismic slip I; = 3.4 both in excess
of those theoretically acceptable for any dislocation {Okal and Synolakis, 2004]. The
presence of a landslide in the source of the 1946 tsunami is also supported by anecdotal
testimony from retired fishermen. In contrast, in the far ficld, and based principally on
our results at Juan Ferndndez Island, we document a very pronounced directivity, which
cannot be reconciled with a landslide source, and requires a substantial dislocation.

A detailed seismological reassessment of the 1946 Aleutian earthquake established
that it involved bilateral rupture over a fault extending at least 200 km, and that it fea-
tured one of the slowest ruptures ever documented, with Newman and Okal’s [1998]
parameter @ reaching ~ 7.0 [Ldpez and Okal, 2002). Using simulations based on an
estimated seismic moment of A, = 9x10% dyn-cm (suggested from the evolution of
mantle wave spectral amplitudes with frequency, as recorded on broad-band instru-
ments at Pasadena), Héberr and Okal 120037 have successfully reproduced the directiv-
ity in rur-up amplitudes surveyed in the far field, and Titov ef al. [20037 have similarly,
but with the help of a different code, modeled the inundation at Hilo, Hawaii, as
reported by Shepard et al. [1946].

The model emerging from these studies is that of a complex process, comprising an
extremely slow and very large earthquake (required to explain the far field tsunami, as
well as for example, the distribution of aftershocks), and of a coeval landslide responsi-
ble for the exceptional amplitude of run-up in the near field.

5.2. AMORGOS, GREECE, 09 JULY 1956; M, = 5 x10*" dyn-cm [this study].

This relatively large earthquake was followed by a locally destructive tsunami, with
maximum run-up reported to have reached 30 m on the Southern coast of the island of
Amorgos. Ambraseys [1960] suggested that the source of the tsunami must have
involved underwater landslides off the Eastern coast of Amorgos. There is consider-
able disagreement on the exact local mechanism of the earthquake [Shirokova, 1972;
Ritsema, 1974], suggesting the possibility of a composite rupiure, in the general frame-
work of extensional neotectonics in the the back-arc Aegean Basin. A number of
marine surveys [Ambraseys, 1960; Perissoratis and Papadopoudos, 1999} have sug-
gested the involvement of an underwater slump as a source of the tsunami.

We have initiated a tsunami survey through the interview of a dozen elderly witnesses
on the island of Amorgos in the Summer of 2003, and compiled a preliminary dataset
of 6 run-up measurements. Iis peaked character on the Eastern coast of Amoirgos would
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Fig. 9. Interviews of witnesses of the 1946 Aleutian tsunami. Top: In the near field. Dr.
Okal interviews Mr. Ronald Wilson, aged 10 in 1946, who is seen directing him on a
map to driftwood deposited on the island of Sanak, a watermark iater surveyed by
the team. Bottom: In the far field, Ms. Yvonne Katuai, a resident of Hattheu, Nuku
Hiva (Marquesas Islands) aged 8§ in 1946, remembers how the tsunami destroyed her
father’s store and carried a bag a fiour into the cemetery, depositing it on this tomb,
surveyed to lie 8.2 m above sea level.
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support a landslide origin for the tsunami. Further work is also in progress on the Turk-
ish coast of the Aegean Sea, in collaboration with Prof, A.C. Yalgmer.

6. Conclusion

Over the past twelve years, the post-tsunami field surveys conducted by the Interna-
ttonal Tsunami Survey Teams have provided homogeneous datasets of run-up and inon-
dation measurements which have proven critical to the development of our understand-
ing of the interaction of a tsunami wave with a receiving beach. Some of the milestones
in this progress include the need for, and feasibility of, the precise handling of the inter-
action with the beach by numerical algorithms of hydrodynamic simulation (Nicaragua,
1992; OGkushiri, 1993), the observation of the leading depression predicted by theoreti-
cal models (Mexico, 1995), the identification and recognition of underwater landslides
as posing major hazard to coastal communities (Papua New Guinea, 1998), and the
value of education as a mitigating factor of the death toll during near-field tsunamis
(Vapuata, 1999; Peru, 2001).

An important development brought about during the field surveys is the possibility of
applying modern techniques designed in the aftermath of recent events to historical
tsunamis, through the interview of elderly witnesses and the surveying of preserved
watermarks, both 1n the near and far fields. The application of these techaiques to the
1946 Aleutian event clearly requires both a large disiocation to explain the farfield
data, and a major underwater landslide to generate the local tsunami, Because no
tsunami with catastrophic transoceanic amplitudes has occurted in the past 40 years,
the surveying of the 1946 event in the far field also provides some practice towards the
challenge of condocting a basin-wide far-field survey when the next such event
inevitably occurs in the future.

Acknowledgments

This research is supported by the National Science Poundation, most recently under
grants CMS-0301054 0 EAC and CMS5-0301081 10 CES. We acknowledge construc-
tive comments from Dr. Kenji Satake and two anonymous reviewers on an initial ver-
sion of the manuscript. Raiden Hasegawa of bvanston Township High Scheol i
thanked for his help in compiling and organizing the datasets used in Figures 7 and 8.
We are grateful to our colleagues all over the worid, for their help in the field; they are
stmply too numerous to list. Finally, we thank the community leaders and the local resi-
dents in the various field areas, for making our work possible and enjoyable, despite the
frequent hardships of the post-tsunami environments.



POST-TSUNAMI SURVEYS 25
References

Abe. Ka.. M. Hakuno, M. Takeuchi, and T. Katada, Survey report of the Michoacan, Mexico earthquake of
September 19, 1983, Bull. Earthg. Res. Inst. Tokyo Univ., 61, 475-481, 1986.

Abe, Ku., Ka. Abe, Y. Tsuji. E Imamura, H. Katao, 1. Yohihisa, K. Satake, J. Bourgeois, E. Noguera, and F.
Estrada, Field survey of the Nicaragua earthquake and tsunami of September 2. 1992, Bull. Earthg, Res.
Inst. Tokye Univ., 68, 23-70, 1993,

Abercrombie, R., M. Antolik, K. Felzer, and G. Ekstrom. The 1994 Java tsunami carthguske: Stip over a sub-
ducting seamount, J. Geaphys. Res., 186, 0595-6607, 2001.

Alimok. Y., B. Alpar, § Ersoy, and A.C. Yalginer, Tsunami generation of the Kocaeli earthquake (August 17,
1999} in Lzmit Bay: coastal observations, bathymetry and selsmic data, Tirkish J. Mar Sci., 5, 131-148,
1969,

Altinok, Y., 5. Tint, B, Alpar, A.C. Yalginer, § Ersoy. E. Borfolucel, and A. Armigliato, The tsunami of
August 17, 1999 in [zmit bay, Nat, Haz,, 24, 133-140, 2001.

Ambraseys, N.N., The seismic sea wave of July 9, 1936 in the Greek archipelago. J. Geophys. Res., 65,
1257163, 1960.

Atwater, B.E, S, Musimi, K. Satake, Y. Tsuji, K. Ueda, and D.K. Yamaguchi, The orphan tsunami of 1700,
[LS. Geel. Survey Prof. Paper, in press, 2004,

Bardet, I-P., C.E. Synolakis, HL. Davies, F Imamura, and E.A. Okal, Landslide tsunamis: Recent findings
and research directions, Pure Appl. Geophys., 168, 1793-1809, 2003,

Barka. A, and 21 co-authors, The surlace rupture and ship distribution of the 17 August 1999 lzmit earth-
quake (M = 7.4), North Anatolian fault, Bull. Seismol. Soc. Amer, 92, 43-060, 2002,

Beckers, I, and T. Lay, Very broadband seismic analysis of the 1992 Floves, indonesia, earthguake
(M, = 7.9, JGeophys. Res., 100, 1817918193, 1995,

Bowrero, J.C., M. Ortiz, V.V, Tiov, and C.E, Synolakis, Field survey of Mexican tsunami produced new data,
uvnusual photos, Eos, Trans, Amer. Geophys. Un., T8, 85 and 87-88, 1997,

Borrero, 1C., LF. Dolan, and C.E. Synolakis, Tsunamis within the Eastern Santa Barbara Channel, Geophys.
Res. Lerts., 28, 643046, 2001,

Bosrero, 1.C., 1. Ba, C. Saiang, B. Usly, 1. Freckman, B. Gomer, E.A. Okal. and C.E. Synolakis, Field survey
and preliminary modeling of the Wewak, Papua New Guines earthquake and tsunami of September 9,
2002, Seismol. Res. Leris., 74, 393-405, 2003,

Bourgeois, 3., C. Petroff, H. Yeh, I.F. Lander, §. Kuroiwa, C.E. Synclakis, V.V. Titov, B.E. Bensco, Tsanami
swrvey from the Feb. 21, 1996, Peru carthquake, Eos, Trans. Amer Geophys. Un., 76, {46), 382, 1996
{abstract].

Bourgeois, I, C. Petroff, H, Yeh, V.V, Titov. C.E. Synolakis, B.Benson, J. Kurciwa, I. Lander, and E. Nor-
abuena, Geologic setting, field survey and modeling of the Chimbeote, northern Peru tsunami of 21 Febru-
ary 1996, Pure Appl. Geophys., 154, 513-540, 1999,

Briggs, M.J., C.E. Synolakis, G.5. Harkins, and D.R. Green, Laboratory experiments of tsunami runup on a
civcular island, Pure Appl. Geoplys,, 144, 569-594, 1993,

Caminade, I.-P., D. Charlie, U. Kdnoglu, S. Koshimura, H. Matsutomi, A, Moore, C. Ruscher, C.E. Syno-
lakis, and T. Takahashi, Vanuatu earthquake and tsunami cause much damage, few casualties, Ees, Trans.
Amer. Un., 81, 641 and 646-647. 2000,

Davies, HL., JL.M. Davies, R.C.B. Perembo, and WY, Lus, The Altape 1998 tsunami: Reconstructing the
event from interviews and feld mapping, Pure Appl. Geophys., 166, 18951922, 2003,

Dengler, L., and 1. Preuss, Mitigation fessons from the Tuly 17, 1998 Papua New Guinea tsunami, Pure Appl.
Creophys., 160, 20012031, 2003,

Dengles, L, §. Borrero, G. Gelfenbaum, B. Jaffe, E. Okal, M. Ortiz, and V. Titov, Tsunami. in: Sowthern Pern
earthquake of 23 June 2001, Reconnaissance Report, Ed. by AL Rodriguez-Marek and C. Bdwards, Earth-
guake Spectra, 19, Supp. A., 115144, 2003,

Dziewonsid, AM.. G. Ekstrbm, and M.P. Sulganik, Centroid-moment tensor solutions for July-September
1992, Phys. Earth Planet. Inrer, 79, 287-297, 19934,

Driewonski, AM., G. Eksirém, and M.P. Salganik, Centroid-moment tensor solutions for October-December
1992, Phys. Earth Planet. Inter, 83, 89-103, 199345,

Dziewonski, A.M., G. Bkstrém, and M.P. Salganik, Centroid-moment tensor solutions for July-September
1993, Phys. Earth Planet. Inter, 83, 163-174, 1994,



26 SYNOLAKIS and OKAL

Dziewonski, A.M., 4. Ekstriim, and M.P. Salganik, Centroid-moment tensor solutions for April-June 1994,
Phys. Earth Planet. Inter, 88, 69-78, 1995q.

Dziewonski, A M., G. Ekstrém, and M.P. Salganik, Centroid-moment tensor solutions for October-December
1994, Phys. Earth Planet. Inter, 91, 187-201, 19955,

Dziewonski, AM.,, G. Ekstrém, and MLP. Salganik, Centroid-moment tensor sobutions for October-December
19953, Phys. Earth Planet. Inter, 101, 1-12, 19974,

Dziewonski, AM., G. Ekstrom, and M.P. Salganik, Centroid-moment tensor solutions for Januvary-March
1996, Phys. Earth Planer. Inter, 182, 1.9, 19975,

Dziewonski, AM., G. Bkserém, and N. Maternovskaya, Centreld-moment tensor solutions for july-Septem-
ber 1998, Phys. Earth Planet, Inter, 114, 9%-107, 1999,

Dziewonski, A.M., G. Eksirém, and N, Maternovskaya, Centroid-moment tensor solutions for July-Sepiem-
ber 1999, Phys. Farih Planet. nter, 118, 311-319, 20004,

Dziewonski, AM., G. Ekstrom, and N. Maternovskays. Centroid-moment tensor solutions for October-
December 1999, Phvs. Earth Planet. Tnrer, 121, 205-221, 20005.

Ekstrém, G., AM. Dzieworiski, N.N. Maternovskaya, and M. Nettles, Global seismicity of 2001: centroid-
moment tensor solutions far 961 earthquakes, Phys. Earth Planet. Inier, 136, 105-185, 2003.

Fuchs, Sir V., Of ice and men: The story of the British Ansarctic Survey, 1943-73, 383 pp., Anthony Nelson,
Oswestry, 1982

Gelfenbaum, G., and B. Jaffe, Erosion and sedimentation from the July 17, 1698 Papua New Guinea tsunami,
Pure Appl. Geophys., 160, 1969-1999, 2003.

Gutenberg, B., and C.F. Richter, Seismicity of the Earth and associated phenomena, Princeton Univ. Press,
310 pp., Princeton, 1954,

Heébert, H., and E.A. Okal, Hydrodynamic modeling of the 1946 Aleutian tsunatni in the far field using a dis-
location source, Eos, Trans. Amer. Geophys. Un., 84, (46), 814, 2003 [abstract].

Hébert, H., A. Piatanesi, P. Heinrich, . Schiodelé, and E.A. Okal, Numerical modeling of the September 13,
1999 landsiide and tsunami on Fatu Hiva island (French Polynesia), Geophys. Res. Lents., 28, (10},
122 1122 4, 2002

Hemrich, P, ¥ Schindelé, S. Guibourg, and P. Thmlé, Modeling of the 1996 Peruvian tsunami, Geophiys. Res.
Letts., 28, 26872690, 1998,

Heinrich, P, A. Piatanesi, E.A. Okal, and . Hébert, Near-field modeling of the July 17, 1998 tsunami in
Papua New Guinea, Geophys. Res. Letts., 27, 30373040, 2000.

Hidayas, D., J.8. Barker, and K. Satake, Modeling the seismic source and tsunami generation of the Decem-
ber 12, 1992 Flores Island, Indonesia earthquake, Pure Appl. Geophys., 144, 337-554, 1995,

Thmié, P, J.-M. Gomez, P. Heinrich, and 8. Guibourg, The 1996 Peru tsunamigenic earthquake: Broadband
source process, Geophys. Res. Letts., 23, 26912694, 1998,

Imamura, ¥, and K. Hashi. Re-examination of the source mechanism of the 1998 Papua New Guinea earth-
quake and tsunami, Pure Appl. Geophys., 168, 20712086, 2003,

Imamura, F., N, Shuto, S. Ide, Y. Yoshida, and K. Abe, Estimate of the tsunami source of the 1992
Nicaraguan earthquake from tsunami data, Geophvs. Res. Letts., 20, 15151518, 1993,

Imamura, F., B. Gica, T. Takahashi, and N. Shuto, Numerical simulation of the 1992 Flores tsunami: Interpre-
tation of tsunami phenomena in Northeastern Flores Tsland and damage at Babi Island, Pure Appl. Geo-
phys., 144, 555568, 19954,

Imamura, F, Synotakis, CE., £. Gica, V.V, Titov, E. Listanco, and H.J. Lee, Field survey of the 1994 Mia-
doro [sland, Philippines tsunami, Pure Appl. Geophys., 144, 875890, 1995b.

Imamura, F., D, Subandono, G. Watson, A. Moore, T, Takahashi, H. Matsutomi, and R. Hidayat, Irian Jaya
earthquake and tsunami ceuse sericus damage, Eos, Trans. Amen Geophiys. Un, 78, 197 and 201, 1997

Kanamori, FL., Mechanisms of (sunami earthquakes, Phys. Earth Plaret. Inter, 6, 346-359, 1972,

Kanamori, H., The energy release in great earthquakes, J. Geophys, Res., 82, 2081-1987, 1977

Kanamori, H., and M. Kikuchi, The 1992 Nicaragua earthquake; a stow tsunami earthgquake associated with
subducted sediments, Natire, 361, 714-716, 1593,

Kawata, Y., B.C. Benson, L.C. Borrero, LL. Borrero, H. Davies, W, deLange, F Imamura, and C.E. Syno-
lakis, Tsunami in Papua New Guinea, Eos, Trans. Amer Un., 80, (9), 101-105, 1999

Kikuchi, M., and H. Kanamori, Source characteristics of the 1992 Nicaragua tsunami earthquake inferred
from teleseismic body waves, Pure Appl. Geophys., 144, 441453, 1995,

Kuge, K., J. Zhang, and M. Kikuchi, The 12 July 1993 Hokkaido-Nansei-Oki, Japan earthquake: effects of



POST-TSUNAMI SURVEYS 27

source complexity on surface-wave radiation, Bull. Seismol. Soc. Amer., 86, 505-518, 1996.

Laliemand. §., and X. Le Pichon, Coulomb wedge model applied to the subduction of seamounts in the Japan
trench, Geology, 15, 10651069, 1987,

Lege, M.R., I.C. Borrero, and C.E. Synolakis, Tsanami hazards from strike-slip earthquakes, Eos, Trans.
Amer. Geophys. Un., 84, (46), F810, 2003 [abstract].

fopez, AM., and EA. Okal, Aftershock relocation, rupture area, mantle magnitade and energy estimates of
the 1946 Aleutian tsunann earthquake and neighboring events, Fos, Trans. Amer. Geophys. Un., 83, (47},
F1045, 2002 [ahstract].

Matsutomi, H., and H. lizuka, Tsunam: current velocity on land and its simple estimation method, Proc. of
Coastal Eng., JSCE, 42, 346350, 1998,

Matsutomi, H., N. Shuto, F. Imamura, and T. ‘fakahashi, Field survey of the 1996 Irian Jaya earthquake
tsunami in Biak Island, Nat. Haz., 24, 199~212, 2001,

Newman, AV, and E.A. Okal, Teleseismic estimates of radiated seismic energy: The E/My discriminant for
tsunarad earthquakes, J. Geophys. Res., 103, 26885-26898, 1998,

Okal, E.A., T waves from the Sandaun carthquake and its aftershocks, Fes, Trans. Amer. Geophys. Un., 79,
{45}, F572, 1998 [abstract].

Okal, E.A., Historical seismicity and seismotectonic context of the great 1979 Yapen and 1996 Biak, Irian
faya earthquakes, Pure Appl. Geophys., 154, 633-675, 1999,

Okal, E.A., T waves from the 1998 Papua New Guinea earthquake and its aftershocks: Timing the tsunami-
genic stamp, Pure Appl. Geophys., 160, 1843-1863, 2003,

Okal. E.A., and A.V. Newman, Tsunami earthquakes: The quest for a regional signal, Phys. Earth Planet.
Inter, 124, 4570, 2001.

Okal, E.A., and C.E. Synolakis, Source discriminants for near~field tsunamis, Geophivs. J Jail, in press,
2004.

Okal, E.AL L. Dengler, S, Araya, 1.C. Borrere, B, Gomer, S. Koshimura, G. Laos, . Oleese, M. Ortiz, M.
Swensson, V.V. Titov, and F. Vegas, A field survey of the Camand, Peru tsunami of June 23, 2001, Seismol.
Res. Letts., 73, 904917, 20624,

Okal, E.AL, G.1. Fryer, 1.C, Borrero, and C. Ruscher, The landslide and local tsunami of 13 September 1999
on Fatu-Hiva (Marquesas Islands; French Polynesiay, Bull. Soc. Géol. France, 173, 359-307, 20025,

Okal, E.A., CE. Synolakis, G.J. Fryer, P Heinrich, J.C. Borrero, C. Ruscher, D. Azcas, G. Guille, and D
Rousseau, A field survey of the 1946 Aleutian (supami in the far ficld, Seismol. Res. Lerts,, 73, 490-503,
2002¢.

Okal, E.A., G. Plaftker, C.E. Synolakis. and §.C. Borrero, Near-field survey of the 1946 Alestian tsunami on
Unimak and Sanak Islands, Bull. Seismol. Soc. Amer, 93, 1226~1234, 20034,

Okal, E.A, P-J. Alasset, O, Hyvernaud, and F. Schindelé, The deficient T waves of tsunami carthquakes,
Geophys, L bl 152, 416432, 20034,

Ontdz, M., 5.K. Singh, I. Pacheco, and V. Kostoglodov, Rupture length of the October 9, 1995 Colima-Jalisco
earthquake (M, = 8) estimated from tsunani data, Geophys. Res. Lerts., 25, 2837-2860, 1998,

Pacheco. J., S.K. Singh, J. Dominguez, A. Hartado, L. Quintanar, 7. liménee, J. Yamamoto, C. Gutiérrez, M.
Santoyo, W. Bandy, M. Guzmin, and V. Kostoglodov, The October 9, 1995 Colima-Jalisco, Mexico earth-
quake {M,, = 8}: An aftershock study and a comparison of this earthguake with those of 1932, Geophys.
Res, Leits., 24, 2223~2226, 1697,

Parsons, T.E., S. Toda, R.S. Stein, A. Barka, and J.H. Dieterich, Heighiened odds of large earthquakes near
[stanbul; an interaction-based probability caleulation, Science, 288, 661663, 2000).

Pelinovsky, E.. B. Levin, E. Kulikov, V. Gusyakov, V. Kaistrenko, A. Ivashenko, A. Poplavsky, V. Khra-
mushiz, H. Yeh, and V.V. Titov, Preliminary report of field survey in South Kurile Islands due to the
Shikotan tsunami (October 4, 1994), Eos, Trans. Amer, Geophys. Un., 76, (17), 303, 1995 Labstract].

Pelletier, B., M. Régnier, 5. Calmant, R. Pillet, G. Cabioch, Y. Lagabriclle, T-M. Bore, J.-P. Caminade, P.
Lebeltegard, 1. Chuistopher, and 8. Temakon, Le séisme &’ Ambrym-Pentectte {Vanuatuy du 76 novembre
199G (M, =7,3}) données préliminaires sur la séismicité, le tsunami et les déplacements associés, C.R.
Acad. Sci, Sér If, 3318, 2128, 2000.

Perissoratis, C., and G. Papadopoules, Sedimeant instability and slumping in the Southern Aegean Sea and the
case history of the 1956 tsunami, Mar Geol,, 161, 287-305, 1999,

Piatanesi, A., P. Heinrich, and S. Tinti, The October 4, 1994 Shikotan (Kuril Eslands) tsunamigenic earth-
quake: An open problem on the source mechanism, Pure Appl. Geophys., 154, 555-574, 1999,



28 SYNOLAKIS and OKAL

Platker, G.. Catastrophic tsunami generated by submarine slides and backarc thrusting during the 1992 earth-
quake on eastern Flores L, Indonesia, Geol. Soc. Amer. Absir with Prog., 29, (5}, 57, 1997 [abstract].

Ritsema, AR, Barthquake mechanisms of the Balkan region, R. Neth. Meteorolog. Inst. Sci. Rep., 74, (4), 36
pp., 1974,

Satake, K., Mechanism of the 1992 Nicaragua tsupami earthquake, Geophys. Res. Lents., 21, 2319-2522,
1994,

Satake, K., and Y. Tanioka, Sources of tsunami and tsunamigenic carthquakes in subduction zones, Pure
Appl. Geophys., 154, 467483, 1999,

Satake, K., I. Bourgeois, Ka. Abe, Ku. Abe, Y. Tsuji, F Imamura, Y, Bio, M. Katac, E. Noguera, and F.
Bstrada, Tsunami field survey of the 1992 Nicaragua earthquake, Fos, Trans. Amer Geopfiys, Un., T4, 145
and 156-157, 1993,

Satake, K., K. Shimazala, Y. Tsyji, and K. Ueda, Time and size of a giant earthquake in Cascadia inferred
from Japanese tsunami recotds of Tanuary 1700, Nature, 374, 246-245, 1996.

Shepard, FP, G.A. Macdenald, and D.C. Cox, The tsunami of April 1, 1946 [Hawaii], Bull Scripps Inst.
Cceanog., Univ. Calif., §, 391528, 1950.

Shirckova, E.L, Napryazheniya i razryvy v ochagakh zemletryasenil sredizernomersko-aziatskovo seismich-
eskovo poyasa, i Polve uprugikh naprachenil zemli | mekhaniym ochagov cemietryasenii, el by LM,
Balakina, A.V. Vvedenskaya, N.V. Golubyeva. L.A. Misharina and E.§. Shirokova, pp. 112-148, Nauka,
Moskva, 1972,

Shuto, N., and H. Matsutomi, Field survey of the 1993 Hokkaido-Nanzei-Oki earthquake tsunami, Puse Appl.
Geophys., 144, 406449, 1995,

Shuto, N., and 23 co-agthors, Tsunani devastates Japanese coastal region, Eos, Trans. Amer. Geophys. Un.,
74, 417 and 432, 1993,

Sweel, 8., and E.A. Silver, Tectonics and slumping in the source region of the 1998 Papua New Guinea
tsunami from seismic refraction, Pure Appl. Geophys., 160, 19451968, 2003,

Synolakis, C.E., F. Imamura, Y. Tsujl, H. Matsutomi, 8. Tinti, B. Cook, Y.P. Chandra, and M. Usman, Dam-
age, conditions of East Fava tsunami of 1994 analyzed, Kos, Trans, Amer. Geephys. Un., 16, 257 and
261-262, 1995,

Synolakis, C.E., 1.-P. Bardet, J.C. Borrero, H.L. Davies, E.A. Okal, E.A. Silver, S. Sweel, and D.R. Tappin,
The slump origin of the 1998 Papua New Guinea tsunami, Proc. Roy. Soc. (London), Ser A, 458, 763789,
2002,

Tadepalli, S.. and C.E. Synclakis, The runup of N —~waves, Proc. Roy. Soc. London, Ser A, 445, 99-112,
1594,

Tadepalli, S.. and C.E. Synolakis, Model for the leading waves of tsunamis, Phys. Rev. Leris., 77, 2141-2145,
1996,

Takahashi, To., Ta. Takahashi, N. Shuto, E Imamura, and M. Ortiz, Source models Tor the 1993 Hokkaido-
Nansei-Oki earthquake tsunami, Pure Appl. CGeophys., 344, 747767, 1995,

Tanioka. Y., and K. Satake, Tsunami generation by horizontal displacement of ocean bottom, Geophys, Res.
Lers., 23, 861864, 1996,

Tanioka, Y., K. Satake, and 1..J. Ruff, Total analysis of the 1993 Hokkaido-Nansei-Oki earthquake using seis-
mic waves, tsunany, and geodetic data, Geophvs. Res. Letts., 22,9-12, 19954,

Tanioka, Y., L.J. Ruff, and K. Satake, The great Kurile carthquake of October 4, 1994 tore the slab, Geophys.
Res. Letts,, 22, 1661-1664, 19955,

Tinti, S., and C. Vannini, Tsunami trapping near circular islands, Pure Appl. Geophys., 144, 595-620, 1995,

Titev, V.V, Hydrodynamic modeting of 3-I) tsunami runup, Ph.D. dissertation, Univ. Southern Cakf., Los
Angeles, 150 pp., 1996,

Titev, V.V, and C.E. Synolakis, A numerical study of wave runup of the September 2, 1992 Nicaragsas
tsupami, Proc. fnfl. Un. Geol. Geophys, Tsunami Symp., ed. by Y. Tsuchiya and N. Shuto, Japan Soc. Civil
Eng., pp. 627635, Wakayama, Japan, 19%3.

Tiov, V.V, and CE. Synclakis, Extreme inundation flow during the Hokkaido-Nansei-Oki tsupami, Geo-
phys. Res. Leits., 24, 1315-1318, 1997,

Titov, V.V., FI. Gonzilez, H.Q. Mofjeld, and L.C. Newman, Short-term tsunami inundation forecasting for
tsunamis, in: Submarine landslides and rsunamis, ed. by AC. Yalgmer, EN. Pelinovsky, E, Okal, and
C.E. Synolakis, NATO science Ser, 1V: 21, pp. 277-284, 2003.

Tsuji, Y., H. Matsutomi, F. Imamura, M. Takeo, Y. Kawata, M. Matsuyama, T. Tekahashi, Sunarjo, and P.



POST-TSUNAMI SURVEYS 29

Harjadi, Damage to coastal villages due to the 1992 Flores Island earthquake tsunami, Pure Appl. Geo-
phys., 144, 481524, 19954,

Tsuji, Y., F Imamuera, H. Matsutomi, C.E. Synolakis, P'T, Nanang, Jumadi, S. Harada, 8.5, Han, K. Arai, and
B. Cook, Field survey of the East Java carthquake and tsunami of June 3, 1994, Pure Appl. Geopliys., 144,
830854, 19955,

Velasco, ALA., CI. Armmon, T. Lay, and J. Zhang, Imaging a stow hilateral rupture with broadband seismic
waves; the September 2, 1992 Nicaraguan tsunami earthquake, Geophys. Res. Letts., 21, 26202632, 1994,

Yalgmer, A.C., Y. Alunok, and C.E. Synolakis, Tsunami waves in Tzmit Bay, Earthquake Specira, 16, Suppi.
A, 55-62, 2000,

Yalgmer, A.C., B. Alpar, ¥, Alasck, I, ézbay‘ and F Dmamura, Tsunamis in the Sea of Marmara: Historicad
documents from the past, models for the future, Mar Geol., 198, 445-463, 2002,

Yek, I, F. Immamura, C. Synolakis, Y. Tsuji, P Liu, and S. Shi, The Flores Island tsanami, Fos, Trans, Amer
Geophys. Un., T4, 369 and 371373, 1993,

Yeh. H., P-L. Lin, M. Briggs, and C.E. Synolakis, Propagation and amplification of (sunamis at coastal
bounclaries Narure, 372, 353-355, 1994,

Yeh, B, V.V Titov, V. Gusiakov, E. Pelinovsky, V. Khramushin, and V. Kaistrenko, The 1994 Shikotan earth-
quake tsanamis, Pure Appl. Geophys., 144, 855~874, 1995,

Zobin, The rupture history of the M, = 8.0 Jalisco, Mexico, earthquake of 19935 October 9, Geophvs. J. Infl,
130, 220228, 1997,



