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PREFACE

The First International Tsunami Workshop on the Technical Aspects of
Tsunami Analyses, Prediction and Communications, sponsored and convened by
the Intergovernmental Oceanographic Commission (IOC), was held during 29
July - 1 August 1985 at the Institute of Ocean Sciences in Sidney, British
Colombia. The Workshop was organized by the Canadian Organizing Committee,
headed by Mr. S. Wigen and assisted by the International Tsunami Information
Center (ITIC). The Workshop preceded the Tenth Session of the International
Ccordination Group for the Tsunami Warning System in the Pacific (ICG/ITSU)
which was held in Sidney, and the International Symposium of the Tsunami
Commission of the International Union of Geodesy and Geophysics, held in
nearby Victoria. Because of the near collocation of these meetings,
attendance at the Tsunami Workshop was excellent and approximately 60
persons from seventeen countries participated to make the First
International Tsunami Workshop a great success.

The Program was arranged in eight major areas of interest covering the
following: Opening and Introduction; Tsunami Data Collection Activities and
Responsibilities of Existing Tsunami Warning Systems; Need for and Structure
of Future Regional Tsunami Warning Centers; Operational Procedures; Tsunami
Preparedness; Tsunami Research; and Instrumentation.

Twenty-threc specific presentations were made, by qualified experts,
each followed by round table discussion. A number of specific problems were
resolved during the general group discussions, or by ad-hoc committees.
These committees met separately during lunch breaks or after hours, and
reported their findings to the General Assembly for further discussion,
deliberation, or adoptation. As a result, the Workshop not only served as a
valuable training exercise to participants, but also facilitated the
resolution of a number of problems of operational nature, since most of the
principals in the Pacific Tsunami Warning System were present.

The Workshop program was succeeded by showings of tsunami films, a tour
of the technical facilities of the Institute of Ocean Sciences, and a final
General Group Discussion and Workshop Evaluation., bDuring the latter, the
summary of the Workshop proceedings were presented by the Chairman and were
approved and adopted by the Assembly.

Following the Workshop, I was charged with the responsibility of
collecting the full texts of all presentations made, editing the material
received, and preparing a camera-ready final edition of the complete
Proceedings, as shown in the present volume.

1 wish to express my appreciation to all lecturers of providing their
full presentations in a well-organized format, thus making my editing task
a great deal easier. Finally, on behalf of all participants of the first
International Tsunami Workshop 1 wish to express our sincere thanks and
appreciation to the Canadian Organizing Committee and in particular to Mr.
S. Wigen and his staff, to the Canadian Government for making available
their fine facilities at Patricia Bay, and to the Intergovernmental
Oceanographic Commission (10C) for sponsoring and supporting financially
this successful Tsunami Workshop.

George Pararas-Carayannis
Editor of the Proceedings
Workshop Chairman
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WELCOME ADDRESS

W.J. Rapatz
Regional Tidal Superintendent

Ladies and gentlemen, on behalf of the Dopartment of Fisherles
and Oceans and the Canadian Instlitute of Ocean Sciences, I welcome
you to the Workshop on the technical aspects of tsunami analyses,
prediction and communications. This is the first time such a
Workshop has been organized and there is a great deal of information
to cover in a comparatively short space of time. I would therefore,
ask you to bear in mind that one of the main objects of the Workshop
is to focus on the practical solutions to tsunami hazards, by
attempting to identify lines of investigation and the actions
required to improve tsunaml mitigation. Some member nations have
greater resources than others in the field of investigation and I am
sure that all of us will benefit from their findings. But, whether
our resources are large or small, I am convinced that the exchange
of views and knowledge of tsunamis discussed in this room and
outside will assist us all in the future.



I - OPENING AND INTRODUCTION



I0C-ITSU ROLES AND SIGNIFICANCE IN THE TSUNAMI WARNING SYSTEM

G. Pararas-Carayannis (Director 1TIC),
I. Oliounine (IOC)
N. Ridgway (ICG/ITSU Chairman)

Abstract

The Intergovernmental Oceanographic Commission (I0OC) has played a
very important role in the formation of the International Pacific Tsunami
Warning System. Prior to 1960, countries such as U.8.A., Japan and
U.8.8.R. operated national tsunaml warning systems for the protection of
their own national interests. These systems had limlted data collection
and communication capabilities. The great destruction caused by the Hay
1960 Chilean tsunaml and by that of the March 1964 Alaskan Tsunanl,
focused attention to the need for an International Tsunami Warning
System. In 1965, the I0C accepted the offer of the United States to
undertake the expansion of its existing Tsunaml Warning Center in
Honolulu to become the headquarters of the International Tsunaml Warning
System, 1I0C also accepted the offer of other Member States to integrate
their existing facilitlies and communications into this International
Warning System. At a meeting in Honolulu in 1965 an agreement was
reached and I0C established the International Tsunami Informatlion Center
(ITIC) and the International Coordination Group for the Tsunaml Warning
8ystem in the Pacific (ICG/ITSVU).

ITIC was glven the genaral mandate of mitigating the effects of
teunamls throughout the Pacific by: a) supporting Member States in
ICG/ITSVU in developing and improving preparedness for tsunamis; b)
monitoring and seeking to improve the Tsunaml Warning System for the
Pacific; c) gattering and disseminating knowledge on tsunamis, and
fostering tsunaml research; and 4) bringing to non-member states a
knowledge of the Tsunaml Warning System and information on how to become
participants through 1CG/1T8U,

The International Coordination Group (ICG/IT8V) was established as
a subsidiary body of I0OC meeting every two years at a Member State to
coordinate and review the activities of the International Tsunaml Warning
Syetem (ITWS8). 8ince 1965, and with I0C support, the Tsunaml Warning
System Integrated with other reglonal tsunami warning systems, has become
the nucleus of a truly international network. Twenty-three natlons arve
now members of 1CG/IT8U. Several non-member states and territories
naintain stations. The System mekes use of approximately 31 gelismic
stations, 53 tidal stations and 101 dissemination pointe scattered ascross
the Pacific under the varying control of the Member States of 1TSU.

The International Tsunaml Warning System in the Pacific ie one of
the most successful internationsl sclentific programs with the direct
humanitarisn responsibility of mitigating the effacts of tsunamlis by
saving lives and protecting property. The System has been made possible
by I0C's involvement and by the active coordination of ITIC and of
ICG/1T8U, and by the interest and generosity of the Member Natlons.



Introduction

Tsunamls are among the most destructive and complex natural
disasters which have been responsible for great loss of life and
extensive destruction to property. Historlcal records show that enormous
destruction of coastal communities throughout the world has taken place.
In the Pacific Ocean where the majority of these destructive waves have
been generated, the historical record shows that these disasters have had
an unparalled adverse impact on the socloeconomic resources of Pacific
Nations. The significance of this hazard has been particularly
emphasized in the last twenty years by the rapld growth and development
of the coastal areass in most of the developing or developed Pacific
nations. This 1s the result of a population explosion and of
technological and economic developments in the coastal zones.

The Tsunaml Hazard: The hazard which is called tsunami is a series
of ocean waves of very great length and period generated by impulsive
disturbances of the easrth's crust. These disturbances are caused
prirmarily by large earthquakes or volcanic eruptions. However, submarine
landslides are also rcsponsible for tsunaml genevation but thelir effects
are usually localized. Large earthquakes with epicenters under or near
the ocean are the most common cause of catastrophic tsunamis. 1In the
last century, alone, tsunamis have claimed the lives of thousands of
people and the damages to property have been incalculable.

Intergovernmental Oceanographic Commission: As early as 1965, a
relatively young organization of the United Nations, the

Intergovernmental Oceanographic Commission (IOC) decided to play a role
in mitigating the effucts of this natural hazard in the Pacific, where
the frequency of vecurrence was highest., 1In order to understand this
important role that I0C has had in the Pacific Tsunami Warning System, a
review of the history of the system and its evolution should be presented.

Prior to 1960, countries such as U.8.A., Japan, and USSR had
established rudimentary national warning systems, with the responsibility
of warning primarily their own civil defense authorities and protecting
their own national interests. These systems had limited data collection
capabilities, limited communications within their own national
jurisdictions, and limited warning dissemination capability.

The great destruction caused by the May 1960 Chilean tsunaml
prompted & large number of countries and territories to express to 10C
thelr interest in joining the rudimentary Pacific Tsunami Warning Systenm,
at least by contributing some data and information and receiving warnings
in exchange. The great Alaskan earthquake of 1964 generated a
devastating tsunaml that affected a good part of the Paclfic. This
tsunami focused additional attention to the need for a well coordinated
International Tsunaml Warning System.



During the Third Session of the Intergovernmental Oceanographic
Commission (IOC) in June of 1964, the Commission passed a resolution (I10C
I11.8) requesting the Secretariat to arrange for the convening of a
meeting, preferably in Honolulu, to discuss the international aspects of
the Tsunaml Warning System with a view towards securing the best possible
international co-operation in all phases of the Tsunami Warning System,
viz: tidal and seismic monitoring stations, internal and international
communications, and the issuance and dissemination of warnings.
Invitations were extended to all I0C Member States with interests in the
Pacific with specific invitations to the United States Coast and Geodetic
Survey, the Japan Meteorological Agency, the Hydrometeorological Service
of the USSR, the United Nations Rducational, Scientific and Cultural
Organization (Ur<sco), the World Meteorologlical Organization (WMO), the
Tsunaml Committee of the Internmational Union of Geodesy and Geophysics
(IUGG), the International Telecommunications Union, and other natlional or
international interested bodles.

A working group on the international aspects of the Tsunami Warning
System in the Pacific met in accordance to the Intergovernmental
Oceanographic Commission's request during the month of April 1965, in
Honolulu. The Group discussed the resolution (IOC III.8) and its
implication for the benefit of Member States, and the actions required,
to provide on an international basis timely warnings, whenever a seismic
event within the Pacific generated a tsunanmi.

The working group reccmmended that an International Tsunami
Information Csnter (ITIC) be astablished on a permanent basis to collect
and interpret seismic and sea-level data on a real-time basis to act as a
source from which national centers may obtain data on which to base their
warnings, and further that the United States Government be asked to
strengthen its existing tsunaml warning swrvica based at the Honolulu
Observatory to enable it to act, in addition, as the International
Tsunami Information Center. It was also anticipated that other nations
would be prepared to amssist in operating this Center, for instance by
providing personnel. 1In addition, the working committee recommended the
formation of an International Coordiration Group.

International Coordination Group for the Tsuneml Warning System in
the facific (JCG/IT8U): During that meeting the United States offered to

undertake the expaneion of its existing Teunaml Worning Center in
Honolulu to becoms the headquartars of an International Pacific Teunaml
Warning System and 10C accepted this offer, as well as the offer of other
of its member countries to integrate their existing facilitiocs and
cormunications into this International Tsunami Warning System. The
International Coordination Group for the Tsunaml Warning 8:stem in the
Pacific (ICO/1T8U) was also formed as a subsidlary body of I0C to
coordinate and review the activities of thta International Tsunaml Warning
Syastem (ITW8). An elected chairman for the group was appointed and the
initial 11 Hembar States appointed National Contacts to serve as llaison
with I0C and the proposed International Tsunami Information Center



(ITIC). The recommendation on the formation of the ICG/ITSU Group was
slso acted upon and ICG/ITSU was formed and held {'s first session in
March, 1968 in Honolulu.

The role of ICG/ITSU was to reduce the risk to lives and property
in Member States whose coastal areas are threatened by tsunamis, and to
carry out this role by recommending improvements to the TWS; by promoting
reglonsl co-operation between Member States; by contributing to the
scientific and technical training of tsunami experts, and the education
of the general public in tsunaml awareness; by encouraging the
development of improved instrumentation and communication systems; by
ensuring the exchange of information between participating countries and
between such organizations as the WMO and IUGG, and by offering
assistance to the national and regional needs of Member States.

The Group was to hold its sessions every two years, and during the
intersessional periods, the Group's recommendations were to be pursued
and acted upon jointly by tha Zroup Chalrman and the I0OC Secretariat,
assisted by the Director, ITi7 and the Hational ITSU Contacts of Member
States,

Since 1968 the nembership of the Group has grown from 11 Member
States to 23 HMerber States at the present time. The TWS was integrated
with the Systems of Japan, USSR, Chile, and of other regional centers,
and became the nucleus of a truly international system. The following
twenty-three nations are now members of ITSU in the Pacific: Australia,
Canada, China, Chile, Colombia, Cook Islands, Ecuador, Fiji, France,
Guatemala, Hong Kong, Indonesia, Mexico, Japan, Korea, Mew Zealand, Peru,
Philippines, Singapore, Thalland, USSR, USA and Western Semoa. Several
non-merber states and territories maintain stations for the IWIS.

Eleven Sessions of the ICG/ITSU have taken place since the
formation of the Group, with IOC sponsorship. A number of intersessional
mestings with smaller groups have been held. Appendix 1 shows the
different Member States of IOC which have become members of ICG/IT8U and
have attended its sessions.

The International Tsunami Information Center (ITIC): The

recommendation to establish on a permanent basis an International Tsunami
Information Center was also acted upon by the United States without
delay, and in 1966 the Center was officlally established. The Pacific
Field Director of the USGS was nemed av the first ITIC Director. Captain
D. Whipp of the USGS was designated as the first ITIC Director, but was
succeeded in early 1967 by Commander R, Munson.

ITIC was given the general mandate of mitigating the effecte of
tsunamis throughout the Pacific. Hore specifically the ITIC mandate was
to insure dissemination of Tsunaml Warnings; to collect tsunemi
information on & resl time basis; to encourage tsunemi research; and to
promote the exchange of scientific and technical personnel and data among
the participating nations.



The establisturent of the U.S. Hational Oceanic and Atmospheric
Administration (MOAA) prompted organizational changes and changes in the
Directorship of ITIC and its functional responsibilitles.

Dr. Gaylord Miller, the Director of the Joint Tsunaml Research
Effort, University of Hawali and Mr. Robert Eppley, National Weather
Service, Pacific Region Headquarters, respectively, occupled the post of
the Director of ITIC until 1974,

At its Third Session in 1972 in Tokyo the ITSU Group was made aware
of these organizational changes. The Group, recognizing the importance
of the existance of the International Tsunami Information Center (ITIC)
and its work in the development of the Tsunami Warning System in the
Pacific, then recommended that its activities should not be diminished in
any way by such internal organizational changes and that the attention of
the ITIC should be devoted primarily to the collection and dissemination
of information on research and technical developments on tsunamis, as
well as promoting the exchange of scientific and technical personnel
among participating countries. It further recommended that the Member
Countries should provide all possible support to the ITIC, and that the
Director should prepare a description of the functions and main
activities of the ITIC and include in an issue of its NHewsletter.

During the Pourth Session in 1974 at Wellington, New Zealand, ITSU
considered that ITIC provided effective means in the coordination of
warning and research activities and noted also a proposal made by Canada
that it would be advantageous to the intermational community and to ITIC
to select among the other participating Member States as Assoclate
Director who would work in close co-operation with the Director in the
operation of the Tsunami Warning Syastem and the ITIC. The Group endorsed
the view of the Tsunaml Committee of IUGG that visits of sclentists,
particularly from countries whose tsunaml observing and warning systems
were still developing, to institutions of other countries were an
effective way of improving experience and facilitating intorcommunication
of 1deas for the better understanding of all aspects of tsunaml research,
and recommended the aJoption of a new and expanded mandate and functions
for ITIC.

During the later part of 1974 Dr. George Pararas-Carayannis was
appointed Director of ITIC, In reference to the I0C resolution and
recommendation, Mr. Sidney Wigen from Canada was elected as the fivst
Assoclate Director and joined during 1975 the Center at Honolulu, lccated
then within the campus of the University of Hawall.

IT8U's members discussed at the Pifth Session in Lima, Peru, in
1976, the oxisting mandate again, and asked for changes. It was
recommended at that mesting that the Secretary of I0C, in cooperatlion
with the Director of 1TIC, the Chalrman of ITSU, and the appropriate U.S.
suthorities, develop a mandate which reflected the functions of the
Center more closely in light of the U.8. Weather Sarvice having taken



over the responsibilities for ITIC and the Pacific Tsunaml Warning
Center, as well as in reference to World Data Center-A and its tsunaml
data storage involvements. A new mandate and functions was submitted to
the I0C and approved at the Tenth Session of the Assembly in 1977,

The new mandate was more comprehensive, and included the conduct of
extensive surveys folluowing a significant tsunaxi, Most of the functions
remained unchanged but the scope of the ITIC work was expanded., The one
significant change was the operational responsibility of ITIC, ITIC was
identified as a separate entity from the Pacific Tsunami Warning Center,
thus minimizing real-time operational responsibility in favor of long
term overview and improvement of the operational efficlency of the TWS
through international coordination. The most recent Mandate and
Statement of Punctions, reflecting the most recent changes, is given as
Appendix 2 of this report.

The International Tsunami Warning Sy<tem (ITWS): Present

protective measures involve primarily the use of the existing Tsunaml
Warning System employing advanced technological instrumentation for data
collcstion and for warning communications. Countries like Japan, the
foviet Union, Canada, and the United States have developed sophisticated
wart:ing systews and have accepted the responsibility to share warning
information with other countries of the Pacific. Their resources have
been integrated into the ITWS.

The present system makes use of 31 seismic stations, 53 tide
stations and 101 dissemination points scattered throughout the Pacific
Basin under the varying control of the Member States of IT8U. The
Pacific Tsunaml Warning Center (PTWC) in Honolulu, operated by the United
States National Wenther Service, 18 the operational center for the
system. The objectives of the ITWS are to detect and locate major
earthquakes in the Pacific reglon, determine whether they have generated
tsunami, and provide timely and effective information and warnings to the
population of the Pacific region in order to minimize the effect of the
hazarde on life end property.

Functioning of the system begine with the detection by any
particlipating selsmlc observatory of an earthquake of sufficlent sixze to
trigger the alarm attached to the selsmograph at that station.
Earthquakes of 6.5 or greater on the Richter scale sre investigated.
PIWC collects the data and, when sufficient data has been received,
locates the earthquake and computes its magnitude. When reports from
tide stations show that a tsunaml poses a threat to the population in
part or all of the Pacific, a warning is transmitted to the dlssemination
agenclies for relaying to the public. The sgencles then implemsnt
predetornined plans to evacuate people from endangered areas, If the
tide station reports indicate that a negligible or no tsunsmi has been
generated, PIWC issues a cancellation. 1In addition to the International
Tsunaml Warning System, a number of Regional Warning Systems have been
sstablished to warn the populstion in areas where tsunaml frequency lis



high and where irmediate response is necessary. Such reglional tsunanl
warning systems have been established in the Soviet Union, Japan, Alaska
and Hawall. These facilitles which are under the control of 118U member
natione have greatly assisted in improving the operation of the ITWS,

10G-Sponsored Training and Education: 1In addition to improvements

in instrumentation, communications, and procedures, and through the
efforts of I0C and its subsidiary bodies (ICG/ITSVU and ITIC), training
programs have been established, Tsunaml educational opportunities for
tsunaml experts, particularly frcm developing countries, have been
success#fully provided including a tralning visitation program at ITIC and
@ workshop., T0C has provided genecous support of such training.
Furthermore, I0C has sponsored and funded post-tsunaml surveys and
missions to a number of countries to assist Member Ststes in developing
their national tsunami warning systems, and in achieving better tsunami
preparedness. Also 10C spearheaded the effort for a Master Plan, which
identifies the future needs and priorities to be pursued to improve the
ITW8, Finally, not the least significant benefit which I0C provides, is
the opportunity for delegates from Pacific member countries to meet and
exchange views and opinions in improving the tsunaml warning service.

Surmary and Copclusjons: In conclusion, it can be stated that the
role of ICC and its subsidlary bodles (ICG/ITS8U, ITIC) has been very

significant in dealing effectively with the tsunami hazerd in the Pacific
Ocean,

The International Tsunaaml Warning SBystem 1s the result of IOC's
involvement and active coordination. 1It ie one of the most successful
international sclentific programs with the direct responsibility of
mitigating the effects of tsunamlis, the saving of lives and the
preservation of property. It is an operational program with a divect
humanitacian objective. 1Its value in the protection of human lives in
the International Community of Pacific MNatlons, cannot bo overemphasized.
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A.

APPRMDIX 2

WEW- MAWDATE AWD FUNCTIONS OF ITIC

The mission of the International Tsunami Informatlon Center (ITIC)
is to mitigate the effect of tsunamis throughout the Pacific:

HANDATE

1.

by monitoring the international tsunaml warning activities in
the Pacific and recommending improvements with regard to
communications, data networks, data acquisition, and information
disgemination;

by bringing to Member and non-Member States knowledge on tesunaml
warning systems, on the affairs of ITIC and on how to become
active participants in the activities of the International
Co-ordination Group for the Tsunaml Warning System in the
Pacific (1CG/118V);

by assisting Menmber States of ITSU in the estsblishment of
national warning eystems and improving preperedness for tsunenis
for all nations throughout the Pacific Ocean;

by gathering and promulgating knowlelge on tsunamis end
fostering tsuneml research and ite application so as to pravent
lose of life and damage to property;

by co-operating with tho.world Data Centers in making avalliable
and providing through appropriate channele all records
pertaining to tsunamie}

by assisting national authorities in making investigatione of
all aspects of aajor tsunamis end developing stendard survey
procedures for such investigations,

FUNGCYLIONS

1.

a. Honitor the performance snd effectivencss of the
International Tsunaml Warning System and seek the
co-oparation of sll participating sgencles in improving
respinse times and accuracy to provide better snalyses end
forecasting procedures.

Y. Develop snd maintain communication with gauging authorities
and sgencles throughout the Pacific, end maintain an
information file on tidal installations to facilitate the
assessment of date received or requited in developing
sppropriate models for bot': applied and pure research in the
field of tsunamis,
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d.

Arvrange for the avallability of technical information on the
equipment required for an effective tsunaml warning system.
Co-operate with experts and seek the advice of specialists
to ensure that knowledge of new technology applicable to the
warning system ig made avallable to all participants,

Publish a newsletter on a regular besis,

Avrange for, on request, the provision of advisory and
consultative gservices to Hember States wishing to develop or
improve thelir warning system capability. Provide lialson
between Member States in the planning and development of
regional warning syetems,

Provide advice and support in soliciting international funds
for the development of warning system capabllity.

Avrange for or conduct, on request, awvsessment of exlsting
facllities and the promotion of improvements, in such areas
a8 instrument standardization, automation, and real-time
communications,

Encourage and arrange for facilitles for a vislting
scientist programme within the I0C tsunaml program, and
promote the exchange of sclentists smong countries.

Initiate, coordinate, or conduct technical training
progranmes, workehops, and seminars, dealing with all
aspecte of tsunaml preparedness.

Initiato and foster the preparation, publication, and
dissenination of educatlional materiale rolative to tsunamis.

Co-operate with national and international scientific and
professional organizations in the encoursgement and
spplication of tsunami research, and in the standardizetlion
of tsunaml data collection.

Dieseminate ennuel veports of tsunami research in progross
by Member States and others.

Support end participate in the publication of tgunami
information, such publications to include vreglonal tsunami
catalogues and suremaries of tsunamis,

Co-operate with the IUGG in identifying cesearch that e
needed for the Tsunaml Warning System,

11



5.

For each tsunami, assist the World Data Centers (Tsunaml) in
soliciting and collecting as complete a set as possible of
seismic and water level records showing the event, together
with suplementary data and descriptive information of the
event.

Ensure that the requirements of ITSU for archiving and
retrieving data are made known to the World Data Centers
(Tsunaal), Maintain a data file and library on tsunamis
sufficient to meet ITIC requirements and responsibilities,
utilizing the World Data Centers (Tsunami) as a primary
source of these data,

Prepare and disseminate a summary report for each tsunanmi.

Encourage, facllitate, and when invited, participate in the
fleld investigation of tsunamis of large magnitude.

12
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HISTORICAL TSUNAMI DATA COLLECTION

George Pararas-Carayannis
International Tsunami Information Center

Abstract

A systematic compilation of all data pertaining to tsunanis
obgserved and rocorded in the Pacific Ocean since the beginning of
recorded history was undertaken as early as 1960, and a Preliminary
Catalog of Tsunenmis in the Pacific was published in 1965 under the
combined authorehip of 1idu, Cox and Pararas-Carayannie. Twenty years of
additional research of historical tsunsmis have added significantly to
the completion snd accuracy of thle catalog. The work of Professor
g8oloviev has been integrated into this original catalog and a revisecd and
corrected historical database exlets now as a computer listing under the
suthorship of Iida, Cox, Boloviev and Pararas-Carayannis, This listing
i9 now ready for publication,

The Intetrnational Tsunaml Information Center (ITIC), in close
collaboration with the World Data Center-A, has published catalogs of
historical tsunsmis in Hawall and in Alaska, ULietinge have also been
compiled by ITIC of historical tsunsmlie in S8emoa, Indonecela, the Atlantic
Ocean and olsewhere, Recent events have been documented by ITIC in a
file and routinely published in tho Teunaml Report serios or the Teunami
Newslettor. Historical tsunsmi data collection is important for the
basic understending of the teunaml phenomenon, ite generation, its
propagation, snd its terminal chavacteristice. The historical datebase
ls widely used for coastal zone mansgement, engineoring design criteria
and disester preparedness. The deta aleo serves 1s the basie for
operational analysis of tsunaml and is becoming an indlepennable tool in
the veal-time evaluation of such events by the Pacific Tsunaml Warning
Centor (PIWC) and other organizations. Thus, the historical tsunaml data
has been used for the preparation of decislon, maps, the establishment of
thresholds for operational procedures for hazard risk analyels, and for
statistical probabllity studies.
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HISTORICAL TSUMAMI DATA COLLECTION

One of the principal directives in the Internatiocnal Tsunaml
Information Center (ITIC) Mandate is to gather and promulgate knowledge
on tsunamis and to foster tsunaml research and its application to prevent
loss of life and damage to property. Furthermore, ITIC has been charged
with the responsibility of supporting and participating in the
rublications of tsunemi information, such publications to include
regional tsunaml catalogues and summaries of tsunamis,

The Mandate and Functlions of ITIC as revised by the 10th 8ession of
the I0C General Asgembly held in Paris from 10 October - 10 November
1977, instructed ITIC to prepare and publish tsunaml data and descriptive
information on all recently occurring tsunamis, and to conduct sucrveys of
major tsunamis, whenever possible. Such historical tsunaml dats is
needed for the Tsunaml Warning System for insurance purposes, for coastal
zone management, for designing important engineering structures such as
nuclear power plants, for dleaster preparedness, and for a varlety of
othar reasons.

In meeting these directives of the 1TIC Mandate, a basic
prerequisite is the development of a complete and thorough tsunami
historical database that can be essily filed and retrleved to serve the
above stated needs, but primarily the operational needs of the Tsuneml
Warning B8ystem in the Paclflic, and those of 10C member states seeking to
improve their tsunaml preparedncss and coastal zone mansgement,

S8ince itw establishment in 1965, ITIC has been working diligently
in documenting fully all tsunaml events of the last 20 years, 1In
sddition, ITIC has engaged in historical research locating originel
references and vecords, and documenting past events, A systematic
compilation of all data partaining to tsunamie observed und recorded in
the Pacific Ocean since the beginning of recorded hiestory was undectaken
as oarly as 1960 and a Preliminary Catelog of Teunaml in the Pacific was
published in 1965 as a Hawall Instltute of Geophyasice Report under the
combined authorship of Iida, Cox and Pararas-Carayannie. Twenty-two
yoars of additlonal treseavch of historical tsunamls have added
significantly to the completion and accuracy of this catslog and the work
of Professor Soloviev has been integrated into this original historlcal
Catalog of Tsunamis,

. Revisions of individual events continue to the present day

involving rescarch of original accounts and references, evsluating
sccuracy of origlunl documentatione, correcting dates of different
calendars and collecting new data. This is necessary because the
literature contains a great deal of errore and contradictions that need
to be reconciled once and for all. Thus, the task of editing and
correcting has taken a long and careful review of the original references
and literature, rather than relliance on existing listinge.
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Thio Catalog now resides in three different computer flles,
partially processed by a Data General minicomputer at the World Data
Centeér A-Tsunami, ITIC has assisted in the past with the editing, but it
has been difficult because the three files have not been formatted in a
way that would meet all requirements. The editing work has been
complicated by tle lack of standardization in formatting for easy
crosg-referencing, for programming it for statistical treatment, and for
decision-making in operational procedures,

ITIC has also complled regional historical catalogs of tsunamis in
Hawaili, Alaska, Samoa, Indonesia, Mexico and the Atlantic Ocean.
However, not all of these catalogs have been published. Aleo, in 1977,
ITIC began a publication entitled, "Tsunaml Reports” in which all current
tsunemi events and investigations by the Pacific Tsunami Warning Center
were documented. These publications were designed to provide information
‘about those seismic events which are thought likely to produce a
tsunaml. Accordingly, whenever such a selsmlc event occurred, ITIC
requested tidal records from appropriate authorities and, after examining
the records, a tsunaml report was issued. The report showed what cecords
were examined, whether or not a tsunaml had been generated and, if so,
information about the tsunaml was glven.

Bach event was assigned a sequential number for each calendar
year, - If an undesignated event was later found to have produced a
tsunaml, it wap given an appropriate intermediate decimal number, eg
1985-2.5. The International Wumbering System for Tides (INST) was used
a® the reference numbering system for tidal stations, EKach tsunanl
report included all the pertinent selsmic data and if the event had been
tsunanigenic, a complete description of the taunami including marigraphic
vacovdings.

Thie turned out to be en arduous task for ITIC's small staff.
Bubgequently, the tsunsml reports were discontinued, but the teunami
event designation was continued and all availableo relevant tsuneml data
was collected and published, whenevor poseible, In the Tsuneml Newsletter.

The naed to computerize these listings is evident. ITIC has
developed the guuidelines for developing a standardized computer format
which will permit cross-veferencing and retrieval of pertinent data in a
vaviety of flelds ranging from date, earthquake eplicenter, earthquake
magnitude, geographical region of tsunaml impact, tsunsmli magnitude, and
bibliographical reference. Once the sppropriate software is prepaved,
ITIC will proceed with the development of its large tsunaml database.
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HISTORICAL STUDY OF TSUNAMIS

8,0, Wigen
Institute of Ocean Sciences

Much work remains to be done in the systematic compiling of
tsunami data from analogue tide records. For many tldal stations only
the large tsunamlis have been extracted. Yet Lhe systematle
compllation of all data from a tide station, for tsunamis both large
and gmall, provides a data set from which the frequency of tsunamis of
any given intensity can be predicted. When the study also identifles
which tsunamigenic events did not reglister at the tide station, these
data help to define the regions to which a tsunaml did not propagate,
as well as the reglons to which it did.

The publication, Historical Study of Tsunamis - an Outline
(Wigen, 1978), gets out the standardized system of data extractlion
developed at JITIC for historical studies. The Histoirical 8tudy of
Teunamis, Chronological and Area Lists (Wigen, 1977), and updated
lists known and possible tsunamligenic events to be searched for,
starting with the year 1883. Included in the Outline is u method for
removal of tidal component to the tgunaml record, allowing for a more
accurate intercomparison of data.

Two eianples of Historical Studies are included in the
publication, Teunamis: Thelr 8cience and Engineering, edited by K,
I1da and T. 1lwasakl. These studies ave for the ports of Hlyako,
Japan, by M. Okada, and of Tofino, Canada, by Wigen. In each study a
graphical plot of tsunami helghts is used to devolop the
frequency-intensity relationship for the given port.

A Hlstorical Btudy of Teunamie is best carrlied out for a
permanent tide station for which many years of analogue recordo are
available. However, studies can be initlated for any etation, end
updated as additionel records accumulate, 8tudy results have direct
spplication in hezard evaluation, engineering, and planning of port
and coastal facilitiem, Travel times, extracted in each study, can be
used in complling or callbrating travel time charte for tsunamin.
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TSUNAMI DATA BASFE

James F, Lander
National Geophysical Data Center

The World Data Center-A has been compiling data bases to support research
and hazard preparedness activities related to tsunamis for over a decade, The
principal data bases are shown in Table 1, Bathymetry data are useful in
developing models and travel time prediction; mareograms, both digital and ana-
log, are useful as a recording of the time history of the tsunami; seismic data
are useful in detemmining tsunami source characteristics; photographs are a
visual record of effects useful for public education and engineering analysis;
and publications are a convenient media to distribute histories and maps,

Recent publications include “Tsunami of the Pacific Basin" map and SE Report-39,
"Tsunamis in Peru-Chile," both prepared in support of the US-AID THRUST project,
A digital tsunami history file was created, partly to facilitate the production
of the Tsunami of the Pacific Basin map. This file has information on all
historical tsunamis in the Pacific, along with information on the effects such
as wave heights, damage and fatalities.

Table 2 shows the data presently available for some of the larger tsunamis,

The digital history §s a convenient form to ask many questions about the
occurrence of tsunamis, The rest of the paper will show the results from asking
some obvious questions of the digital file,

Table 3 shows the file contents for tsunamis of the Pacific Basin, It is
noteworthy that more than half of the total number of reported tsunamis occurred
in the 20tn century due to increased observing and reporting systems, Most of
the destructive tsunamis are in the earlier history due to the longer period of
record,

Tsunami reports are classified on a scale of 0 to 4 as to certainty of the
accuracy of the date and cause, Reports known to be in error (often due to an
incorrect date fron some calendar conversion) are left in the file with validity
0 so that some later revisions will not rediscover the erroneous report and re-
enter ft, It may be difficult to distinguish wave activity due to distant
storms fron tsunamis {f the descriptions are inadequate, These are given inter-
mediate validities of 1, 2 or 3, depending on the uncertainty, Figure 1 shows
the file contents for each validity level for each century. Thus the file has
fnformation on 433 definite tsunamis or 602 definite and probable tsunamis by
mid-1985, The file 1s still growing as new sources are being added.

Figure 2 shows a system for defining reglons around the Pacific Basin from
0 to 9 based on the Preliminary Catalog of Tsunamis Occurring in the Pacific
Ocean (Iida and Cox 1967). This has proved useful in comparing histories from
various regions.,

Table 4 shows the number of events by region in the file. Japan {s seen to
have the most reported tsunamis by a substantial amount. If we Yimit our count
to only those with a reported wave hefight of 1.5 meters or more to partially
compensate for the better reporting of tsunamis from Japan, we see that they are
nearly equal with four other regions - New Guinea/Solomon Islands, Indonesia,
Kuril/Kamchatka and South America.
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Table 5 lists 10 tsunamis with the highest loss of 1ife, These 10 events
caused about 150,000 deaths, Six were in the Japan region as were about 85,000
of the fatalities, The largest one was the tsunami associated with the 1883
eruption of Krakatoa. Damage and fatality reports vary widely and may include
destruction due to the earthquake or volcano as well as the resulting tsunami,

Table 6 1ists the destructive tsunamis of the last 100 years with number of
fatalities and a damage code for each region,

Table 7 lists all of the tsunamis that caused damage beyond their source
region in the last 100 years, All but one had a magnitude of 8.2 or greater,
There were only nine such tsunamis in 100 years or about one per decade, South
America and the Aleutians/Alaska accounted for three each and Kuril/Kamchatka
and Japan for the remaining three. In almost every case the maximum effect
beyond the source region was in Hawaii and Hawaii had the most fatalities from
tsunamis outside of the source region,

Figure 3 shows the number of tsunamis reported and number of destructive
tsunamis reported this century by decade, There have been 82 destructive tsuna-
mis {n 85 years, about one per year. There does not appear to be a marked
intrease in the number of tsunamis reported over the whole period or since the
beginning of the tsunami warning service as one might expect, Dips in total
nunber of tsunamis in 1910-1919 and 1946-1949 may be related to the World Wars,
Also noteworthy is the dearth of tsunamis in the current decade., Unless there
fs a lot of activity in the next four years, this will be the quietest decade of
the century in termms of total number of tsunamis and destructive tsunamis,

Table 8 1ists the locally destructive tsunamis with source earthquake magni-
tudes below 7.5, It is clear that these lower magnitude events can cause damage
in the tens of millfons of dollars and fatalities in the hundreds. Some
destructive tsunamis were associated with earthquakes with magnitudes below 6.
More than twice as many people were killed by these lower earthquake magnitude
tsunamis (over 1300) than by great tsunamis remote from the source region (500).
This underlines the importance of local warning systems, iacluding education of
the population of the tsunami risk if reduced loss of life is to be achieved,

figure 4 shows the location of the source earthquakes for the destructive
tsunamis of the last 100 years. They are concentrated in the Western Pacific.

Figure 5 shows the epicenters of the tsunamis caustng damage beyond their
source region, These originate most commonly in the Eastern Pacific., A much
higher percentage of Aleutian/Alaskan and South American tsunamis cause damage
beyond their source region than elsewhere,

Figure 6 shows the correlation of maximum wave height and earthquake magni-
tude, It is poorly corielated, '

20



Figure 7 compares the tsunami source region and affected regions, Tie
diagonal counts locally destructive tsunamis, Region 4, the Philippines, for
example, was the source of seven tsunamis causing local damage, They also suf-
fered damage from one other tsunami originating from region 9, South America.

It s clear that South American tsunamis have affected the most areas ouiside of
their source region, The Aleutian/Alaska and Kuril/Kamchatka tsunamis account
for almost all of the remaining remotely damaging tsunamis.

Figure 8 shows similar data with respect to fatalities, Clearly, the major
Yoss of life is within the source region (about 99 percent).

Figure 9 shows the areas reported observing the tsunami of March 27, 1964.
If we 1imit our consideration only to reports of waves of 1.5 meters or more,
Figure 10 shows that the waves were highly directional to the South and
Southeast., Figures 11 and 12 show similar directionality for different regions
when only the larger waves are considered.

Figure 13 shows the sources of tsunamis reported by Hawaii. Clearly, it is
the universal receptor for tsunamis and probably the wave heights at Hawaii
could be used to predict wave heights elsewhere.

Table 9 summarizes some of the conclusions reached by examining the digital
data base., Many of these conclusions have been reached by earlier researchers
and are shown here as a demonstration of the use of the file.
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Bathymetry

Mareograms

Seismic

Photographs

Publications

Digital History

Table 1

TSUNAMI -RELATED DATA

Surveys; 30 mitlion points, covering U,S.
coastal waters
Gridded; 5' x 5' worldwide oceans depth values, DBDBS

3,000 analog records for 350 tsunamis
45 digital records for 9 tsunamis

Epicenters and magnitudes for 20th century earthquakes

About 75C

Catalogs published for Hawaii, Alaska, and Peru-Chile
"Tsunamis of the Pacific Basin" map published

About 890 tsunamis and 3,702 records of effects,
fncluding wave hefght, damage, and fatalities

23



Table 2

MAREOGRAPHIC AND PHOTUGRAPHIC DATA AVAILABLE FOR REPRESENTATIVE TSUNAHI EVENTS

EVERT DATE

1856
1868
1923
1933
1946
1952
1952
1957
1960
1961
1963
1964
1964
1966
1968
1974
1971
1975
1975
1976
1983
1984
1984
1985
1985

03
08
09
03
04
03
11
03
05
10
09
03
06
10
15
10
07
07
11
08
05
08
09
03
09

A total

* Additional records expected from Alaska, Ecuador, and Tahiti,
**% Expucted

02
13
01
03
01
04
05
09
22
18
26
27
16
17
16
03
09
26
29
16
26
07
19
03
19

of 3,000 tide yage records are avaflable {n analog fomn
for 350 tsunamis,

iJST
JST

EPICENTER

Celebes, N, Moluccas
Peru-N. Chile
Tokaido, Japan
Sanriku, Japan
Aleutian Is,
Hokkaido, Japan
Kamchatka, USSR
Aleutian Is,
Chile

Chile

Peru

Alaska

Nifgata, Japan
Peru

Honshu, Japan
Lima, Peru
Chile

Solomon Is.,
Hawaif
Mindanao, Philippines
Japan Sea

Japan

Japan

Chile

Mexico
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MAREUGRAMS
ANALOG  DIGITAL

3
13
10
19
43
68
69
61
62 1

PN RN NS E-

w
~J
~N

20* (7) *+
3

PHOTUGRAPHS _

322

16
26
60
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TABLE 3

TSUNAMI DATA Filt CONTENTS - PACIFIC BASIN

NR. OF EVENTS NR. OF EVENTS NR. OF WAVE NR. OF EVENTS NR. OF LOCATIONS
(vatidities 2-4) REPORTING WAVE  OBSEXVATIONS REPORTING DEATHS  REPORTING DEATHS
OBSERVATORIES KEPORTED OR DESTRUCTION OR DESTRUCTION
CURRENT FILE 887 405 3702 287 680
CHILE ONLY 250 82 295 34 126

20TH CENTURY ONLY 482 295 3140 93 255



Table 4

DISTRIBUTION OF TSURAMIS 1900 TO PRESENT
8Y SOURCE REGION

NUMBER WITH RURUP

REGION TOTAL RUMBER GREATER THAN 1,5 M
Japan 100 ' 20
New Guinea/Solomon Islands 64 20
Indonesia 46 - 16
Philippines 48 7
Kur{il Islands/Kamchatka 42 18
W, Coast of South America 91 18
New Zealand/South Pacific 35 Y
W. Coast North and Central America 27 12
Alaska and Aleutian Islands 22 9
Hawait 1 _4
Total 482 133
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EVENT DATE
1605 02 03
1611 12 02
1707 10 28
1746 10 29
1792 05 21
1854 12 24
1868 08 13
1883 08 26
1896 06 15
1976 08 16

Table 5

TER TSUNAMIS WITH HIGH DEATH TOLLS*

REGION

Nankaido, Japan
Sanriku, Japan
Tokaido-Nankaido, Japan
Callao, Peru

SW. Kyushu, Japan
Nankaido, Japan

Peru-N, Chile

Java-$S, Java

Sanriku, Japan

Morro Gulf, Philippine Islands

about

* Some deaths may have resulted fran earthquake or volcano
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DEATHS
5,000
5,000

30,000
4,000

15,030
3,000

25,000

36,000

26,360

5,000
150,000



TABLE 6

DESTRUCTIVE TSUNAMIS OF LAST 10G YEARS SORTED BY REGION WITH DAMAGE CODE AND NUMBER OF DEATHS 1885-1984

Dal:z LAl. LUNG. E.MAG RUNUP SOURCE vAaLID. CAUSE DAMAGE DEATHS

REGION O 3 TOTAL; 1 CONSIDERABLE DAMAGE: 35 DEATHS

82

1903 11 29 10.0 HAWAIL 4 c

1951 08 21  19.5 -156.0 12 6.90 3.6 HAWAII 4 T c 33
1975 11 29 19.4 -155.1 05 7.20 8.0 HAWAII 4 T B 2
REGION 1 3 TOTAL; 1 CONSIDERASLE DAMAGE: 10 DEATHS

1817 06 25 -15.6 -173.0 %! 8.30 12.0 SAMOA ISLANDS 4 T B

1947 03 26 -38.8 177,.6 SH 7.00 4.6  N. N&W ZEALAND 3 T c

1953 09 14 -i8.6 178.6 860 6.80 2.0 FIJI ISLANDS 4 T&L c ¢
REGION 2 1S TOTAL; 6 CONSIDERABLE DAMAGE: 3 EXTENSIVE DAMAGE; 407 DEATHS

1895 03 06 -8.5 150.0 7.5 W. SOLOMON SEA 4 T A 26
1906 09 15 -7.0 149.0 SH 8.00 1.5 W. SOLUMON SEA 4 T B

1619 05 07 -6.0 153.0 7.75 2.5 BISMARCK SEA, NEW GUINEA 4 T B8 ¢
1926 09 17 -11.6 160.0 S0 7.00 2.0  SOLOMON ISLANDS 4 T B

1930 22 26 - 1.3 144.3 5.75 2.5 MELANESIA 4 T A 5
1931 10 04 -10.6 161.8 SH 7.90 9.0  SOLOMON ISLANUS 4 T A 50
1938 05 13 - 6.0 147.7 SH 7.50 BISMARCK SEA, NEW GUINEA 3 T c

1933 04 30 -10.6 158.6 S0 8.00 10.5 SULOMON ISLANDS 3 T c 12
1951 02 22 - 3.6 142.6 3.5 BISMARCK SEA, NEW GUINEA 2 T c

1870 11 01 -4.9 145.5 20 7.00 3.0 BISMARCK SEA, NEW GUINEA 4 T c 3
1971 07 14 - 5.5 153.9 47 8.00 3.0 BISMARCK SEA, NEW GUINEA 4 T c 1
1971 07 26 - 4.9 153.2 48 8.00 3.5 BISMARCK SEA, NEW GUINEA 4 T 8

1974 02 01+ - 7.4 155.6 40 7.00 4.0  SOLOMOH ISLANDS 4 T c

1675 07 21 - 6.6 154.9 50 6.70 2.0  SOLOMON ISLANDS 4 T B 200
1979 09 12 - 1.7 135.9 05 8.10 2.0 W. IRIAN, INDONESIA 2 T 8 100
REGION 3 18 TOTAL; 6 CUNSIDERASLE DAMAGE; 6 EXTENSIVE UAMAGE; 5,378 DEATHS

1885 04 30 2.5 127.5 7.2 CERAM 3 T&V c ¢
1889 09 06 3.1 125.6 8.0 N. MOLUCCA IS., INDONESIA 4 T&v B c
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TABLE 6 PAGE 2
DATE LAT. LONG. t.MAG RUNUP SOURCE VALID. CAUSE ODAMAGE UEATHS
1869 09 30 -3.5 128.5 7.8 BANDA SEA, INDUNESIA 4 T&Y A 3,620
1507 Ol 04 1.5 97.0 7.50 2.8 SW. SUMATRA 4 T A 400
1507 03 30 3.0 122.0 7.25 4.0 CELEBES SEA, INDONESIA 2 T A
1918 08 15 5.6 123.0 SH 8.30 7.0  CELEBES SEA, INDONESIA 4 T B B
1921 0S5 14 0.0 113.1 6.25 MAKASSAR STRAIT, INDONESIA 2 T B
1827 12 01 - 0.5 119.5 6.00 15.0 CELEBES SEA, INDONESIA 2 T ¢ 14
1528 08 04 -8.3 121.5 ---- 10.0 FLORES SEA, INDONESIA 4 v B 128
1938 05 20 - 0.7 12G.3 7.50 2.8 N. MOLUCCA ISLANDS,. INDONESIA 4 T c 17
1939 12 22 0.0 123.0150 8.60 N. MOLUCCA ISLANUS, INDONESIA 3 T ¢
1965 01 26 - 2.4 126.0 6 7.60 4.0 CERAM ISLAND, INDONESIA 4 T B 71
1967 04 11 - 3.3 119.4 33 5.50 3.0 MAKASSAR STRAIT, INDONESIA 3 T c 13
1967 04 12 5.5 97.3 58 7.50 2.0  MALAY PENINSULA 3 T ¢
1968 08 14 0.2 119.8 23 6.10 10.0 BANDA SEA 4 T A 200
1969 062 23 -3.1 118.8 33 6.88 MAKASSAR STRAIT, INDONESIA 4 T A 600
*1977 08 19 -11.0 118.4 SH 8.00 30.0 SUNDA ISLARDS 4 T 8 100
1979 07 18 - 8.5 123.5 10.0 LOMBLEN ISLAND, INDONESIA 2 T&L A 187
REGION & 7 TOTAL; S CONSIDERABLE DAMAGE; 5,059 DEATHS
1897 09 21 6.8 122.5 8.5 SULU SEA, PHILIPPINES 4 T 8 13
1933 12 25 i2.8 124.0 ——— 1.4 E. SAMAR ISLAND, PHILIPPINES 2 v B 9
1934 02 14 17.6 119.0 SH 7.60 1.0 W. LUZON ISLAND, PHILIPPINES 4 T ]
1948 01 25 10.6 122.0 SH 8.20 2.0  SULU SEA, PHILIPPINES 4 T 20
1949 12 29 18.0 121.0 SH 7.20 2.0 E. LUZON ISLAND, PHILIPPINES 3 T ¢ 16
19756 10 31 13.0 126.2 33 7.40 PHILIPPINE TRENCH 4 T B 1
1976 G8 16 6.3 124.0 SH 8.00 4.9 MORU GULF, PHILIPPINES 2 T B 5,000
REGION S 13 TOTAL; 3 CONSIVUERASLE DAMAGE; 7 EXTENSIVE DAMAGE; 36,500 DEATHS
*1896 06 15 39.6 144.2 7.6 SANRIKU, JAPAN 4 T A 26,360
1911 06 15 29.C 129.0 8.90 2.0  RYUKYU TRENCH 4 T B 6
1914 01 12 31.0 130.4 6.20 3.0  SEIKAIDO, JAPAN 4 T ¢ 35
1923 09 1 35.3 139.5 SH 8.20 12.1 TOXAIDO, JAPAN 4 T A 2,144
1527 03 07 35.6 135.0 10 7.60 11.3  SW. HONSHU ISLAND, JAPAN 4 T A 1,100
*1933 03 03 39.2 143.0 10 8.30 28.0 SANRIKU, JAPAR 4 T A 3,000
*1944 12 67 33.8 136.0 8.30 8.4 TOKAIDO, JAPAN 4 T A 1,000
1946 12 21 33.9 135.6 30 8.00 6.0  NANKAIDO, JAPAN 4 T A 1,997
1952 03 04 42.2 143.8 45 8.00 6.5  SE. HOKKAIVO ISLAND, JAPAN 4 T A 33



TABLE 6 PAGE 3

of

DATE LAT. LONG. E.MAG RUNUP SOURCE ’ VALID. CAUSE DAMAGE DEATHS
1964 06 16 38.3 139.2 40 7.60 6.3 NW. HONSHU ISLAND, JAPAN 4 T o 26
1968 04 01 32.3 132.5 32 7.75 2.3 SEIKAIVO, JAPAN 4 T B
1968 05 16 41.4 142.9 33 7.05 5.0 JAPAN TRENCH 4 T B
1973 06 17 43.2 145.8 33 6.50 3.0 KURIL, USSR-HOKKAIDG, JAPAN 4 T c

*i983 05 26 40.2 140.0 24 7.80 14.1 NOSHIRO, JAPAN 4 T B 107
REGION 6 7 TOTAL; 4 CONSIDERABLE DAMAGE:; 2 EXTENSIVE DAMAGE; 258 DEATHS
1918 09 08 45.6 151.6 SH 8.30 12.1 S. KURIL ISLANDS, USSR 4 T c 23
1923 02 04 54.0 161.0 SH 8.30 8.0 KAMCHATKA PENINSULA, USSR 4 T 8 3
1923 04 14 56.6 162.6 SH 7.20 20.0  KAMCHATKA PENINSULA, USSR 4 T B 18
1940 08 02 44.0 139.6 10 7.00 3.5 W. HOKKAIDO ISLAND, JAPAN 4 T A 7

*3952 11 05 52.8 159.6 45 8.30 18.0 KAMCHATKA PENINSULA, USSR ' T A A
1958 11 07 44.6 148.9 1008.30 4.0 S. ¥URIL ISLANDS, USSR 4 T 8
REGION 7 7 TOTAL: 3 EXTENSIVE DAMAGE: 371 DEATHS
1899 09 10 60.0 140.0 8.2 GULF OF ALASKA 4 TaL c
1936 10 27 58.6 -137.1  ---- 150.0 S. ALASKA 4 L c

*1946 04 01 52.8 -163.5 50 7.40 32.0 E. ALEUTIAN ISLANDS 4 T A 247

*1657 03 09 S1.3 -175.8 8.30 16.0 CENTRAL ALEUTIAN ISLANDS 4 T A
1958 07 05+ 58.0 -138.8 SH 7.50 525.0 S. ALASKA 4 TaL C 2

*1964 03 27+ 61.0 -147.7 33 8.40 32.0 GULF OF ALASKA-ALASKA PENINSULA & T A 122
1965 02 03 51.2 178.6 40 870 10.0 W. ALEUTIAN ISLANDS 4 T c
REGION 8 7 TOTAL: 3 CONSIDERABLE DAMAGE: 676 DEATHS
1887 05 03 -31.0 109.0 8.0 N. MEXICO 2 T c 44
1802 02 26 13.5 - 89.5 5.0  GUATEMALA-NICARAGUA 4 T 8 185
1907 04 14 17.0 -100.0 8.00 1.8 S. MEXICO 4 T c 8
1628 06 16 16.3 - S$8.0 SH 7.90 2.0 S. MEXICO 4 T C 4
1932 06 03 19.8 -104.2 SH 8.00 2.8 CENTRAL MEXICO 4 T B 425+
1932 06 22 18.7 -104.7 SH 6.90 6.0 CENTRAL MEXICO 4 T 8 c
1932 07 17 8.0 -82.5 7.75 2.0 CDSTA RICA-PANAMA 4 T c
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TABLE 6

PAGE 4

DATE LAT. LONG. E.MAG RUNUP SOURCE VALID. CAUSE UAMAGE DEATHS
REGION 9 14 TOTAL; 5 CONSIDERABLE DAMAGE; 3 EXTENSIVE DAMAGE; 2,878 DEATHS
*1906 01 31 1.0 - 8l.5 SH 8.60 5.0 COLOMBIA-ECUADOR 4 ¢ 500+
*1906 08 16 -33.0 - 72.2 ¢t 8.4C 3.6 5. CEWIRAL CHILE 4 T c
1518 01 12 -12.0 - 76.6 3.0 PERU 4 B
1518 12 04 -26.0 - 71.0 SH 7.80 5.0 N. CENTRAL CHILE 4 T c
*1922 11 10 -29.0 - 71.0 8.25 9.0 N. CHILE 4 T A A
1927 11 21 -44.6 - 73.0 SH 7.00 2.8 S. CHILE 4 T 8
1943 04 06 -30.8 - 72.0 55 7.90 N. CENTRAL CHILE 4 T B c
1955 04 19 -30.0 - 72.0 30 7.00 1.0 . CENTRAL CHILE 4 T A 1
1858 01 19 1.5 - 79.5 40 7.50 4.0 COLOHBIA-ECUADOR 4 T ¢ 5
*1960 0S 22+ -39.5 - 74.5 8.30 22.6 S. CHILE 4 T A 1,590
1960 11 20 - 6.9 - 80.8 55 6.75 9.0 PERU 4 T 8 13
1966 10 17 -10.7 - 78.8 24 8.00 3.0 PERU 4 T 8
1971 07 03 -32.5 - 71.2 58 6.80 1.2 CHILE 2 T c
1979 12 12 1.5 - 79.3 24 7.70 4.9 COLOMBIA-ECUADOR 4 T A 259
DAMAGE CODE:

C = MINCR DAMAGE I.E. FEW HOUSES, BOATS, ONE LOCATION
8 = CONSIDERABLE DAMAGE, I.E. 100 HOUSES, ONE LOCATIUN

A = EXTENSIVE DAMAGE,

DEATH CODE:

C = FEW
B = MAN

Y

CAUSE:

I.t. 1000 HOUSES, ONE LOCATION OR MANY HOUSES AT SEVERAL LOCATIONS

T = TECTONIC (EARTHQUAKE)
L = LANDSLIDE
V = VYOLCANIC

VALIDITY:

4 = DEFINITE

3 = PROBABLE

2 = QUESTIONABLE

*INDICATES TSUNAMIS THAT CAUSED DESTRUCTION OR FATALITIES BEYOND SOURCE REGION

DEATHS AND DAMAGE FIGURES INCLUDE EFFECTS CAUSED OUTSIDE REGION OF ORIGIN
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TABLE 7
TSUNAMIS DESTRUCTIVE BEYONU SOURCE REGIUN
THIS 1S A LISTING OF TSUNAMIS OF THE LAST 100 YEARS IMCLUDING INFORMATION ABOUT THE LOCATION AND SIZE OF THE EARTHQUAKES THAT GENERATED

THEM; THE LOCATION ANXD HEIGHT OF THE GREATEST RUNUP PRODUCED BY EACH TSUNAMI; AND THE LOCATIUNS OF UAMAGE PRODUCED OUTSIUE THE REGIUN
OF THE EARTHQUAKE EPICENTER.

EVENT DATE SOURCE REGION NAME EQ.MAG. REGION OF GREATEST DAMAGED AREAS DEATHS
RUNUP MEASURED IN METERS
1906 08 16 S. CENTRAL CHILE 8.4 MAALAEA, MAUI, HI 3.6 HAWAIL
1922 11 10 N CHILE 8.2 HILO, KI 2.1  JAPAN,PHIL. ,TAIWAN,SAMOA,HAWAIL
1923 02 04 KAMCHATXA PENINSULA, USSR 8.3 HILO, HI 6.1 HAWAII(1) 1
1933 03 03 SANRIKU, JAPAN 8.3 MIDWAY 1S., HI 6.5 HAWAILL
1946 04 01 E. ALEUTIAN ISLANDS 7.4 NE COAST HAMAII, HI 17.0  HAWAII(241),CHILE,CALIF. 241
1952 11 05 KAMCHATKA PENINSULA, USSR 8.3 HAENA POINT, HI 10.5 MIDHAY HAWAII,SAMUA,PERYU,CHILE ,ECUADOR
1957 03 09 CENTRAL ALEUTIAN ISLANDS 8.3 HAENA POINT, HI 16.0  CALIF.,EL SALVADUR,JAPAN,HAWAII
1960 05 22 S. GHILE 8.3 HILO, KI 10.5  CALIF.,SAMOA,HAWAII(61),JAPAN (199) 260
1968 03 27 GULF OF ALASKA-ALASKA PENINSULA 8.4 CRESCENT CITY, CA 6.3  CANADA,W.COAST U.S.A.(15),HAWALI 15
NUMBER OF TIMES EACH REGION APPEARS IN NUMBER OF TIMES EACH REGION NUMBER OF TIMES EACH REGION DEATHS IN
ASQVE TABLE AS A SOURCE FOR A MAJOR RECORDED THE MAXIMUM RUNUP RECEIVED DAMAGE FROM A MAJOR EACH REGIGN
TSUNAMI HEIGHT FROM A MAJOR TSUNAMI TSUNAMI OUTSIDE THAT REGION
OUTSIDE THAT REGION
0 HALAIL =0 HAWAL1 -8 HAWAT =9 303
1 NEW ZEALAND _SOUTH PACIFIC ISLANDS -0 NEW ZEALAND -0 NEW ZEALAND,SAMOA -3
2 NEW GUINEA AND SOLOMON ISLANDS =0 NEW GUINEA (& AUSTRALIA) = 0 NEW GUINEA =0
3 INDONESIA =0 INDUNESIA =0 INDONESIA =C
4 PHILIPPINES =0 PHILIPPINES =0 PHILIPPINES (TAIWAN) =1
S JAPAR =1 JAPAN =0 JAPAN =3 201
6 XURILE ISLANDS, KAMCHATKA -2 KURIL 1S., KAMCHATKA =0 KURIL IS.,KAMCHATKA = 0
7 ALEUTIAN ISLANDS, ALASKA «3 ALASKA =0 ALASKA =0
8 WEST COAST NURTH AND CENTRAL AMERICA = 0 NORTH & CENTRAL AMERICA =1 N. & C. AMERICA -4 15
9 ®EST COAST SOUTH AMERICA =3 SOUTH AMERICA -0 SOUTH AMERICA =2
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TABLE 8 -~ DAMAGING TSUNAMIS WITH MAGNITUDE LESS THAN 7.5 IN 20TH CENTURY - BY MAGNITUDE .

CVENT DAIC  EQ.MAG. MAX.  LOCATIUN OF EARTHOUAKE LOCATION OF DAMAGE TYPE OF DAMAGE DEATHS
RUNU
1967 04 11  5.50 3.0  MAKASSAR STRAIT, INDONESIA MOUTH OF TINAMBUNG RIVER  BOATS DESTROYED 13
1930 1228 5.75 2.5  MELARESIA N. COAST NEW GUINEA VILLAGES DAMAGED 5
1927 1201 6.00 15.0  CELEBES SEA, INDONESIA PALU BAY, SULAWESI IS. HUTS, PIER DESTROYED 14
1963 08 14  6.10 10.0  BANDA SEA DONGOLA DISTRICT, INDON. 800 HOUSES DESTROYED 200
1914 01 12 6.20 3.0  SEIKAIDO, JAPAN KAGOSHIMA, JAPAN BOATS DAMAGED 15
ALL OF JAPAN 35
1921 05 14  6.25 MAXASSAR STRAIT, INDONESIA SEKURAH, INDONESIA SEVERE DAMAGE
1973 06 17 6.50 3.0  KURIL, USSR-HOKKAIDO, JAPAN  HOKKAIDO, JAPAIN FISHING BOATS SUNK
1975 07 21 5.70 2.0  SOLOMON ISLANDS TUROKINA, SOLUMON IS. VILLAGE DESTROYED 200
1960 11 20 6.75 9.0  PERY PERY 11
1953 09 14  6.80 2.0  FIJI ISLANDS BEGA, SUVA IS. BOATS DAMAGED SEVERAL
1971 07 09  6.80 1.2 CHILE VALPARAISO, CHILE SOME_DAMAGE
1969 02 23 6.88 MAKASSAR STRAIT, INDONESIA W. COAST CELEBES IS. 4 VILLAGES DESTROYED 600
1932 06 22 6.9¢ 6.C  CENTRAL MEXICO CAYUTLAN, MEXICO SEVERE DAMASE
1951 08 21  6.90 3.6  HAWAIL KONA COAST, HAWALL, HI MINOR DAMAGE
1926 09 17  7.00 2.0  SOLOMON ISLANDS GUADALCANAL, SOLOMON IS. PURT INUNDATED
1927 1121 7.00 2.8  S. CHILE AISEN PROVINCE, CHILE INUNDATION ALONG COAST
1940 08 02  7.00 3.5  W. HOKKAIDO ISLAND, JAPAN RISKIRI IS., JAPAN 1000 BOATS LOST 7
VLADIVOSTOK, PRIMORSKIY, USSR  EXTENSIVE DAMAGE
SW. COAST SAXMALIN, USSR CELLARS FLOODED, BOATS WASHED AWAY
E. COAST KOREA M tCHANT VESSEL CAPSIZED
1955 04 19  7.00 1.0  N. CENTRAL OHILE LA SERENA, COQUIMBO DAMAGE 1
1970 11 01  7.00 3.0  BISMARCK SEA, NEW GUINEA N. COAST NEW GUINEA WAVES UPSET CANOE 3
1974 0201  7.00 4.0  SOLOMON ISLANDS XOROVU, SHORTLAND IS. POLICE STATION FLOODED
1923 06 14  7.20 20.0  KXAMCHATKA PENINSULA, USSR UST* KAMCHATSK CANNERIES, BOATS, HOUSES DESTROYED
E. COAST KOREA FISHING STATION DESTROYED
1949 127 &  7.20 2.0 E. LUZON ISLAND, PHILIPPINES  CAGAYAN RIVER, LUZON BOATS SUNK 16
19751129  7.20 8.0  HAWAll HAWAI 1 $1.5 MILLION DAMAGE 2
CATALINA IS.. CA $2.000 DAMAGE
1907 03 30 7.25 4.0  CELEBES SEA, INDONESIA KARAKELONG IS. CULTIVATED AREAS DEVASTATED
1946 08 01  7.40 32.0  E. ALEUTIAN ISLANDS UNIMAK IS., ALEUTIAN IS. LIGHTHOUSE DESTROYED 3
SANTA CRUZ. CA 1
HILO, HAMAII $26 MILLION DAMAGE 68
NE. COAST HAMAII $10 MILLION DAMAGE 173
fgﬁqggiucgékﬁmnsz c e
JCH AMA
1975 1031 7.40 PHILIPPINE TRENCH SAMAR IS., PHIL HE O ouses DESTROYED



Table 9

1. There is an average of 1 damaging tsunami per year.
2. 90% of damaging tsunamis have only regional effects.
3. 99% of tsunami fatalities are local to source region.

4. Indonesia, Philippines, Peru-Chile, and Japan have histories of
greatest loss,

5. Unly a few areas have produced damz3jing Pacific-wide tsunamis.

6. The effect of Pacific-wide tsunamis beyond the source area is greatest
in Hawaif,

7. Only Hawaii has a greater threat from distant tsunamis than from local
tsunamis,

8. Tsunamis maximum effects are highly directional,

9. Local damage from tsunamis with magnitude less than 7.5 is more than the
damage from Pacific-wide tsunamis beyond their source regions.

10, The correlation between earthquake magnitude and maximum run-up heiaht
is poor.

34
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Figure 2 - Tsunami region boundaries
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NUMBER OF PACIFIC BASIN TSUNAMIS PER DECADE
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Figure 5 - Source of tsunamis causing damage beyond their source region - 100 years




MAXIHUM TSUNAMI RUN-UP HEIGHTS
VS EARTHQUAKE MAGNITUDE
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AFFECTED REGION

NUHBER OF TIMES TSUNAMIS HAVE CAUSED DAMAGE

BY REGION - 100 YEARS

SOURCE REGION
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PACIFIC BASIN TSUNAMIS

RESULTING FROM EARTHQUAKE OF MARCH 27, 1964
(ALL RECORDED RUN-UP HEIGHTS)
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PACIFIC BASIN TSUNAMIS
RESULTING FROM EARTHQUAKE OF NOVEMBER 5, 1952
(RUN-UP HEIGHTS 2 1.5 METERS)
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PACIFIC BASIN TSUNAMIS
RESULTING FROM EARTHQUAKE OF MAY 22, 1960
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Figure 13 - Source regions for tsunamis observed in Hawaii
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ACTIVITIES AND RESPONSIBILITIES OF THE PACIFIC TSUNAMI WARNING CENTER (PTWC)

+Gordon D, Burton, Pacific Tsunami Warning Center

The Pacific Tsunami Warning Center (PTWC) is located on a 175 acre site at
Ewa Beach on the island of Oahu, Hawaii. Formerly designated as Honolulu
Observatory, PTHC is one of the oldest geophysical observatories in the United
States, having been in operation since 1902 as a geomagnetic observatory to
monitor time variations of the carth's geomagnetic field. Seismic observations
began in 1903, with PTWC now functioning as the Hawaii station for the World
Wide Stendardized Seismograph Wetwork (WWSSN). Though seismic and geomagnetic
data are still continuously recorded, PTWC also now functions as the Regional
Tsunami Waruning Center for Hawaii, as the National Tsunami Warning Center for
the United States, and as the operational control center for the Tsunami
Warning System of the Pacific.

Thirteen buildings are located at PIWC, including housing for five
personnel (four geophysicists and a secretary) who serve on a rotating basis as
the duty watchstanders. Two people are on standby watch at any one time to
respond 24 hours-a-day to any alarm events which occur. In addition, three
electronics technicians work at the observatory to maintain all the
instrumentation,

PIWC is operated and administered by the National Weather Service (NWS) of
the National Oceanic and Atmospheric Administration (NOAA), On an
international basis, participating nations are organized under the
Intergovernmental Oceanographic Cormission (IOC) as the International
Coordination Group of the Tsunami Warning System of the Pacific (ICG/ITSU),

PTWC's stated mission as established by the NWS is to detect tsunamis in
the Pacific, to predict their arrival and, when possible, run-up on the coasts,
and to provide timely and effeoctive tsunami information and warnings to the
population of the Pacific to minimize the hazards of tsunamis. With only minor
changes in wording to reflect the area of responsibility, this mission
statement seems applicable to any Tsunami Warning Center, either on a regional
or national basis. In keeping with the intent of this IOC Tsunami Workshop to
discuss practical aspecta of Tsunami Warning Systems, this paper will first
address the general operational requirements for any Tsunami Warning Center and
then spezifically address how PTWC meets these general criteria, together with
recent operational improvements which have been made.

A detalled analysis of the above stated missinn identifies three separate
operational phases, i.e., tsunami detection, tsunami cvaluation, ard
information dissemination. Each of these threce phases will be discussed in
detail.

Detegtion
The initial operational phase to be considered for any Tsunami Warning
Center is logically that of detvotion, the simple recognition that a tsunami
has been generated, Though simply stated, this may be an extremely complex
requirement to satisfy, A satisfactory solution requires s complete
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underatanding of the various source mechanisms which might result in tsunani
generation within the Center's area of responsibility and a data acquisition
networtegufficient voth in type and extent to determine that a tsunami has been
generated,’

Tsunami source mechanisms vary from submarine to subaerial landslides,
volcanic eruptions, structural displacement of the underlying seabed caused by
seismic activity, nuclear explosions, sudden atriospheric pressure pulses, or
indeed any mechanism which results in a significant vertical displacement of
the ocean from a state of equilibrium, More than one mechanism may be involved
for the same event, For instance, the 196U earthquake in Alaska resulted in
landslides generating local tsunamis within Prince William Sound as well as a
major tsunami caused by structural displacement over several thousand square
miles of the northwestern Gulf of Alaska, The extent of destruction of tsunami
activity may vary from insignificant to localized or regionalized destruction
to destruction over large portions of the Pacific,

Therefore, to be effective, a Tsunami Warning Center must first identify
the problem, i,e,, what is the operational capability to respond to the tsunami
threat within its area of responsibility, It must be recognized that in many
instances, a Warning Center simply can not be capable of tsunami detection
prior to near-source coastal inundation. This is particularly.true when
initial waves are impacting a coastal area within 2-3 minutes of generation,

In these instunces a Tsunami Warning Center may serve to warn of the pctential
threat of additional waves or to warn those further removed from the region
nearest the source, or it may effectively only serve the role of identifying
the occurrence of a tsunami so that disaster relief may more rapidly be
provided, A careful analysis of the potential tsunami threat to be addressed
combined with the operational requirements to detect that threat can determine
the technological requirements for a Tsunami Warning Center, or indeed the real
need for any Center at all,

The cperational effectiveness of a Tsunami Warning Center is direotly
related to the extent and timeliness of its data acquisition network, The
rapid acquisition of data 18 necessary, with oriticel data required on a
rea)-time basis, Sca level data is required to confirm the existence of a
tsupami and to determine the impact on coastal arcaas, However by the time sca
Jevel data are available, near-source coastal arcas have already been inundated,

Because the gencration of most tsunamis is either direotly or indireotly
assoojated with seismic activity, tho monitoring of earthquakes provides the
baszis for the initial deteotion phase and an evaluation of the probability of
tsunamigenesis, Indeed, for many arcas of responsibility, the operation of a
Tsunami Warning Center can be based entirely on the acquisition and evaluation
of seismioc date with a high probability of operational offeotiveness, Even
seismio data from a single station can provide the basis for a Tsunami Warning
Centor, with the Hawaii Regional Tsunami Warning Center being only one example
of this capability. This will be discussed in the following presentation on
the "Aotivities and Responsibilities of tho Hawaii Regional Tsunami Warning
Center", The basio requirement for seismio data acquisition is the nced to
deteot tho occurrence and approximate location of a signifioant carthquake, and
to measure the sfze of the earthquake in some manner to establish the
relationship between carthquake energy release and probability of
tsunamigenesis., Based on a correlation with historic data for the arca of
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responsibility, seismic thresholds can be established for the issuance of
Tsunami Warnings.

The soquisition of sea level data provides the second phase of tsunami
detection, that of actual confirmation or negation that a tsunami has been
generated, Real-time sea level data acquisition is always preferable, but near
real-f.ime data may be adequate for many responsibilities, Sea level data may
consist of instrumental measurements, with tide gauges providing the most
common example, or of visual observations received from a reliable observer,
Though subjective in nature, visual reports from reliable sources may
in many cases be more meaningful to a Tsunami Warning Center than instrumental
data received from tide gauges,

JAsunapi Eyaluation

The second part of the mission statement set forth previously was that of
predicting tsunami arrival and "when possible, run-up on the coasts", This is
a formidable task fraught with possible judgmental error,

As with tsunami detection, the initial phase of tsunami evaluation is based
upon an analysis and interpretation of seismic data to determine the
probability not only that a tsunami has been gcnerated, but also the location
of the source region to determine tsunami arrival at coastal areas and, based
on the size of the earthquake, some measure of probability of the destructive
threat posed by a potential tsunami, A detailed study of the historical
earthquake and tsunami data for a region can provide the basis for developing
operational procedures relating earthquake size and location to the probability
of the destructive potential of a possible tsunami,

The second phase of tsunami evaluation is based on analyses of sea level
data, whether mecasured or observed, Because of the dynamic characteristics of
tsunami impact along a coastline, it may often be impossible to accurately
predict the extent of potential tsunami impact based on isolated measurements,
Sea level activity recorded at a tide gauge may not be indicative of the actual
tsunami impact occurring elsewhere., As with seismic data, the correlation of
reported sea level data with the historical data for that region may provide an
improved evaluation capability of probable tsunami coastal impaoX.

The provision of estimated times of arrivel (ETA's) along a coastline nust
necessarily be based on an interpolation of pre-computed vaiues or the use of
proviously construoted tsunami travel-time charts, During an actual event
there 18 not sufficient time to complete the lenithy compuvations that would
othorwise be required, ETA's may vary from a few minutes after carthquake
origin to several hours depending on the distance to the source region,

Ultimately the most comprehensive tsunami cveluation is based on an
integration of tho evaluation of the seismic data, the evaluation of the sca
loevel data, and a correlation of tho current event with the historicol data for
that region. It must be recognized that the tsunami ovaluation comploted at a
Tsunami Warning Center on an operational basis is subjeotive in nature based on
the data avajlable and the experience of the watchstander,

Dissemination
The third phase of the mission of a Tsunemi Warning Center is the
disscmination of information to responsible authorities and to the publio, the
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ultimate users of tsunami warnings, The HWS mission statement stresses that
tsunami information be "timely and effective" to minimize the hazards of
tsunamis to the population,

Timeliness of information is obviously critical, with the goal of the
Tsunami Warning Center being that of providing a warning to authorities in time
to evacuate potentially impacted areas prior to tsunami inundation, This not
only requires a rapid response by the Center in the detection and evaluation of
a tsunami, but also a rapid means of communicating Tsunami Warpings.
Communication methods and facilities may vary from voice communication to
teletype messages to radio or television or activation of sirens, The nature
and method of communication facilities used should be adequate to provide the
most rapid possible dissemination of information by the Center,

The second criteria of effectiveness of information is a measure of the
accuracy of the information released by the Tsunami Warning Center and the
manner in which that information is provided to responsible authorities, With
regard to accuracy, it is possible that false warnings or erroneous information
may occasionally be issued, but such instances should be minimized, Of equal
importance is the manner in which information is provided to minimize confusion
and misunderstanding by local authorities and by the public, The terminology
used must clearly state the circumstances and provide authorities with
necessary information to assist in the determination as to the appropriate
mitigation measures to implement.

Eyaluation Criteria for a

Yarning Center
The above discussion relating to the detection and evaluation of a tsunami
and the dissemination of information applys in general to any Tsunami Warning
Center, How well these parameters are defined and applied determines the
operational effectiveness of the Center., Three additional critera may be used
in providing an evaluation of a Tsunami Warning Center, 7These are timeliness,
dependability, and accuracy,

By timeliness I mean the operational response of a Center from the time of
tsunami generation to the time of receipt of information by responsible
authorities and by the public, For a detailed analysis, onoc must examine the
time delay from the occurrence of an earthquake to the activation of an alam
system, the time required for a watchstander to respond to the alarm and
determine the probability of tsunamigenesis, and the time to disseminate
information,

By dependabflity I mean the aotual probability that the Center will be
there to funotion when it's nceded, This covers various factors inoluding the
operating reliability of oll oritical instrumentation, cmergency power sources,
redundancy of methods of coomunication, and various "people factors" relating
to tho availability, training, and experience of watchstanders,

By accuracy I mean the accuraoy of information disseminated by a Tsunomi
Warning Center as to carthquake location and size and tsunami deteotion and
ovaluation, Ultimately a Tsunami Warning Center is only as good as its
oredibility, and the issuvance of repeated false warnings or erroncous
information can signifioantly affeot the response of the publio and responsible
authoritics,
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When considered in detail, the above criteria will vary when applied to
different regional, national, or Pacific-wide responsibilities, The remainder
of this presentation will discuss recent improvements at the Pacific Tsunami
Warning Center in the context of the above operational parameters and criteria
for evaluation,

sStatus of Seismig Data Acquisition at PTWC

Since early 1983, the National Weather Service has maintained a dedicated
satellite circuit for data exchange between PTWC and the USGS/National
Earthquake Information Center (NEIC) in Golden, Colorado, By means of this
circuit seismic data from Hawaiian stations are transmitted to NEIC and a
network of 14 seismic stations recorded at NEIC are transmitted to PTWC on a
continuous basis in real-time, Of these 1l stations, 9 are short-period
seismic stations with data transmitted at a rate of 20 samples per second and 5
are long-period seismic stations with data transmitted at a rate of 1 sample
per second,

The geographical distribution of the 9 short-period stations reaches frcm
the Eastern United States to the Western Aleutians and provides PTHWC with
sufficient real-time seismic data to obtain a preliminary location for
earthquakes located throughout the Pacific. The accuracy of these preliminary
epicenter locations varies from within an average of 30 nautical miles for
events in the northern Pacific to an average of approximately 100 nautical
miles for events in southern Chile or the far soutlmestern Pacific, For these
areas additional scismic data is required from ITSU participants to determine
more precise epicenter locations, Significant operational and communication
improvements have occurred with several ITSU seismic observatories for rapidly
providing seismic data to PTWC, This remains a continued operational priority,

Staff personnel) at PIWC have designed and implemented a new seismic alamm
system based on carthquake detecction at two mainland seismic stations, French
Village (FVM) and Albuquerque (ALQ). This 2-station alamn provides an carlier
response by PTHC watchstanders, particularly for carthquakes in Central and
South America, For earthquakes in Central America, the alarms now activate
within 6 minutes, giving the PTWC watchstander an opportunity to begin locating
the epicenter before the first seismio phases have oven reached Hawali
stations, For earthquakes in southern Chile, the sefsmio alarns will now
aotivate within 12 minutes as compared to the previous average of 25-30
minutes, This offort has resulted in a considerable improvement in PIWC's
response time for detcotion of possible tasunamigenio ecvents,

PIVWC's seismio alarm system has also been improved by the installation of &
radio pager alarm system in addition to the carlier house alorm system, Both
watchstanders now carry radio page units with thom when on duty to provide more
flexibility and an fmproved reliability in responding to sefsmic alarms,

Status of Tsunani Data Agquieition at
One of tho most sfgnificant recent improvements for PIWC has been the field

installation of a number of satellito Data Collcotion Platforms (DCP's) which
are transmitting cva level data via GOES from rcmote aites, Data from many
tide gauges in SBouth Amorica and in the South and Southwestern Paoifio are now
available to PIWC in near real-timoe (3-5 minutes), ‘These DCP'a are boing
installed as part of- a cooporative program with member countries, Dr, Klaus
Wyrtki of the University of Hawaii, ond Dr. David Enfield of Orecgon State
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University, These units provide tsunami data to PITWC and also transmit
continuous measurements for mean sea level studies being conducted by

Dr. Wyrtki and Dr, Enfield, who are funding all field installation costs and
providing many of the DCP's, Efforts are also being made to provide the sea
level data to the participating countries in which the DCP's are located,

Statug of Tsupnami af FIMG

Efforts are continuing at PTWC to develop improvements in tsunami
evaluation through concentrated studies of designated seismic gap areas and
through a detailed area-by-area analysis of historical earthquake/tsunami
events,

For seismic gap studies, a dozen locations around the Pacific have been
chosen as areas of high potential for the future occurrence of large
earthquakes and a high probability of tsunamigenesis, Each of these areas is
then studied in great detail to evaluate the operational capability of PIWC to
perform if and when such an event should occur, Given a presumed earthquake at
a seismic gap location, the travel times of various seismic phases can be
contoured graphically to determine probable times of alarm activation,
epicenter location, magnitude determination, and the distribution of seismic
stations available to provide data to PTWC, Likewise, given a presumed
tsunamni, the tsunami travel times can be contoured to graphically determine the
time in which tide gavge data may be available to PIWC and the distribution of
tide gauges frcm which data may be used for tsunami evaluation, An operational
model can then be developed based on the times in which seismic and tsunami
data will be available and the times in which appropriate messsges will be
disseminated, By correlation with the historical earthquake data for that areca
and historicnl tide gauge data available for tsunamis generated from that areca,
operational thresholds can be determined to aid PIWC in the issuance of Tsunami
Watches and Warnings,

In conjunotion with the scismio gap studics, an operational analysis of
available historio carthquake/tsunami data is being conducted on an
arca-by-area basis around the Paoifio, By designating arcas which are
tectonically homogencous, the carthquake and tsunami history can be studied to
more reatiastically eveluate the potentiel tsunami threat from that arca, All
carthquakes which are assooiated with tsunamis and all other carthquakes of
suffioient magnitude to activato PIWC's alarmm systcm are inoluded for study,
These studies then provide the basis for improved application of PIWC's
operational procedures for issuance of Tsunami Watches and Warnings as well as
the basis for development of improved procedures for a prediotive tsunani
evaluntion capability.

Statya of Information Rigscoination Capability at PIMG
Several recent improvements in conmunications have occurrced at PINC, with

the Tenth Edition of the Coomunication Plan for the Tsunami Warning Systcm
boing published in February 1984, A commercial TELEX oircuit has been
inntalled which serves as the primary conmunication link with tho Instituto
Hidrografico de la Armada in Velparaiso, Chile, The National Weathor Service
hns also instolled a new satellite oirouit which provides improved
comuniontions to the Trust Territorics of the Southwest Peoifio,

Compulor Autanation Al PIWG
Recent improvements have been made at PIWC in both computer hardware ond
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software, A second Data General S/230 Eclipse minicomputer has been installed
at PTWC to serve as a backup should the primary computer system fail and to
provide operational flexibility by using two computers simultaneously, In
addition a state-of-the-art miorocomputer (IBM-XT compatible) has been received
at PINC to test and evaluate the capability of modern microcomputers to
accomplish many of the tasks presently performed by the older generation
minicomputer,

A further enhancement at PTWC has been the upgrading of the emergency power
generator and Uninterruptible Power Supply (UPS) at PIWC to provide a stable
and reliable electrical power source independent of any fluctuation or loss of
regular commercial power, The functioning of a computer is directly dependent
on the availability of air conditioning to maintain a cool operating
temperature and the maintenance of a non-variable power source. In both areas
PTWC maintains a nearly 100% operational reliability to ensure full computer
operations during any event,

A significant software enhancement for the S/230 minicomputer has been
conversion of all operational software to a new operating system, the Advanced
Operating System (AOS). This provides a multiuser, multitasking capability so
that watchstanders at different computer terminals can be simultaneously
performing separate tasks such as sending messages, working up an earthquake,
or working up two earthquakes at the same time, Other software improvements
have been and are continuing to be made in the PIWC operational computer
programs to reflect improved procedures and provide added reliablity of
operations, Among these has been the development of online processing of
scismic data in real-time, Seismio data from 20 remote stations located in the
Hawaiian Islands and across North America are automatically computer processed
to determine first-arrival times for cpicenter locations,

Suunary

With regard to the threc cvealuation faotors mentioned carlier of
timoliness, dependability, and accuraocy, PIWC has mado operational improvements
in all areas, Tho real-timo satellite transmission of seismic data from the
mainland and the development of tho two-station alarm system have greatly
improved PIWC's response capability and accuraoy of carthquake evaluatfion, 1The
ncar real-time acquisition of tide gauge data from rcmote stations via GOES has
significantly improved PINC's timeliness and acouracy of tsunami detcotion and
cvaluation, Tho installation of a radio alarm system, the installation of a
second computer system, and the upgrading of the clcotrical power capability
have cnhanced PIWC's dependability of oporations, Further improvements are
obviously nceded, both in PIWC's internal operational capability and in the
exchango of information with partioipants of the Tsunami Worning Systcm of the
Paoifio,
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ACTIVITIES AND RESPONSIBILITIES OF THE HAWAII REGIONAL TSUNAMI WARNING CENTER

Gordon D, Burton, Pacific Tsunami Warning Center

The Hawaii Regional Tsunami Warning Network (HRTWN) is operated by the
Pacific Tsunami Warning Center (PTWC) at Ewa Beach, Hawaii, The present HRTWN
is an outgrowth of an experimental Hawaiil Tsunami Warning Network originally
proposed by the Hawaii Institute of Geophysics of the University of Hawaii,
The initial instrumentation became operational in early 1970 and now consists
of a network of 10 seismic stations and 6 tide stations located throughout the
Hawaiian Islands from which real-time seismic and tidal data are continuously
transmitted to PTWC,

Hawaii is a volcanic chain of islands formed by the northwestward movement
of the Pacific Plate over an underlying Hotspot., The most probable source for
earthquake activity is related to the present Hotspot location beneath the
Island of Hawaii (the Big Island), or to structural faulting associated with
the intersection of the Molokal Fracture Zone and the Hawaiian Ridge., An
analysis of the historical tsunami data for Hawaii indicates an infrequent
occurrence of destructive tsunamis, The most probable source region for
tsunami generation is along the southeast coast of the Big Island, with coastal
inundation generally within 2-3 minutes,

As a Regional Tsunami Warning Center, PTWC's operational procedures are
aimed at providing the most rapid response possible to notify Hawaii Civil
Defense of the occurrence of a major carthquake and the probable generation of
a tsunami, Because of this time constraint, the decision to issue a Tsunami
Worning is bascd entirely on seisinic data, with a local carthquake magnitude
threshold of 6,8 (H1) established for Hawaii, This threshold was determined as
a conservative value based on the historical tsunami data for Hawaii and to
provide a margin of accuracy for possible orrors ifnvolved in rapidly computing
the magnitude for a local earthquake,

A rapid response is tho ainjlo most oritical responsibility of a Regional
Warning Center, and tho risk of issuing a false Warning may be high, Still,
tho basio decision must be quickly made as to whethor coastal evacuation is
required or not required. Thera i8s no other option to consider with regard to
the population in the arca of fnmediate potential impact, The risk of issuing
a folso Warning is offsot in part by the limited population receiving that
Warning, but {t still ranains a major operational problem for a Regional
Warning Center, To be most effeotive, a Reglonal Warning Center not only nceds
the soismio data to rapidly issue a Worning, but also the sca level data to
rapidly cancel a false Warning, preferably before excecasive dislocation of the
population has occurred,

PTWC has a commitment to Haowaii Civil Dofenso to provide tsunami warning
sorvices within less than 10 minutes, and has consistently achieved this
response time. Tho most rapid response for an aotual event has been 6 minutes,
with 4-6 minutes being recognized as the absolute minimal response time that
con bo achieved, In these ofrouwustances, tho role of PIWC os a Regional
Warning Center is for all practioal purposes one of advising Civil Defense not
to ovacuate unncoessarily for the more common ocourrence of non-tsunamigenio
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earthquakes and to issue Warnings as rapidly as possible for the infrequent
tsunami that doecs occur,

The operational procedures of the Hawaii Regional Tsunami Warning Center
can be developed to address the distinctive tectonics of the Hawaii chain, At
the same time, a rapid and dependable response must be provided to Civil
Defense, Therefore, optional procedures have been developed at PTWC to serve
this purpose. Even though computer automation is available and a network of
seismic data from remote stations is recorded in real-time, PTWC can function
on a completely manual basis using data from only one station, the 3-component
short period seismic data recorded at PTWC, Indeed this was the case for the
actual event for which the minimal 6 minute response was achieved. This manual
method will be discussed first as it illustrates how a Regional Warning Center
can function effectively using a minimal application of high technology
instrunentation, Application of computer technology and remote data
acquisition will then be discussed,

For the Hawaiian Islands, in all probability, the most distant earthquake
will be within 500 km of PTHWC, Given this distance, the initial seismic P-phase
will arrive at PIWC within approximately 1 minute, with the S-phase arriving
less than a minute afterward, Activation of the PIWC seismic alarm, therefore,
will occur in less than 2 minutes, with a watchstander responding and being in
the office within another 2 minutes, By this time, 4 minutes after origin, all
the seismic data nceded for determining an initial location and magnitude will
be available for analysis. A rapid measurement of the S - P interval will
determine the distance of the epicenter from PINC, with an approximation of
direction available from first-motion data, For Hawaii, this 18 made much
casicr duo to the natural elongation of the Island chain, with the most
probable epicenter dircotion being southeastward of PIWC, The S - P interval,
therefore, can be used to determine an approximate initial epicenter location
based only on distance and direotion from PTWHC, An initiel magnitude (M))
detormination can be made from the horizontal scismograph components, and a
basio decision immediately available as to whether the location and magnitude
exceed the threshold cstablished for fssuance of a Warning, As stated carlier,
this proocedure has veen used oporationally at PIWC to provide tsunami
information to Civil Dofense within 6 minutes of carthquake origin, The
obvious limitation of this technique is that it is effcotive only over
distances of a few hundred kilometers, The above example is used primarily to
fllustrate that a Regional Tsunami Warning Center capability can be developed
on a limited basis using seismic data from only one station, without
applicution of computer technology.

The use of a computer and the oveilability of a network of reol-time
seismio data from remote stations obviously improves tho operational capability
of a Reglonal Warning Center. For tho HRTWN, sefsmio date from 9 remote sites
is tolcemetered to PIWC using various combinations of VHF or miorowave
transmission or hardwire telemetry via telephono lines, In addition to tho
sefsmio olurm for tho PIWC seismometors, a scismio alarm system has been
established for two stations on the Big Island to provide tho carliest possible
dotcotion of an earthquoke,

The PIRC minicomputer has been progreomed for soveral applications, Selsmio

data from 0ll HRIWN stations are automatically processed using a P-Pioker
olgorithm to determine first seismio arrivels at oll stations, The sequence of
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first arrivals at only a few stations may be sufficient to quickly detemmine
epicenter location by geographic sector, rather than using a more complex, and
often unreliable, computer algorithm for determining the geographic coordinates
of the epicenter. The computer is also programmed for other epicenter location
techniques, including various combinations of S - P values, first arrival
sequences, arrival time differences between particular sets of stations, and
use of epicenter algorithms,

The basic approach in the development of epicenter location techniques for
the Hawaii Regional Tsunami Warning Network has been the recognition that only
a finite geographic area is involved, and then determining the standard of
accuracy required for epicenter location, For Hawaii, it has been determined
that any epicenter location within 6 km of the actual epicenter is the maximum
accuracy required, with the larger the magnitude of the earthquake, the more
acceptable a larger error in location, The geographical area of responsibility
can then be subdivided into sectors and optimal techniques developed for
presumed earthquakes which might occu:r in each sector, The computer can then
be programmed to automatically select the optimal location technique based on
an analysis of station data input,

The determination of earthquake magnitude is a critical parameter upon
which is based the ultimate issuvance of a Warning. PIWC presently determines
surface wave magnitude (Ml) from the 3-statiocn short period seismometer located
at PINC's seismic vault, with horizontal component data recorded at X1000,
X100, end X10 magnifications to cnsure onscale measurements of deflections,
Instrumentation calibrations are conducted weekly, Even with the utmost
precaution applied, there still exists an inherent error in accurately
determining the magnitude of a local earthquake, particularly when the
magnitude {8 near the threshold value established for the issuance of Warnings,
By using this method, unnccessary or false Warnings are occasionally inevitable
and constitute an ongoing problcm for a Regional Tsunami Warning Center,

The final operational phase {s that of informution dissemination., For
local corthquakes within the Hawaiian Islands, PIWC funotions entirely using
voice comnunications over tho Hawaii Warning System (HAWAS), a dedicated
telephone circuit conneoting PIWC simultancously with al)l Civil Defense Warning
Points and Operating Centers throughout the Islands, Predetermined voice
nessages can be fnmediately transmitted to either notify of the ocourrence of a
local earthquake or to issue an Urgent Tsunami Warning, Civil Defense then has
tho responsibility to activate the public siren system and to issue public
broadcasts over the Emergency Broadcasting System,

A Regional Tsunami Warning Center functions on the concept of threshold
detormination of an carthquake. If on earthquake exceeds a cortain mognitude
threshold, a Warning will bo isaued and standard operating procedures will bo
sot into motion by oivil authorities whioh will Le the samo regardless of how
mch tho aotual carthquake magnitude exceeds tho predotermined threshold value,
An carthquake of lessor mognitude will be regarded es non-tsunamigenio, even
though the ecarthquake itself may bo loonlly destruotive. The decision to be
mado by the Regional Teunami Warning Centor is a simple "Yes" or "No“, but it
is an oxtremely difficult deoision to rapidly make on a consistently acourate
basis, Ultimately, the offcotivencss of a Warning Center is only as good as
its oredibility,
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THE ALASKA TEUNAMI WARNING CENTER’S
RESPONSIBILITIES AND ACTIVITIES

Thomas J, Sokolowski

National Oceanic and Atmospheric Administration
Hational UWeather Service
Alaska Tsunami Warning Center, Palmer, Alaska, USA

ABSTRACT

The Alaska Tsunami barning Center was established in 1947 to
provide timely tsunami watches and warnings to Alaska for
Alaskan tsunamigenic events. Since the initial inception to
the present time, many changes have occurred in areas, such as:
responsibility, data networks, tachnique developments,
operational procedures, and community preparedness., The watch
and warning responsibilities have increased to include the west
coasts of Canada and the United States. Seismic and tide data
netviorks have been enlarged to enhance the accuracy of
ear thquake locations and sizingy and for confirming the
aexistence of a tsunami. New procedures are continually being
implemented at the ATHC, using advanced techniques and mini and
micro computer systems, for processing data and disseminating
information. In addition to advancing the ATHC’s operational
capabilities, community praparedness effortsa continue to uid
thome individuals who may be caught in the immadiate vicinity
of a violent earthquake and {ts subsequant tsunami,

Introduction

The Nlaska Regional Taunami Warning Byutem (ARTH8) was
antablished as the result of the great earthquake occurring in
the Prince HWHilliam Bound area of Alaska on Harch 87, 1964,
This event alerted State anid Federal officiale to the nead for
a fTacility to provide timely and effective earthquake and
tsunami {information for Alaska and the northern Pacific. The
city of Palmer, locatad 40 miles north of Anchorage, was
selacted an the site for o primary observatory., Two other
ohmervatoriesn, located at 8itka and Adak, were incorporated
into the system. An extensive telacommunication and data
telemetry network was establinhed in 19267 and the ARTHE became
oparational. Initially, the tsunami watch and warning
rasponnibility for Alanka Has shared by the thrue
observatories, The responsibilities of Adak and B8itka were to
issue a tsunami warning ({f an event were to occur within 300
miles of wach location. In later years;,; the responsibility to
provide tsunami warning services for Alaska was transferrad
from the Adak and Bitka Obaervatorias to the Palmer
Ohservatory. In 1973, the Palmner Observatory was transferraed
to the National Heather Gervice’s Alaska Reglion, and
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subseqguantly, renamsd the Alaska Taunami WHarning Center
(ATHC) , In 1988, the responsibility for issuing tsunami
watches and warnings to the U.8, west coast and Canada, for
sarthquakes occurring in those areas,; was transferred to the
ATHC . From the inception of this system to the present time,
many operational changes have taken place and are discussed in
this paper.

Missions

The primary mission of the ATHC is detecting and locating major
ear thquakes (events), and if they are potentially tsunamigenic,
providing tsunami watches and warnings for Alaska, California,
Oregon, Washingtony and British Columbia in Canada, for events
that occur in those regions. For non-tsunamigenic events; or
ones outside of those regions, the event’s parameters and other
assoclated information are immediately disseminated to the
Pacific Tsunami Warning Center (PTHC), National Earthquake
Information Center (NEIC)y, and other appropriate agencies.
This service 1{is provided on a 24 hour basis, for each day of
the year, by two duty personnel. During those times that the
Center s not manned, the duty personnel are in a paid standby
status. To ensure a rapid response to events occurring at
night and on weokends, all personnel are required to live and
remain within 8 minutes travel time to the Center, They are
notified of the occurrence of an event, or irregularities in
the Center’s operations, by a radio-alarm syatem that can be
activated by eight separate devices.

In addition to performing the primary mission, the ATHWC
personnel process, archive, and disseminate collected dataj
participate {in fulfilling cooperative agrasments) and, conduct
advanced techniqua and equipment developments to improve the
prasent system. The improvemuents involve hoth the reactive and
predictive areas of the ATHC operational aystem. The reactive
part concerns the reduction of responsa time between the
occurrence of a taunamigenic event and the issuance of a
tsunami warning to paople in the affected areas. In
particular, this part nenks improvemants in procedure
modifications, prasent scientific methods used and developmant
of advanced methods} advanced equipment and instrumentsg
presant and naw software development and/or modifications) and,
personnel performance. The predictive part involves both
in-house and cooperative work efforts with other experts and/or
agencies concerning areas, wmsuch as, tsunamigenic earthquakes
and zonan, and tsunami formation, propagationy run-up, and
interaction with coastal shoraes,

The ATWHC has both formal and informal cooperative agresments
with many agancies and institutions. The agreaments concern
telematry of sefismic and tide datal selsmic and tide site

installationn) cooperative technique and equipmant
developmantsl communicationss equipmant maintenancey and the
exchanga, reduction, and analysis of data, Some of these
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agresments involve daily collectings processing, archiving, and
disseminating data and records, to appropriate agencies,
Additionally, develocorder daca from the ATWC network are
archived at the ATWC, and made available to visiting scientists
to aasist them in their work projects,

Seigmic ang Tide Networks

The ATHC is a large geophysical data acquisition Center which
consists of 5 subnetworks owned and maintained by the ATWC,
uU.s. Geological Survey at Menlo Park (USGS-MENLO), NEIC,
University of Alaska, and PTWC in Hawail. These netwnrks
utilize mors= than 10,000 terrestrial miles of dedicated
circuits to record and monitor approximately 120 analog seismic
data traces in one common location at Palmer.
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Fig. 1. A map showing seismic nite locations in the U.8. that
are telemeterad to the ATHC in real-time,

The ATHC'’s seismic network, which extends throughout Alaska, is
telemetered by satellite and microvwave with very little
interruption of data flow from the remote sites. Figure 1
shows the gmographical location of the praesent ATHC network,
and some site locations from the NEIC’s network in the
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conterminous U.S. and PTWC’s network in Hawaii, Not shown are
approximately 80 seismic sites that telemeter data to the
Center and belong to the University of ARlaska and the
USGS-MENLO. The ATHC’'s siteas are visited each vyear for
preventive maintenance, and as gsoon as possible, after
squipment failure.

Tide data are available to the ATWC from subnetworks that are
owned and maintained by NOAA’s National Ocean Survey (N0OS) and
Canada. Figure @2 shows tide site locations near the coastal
areas of Alaska and the west coasts of Canada and the U.S.
Through a cooperative agreement with the NOS, the ATHC has
equipment at each of the NOS sites in Alaska for telemetering
data to the Center in real-time. Visitations to these sites,
by personnel from the NOS and ATHWC, are coordinated to minimize
cost and maximize aid to each other. Data, from the tide
sites near the west coasts of the U.S. and Canada, are not
telemetered to the ATWHC in real-time, and are obtained via
teletypewriter, telephone, and the National Warning System.

All of the seismic and tide data, telemeterad to and recorded

at the ATWC, are monitored daily to ensure a continuous flow of
data for conducting an earthquake/tsunami investigation.
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Fig. 2. A msp showing the telemstered tide site locations near
the coastal areas of Alaska and the wast coasts of Canada and
the Unitad Statas.
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The Center’s personnzl are alerted to large events, or
equipment failure, by a radio-alarm system (RAB) which is
connected %o detectors that monitor incaming seismic data, a
telephone system, and an uninterruptible power system (UF8),
For events, six detectors continuously monitor both short and
long period data from Palmer, Adak, Sand Point, and Sitka in
Alaska, and Jamestown in California. The long period detector
has its minimum threshold set for an event of meagnitude 6.5 at
a distance of 60 degrees (8889 km). The short period
threshold, for local events, are set for a magnitude 4.0 at a
distance of 8 degreas (889 km). SEmaller magnitude earthquakes
can activate the RAS if an event accurs near a site whuse data
are being monitored by a detector. Furthermore, the
distribution of sites, that are monitored by detectors, permit
multiple activations of the RAS for large events, thus ensuring
notification that an event has occurred.

The Center’s RAS can also be activated by dialing a special
telephon2 number and by the failure of the UPS. Normally, for
a commercial power failure, the UPS system and generator are
automatically activated which results in no power loss or
surges to the equipment. The RAS would be activated if the UPS
or generator failed, or the equipment became overheated.

During those times that the station is unmanned, the RAS will
activate alarms in the duty personnel’s residences, as well os
each person’s VHF pocket-voice receiver. To ensure this
station coverage, the following equipment is used to activate
the Center’s radio—alarm syatem: leased telephone lines from
the office to each employee’s residenc2s commercial automatic
phone anawering and recording devicen) VHF transmitter with
high gain omni-directional antennae) and, VHF pocket-voice
receivers. For an event or equipnent failure, the RAS will
cause the telephone to ring continuously via the office
awitchboard/leased telephone linas , and simultaneously a
continuous high pitched signal is emitted by the VHF
pocket-voice receivers, then the unlisted number is dialed,
the RAS will ring the telephone bell)l ard a device answers and
records the message(s), The caller’s message is transmittod by
the RAS to the VHF pocket-voice receivers, thus permitting the
duty personnel ¢to listen to the qaller. This provides them
with immediate knowledge of the caller and the urgency of the

situation.

This oystem, which has been evolutionary over the years,
provides total coverage even when the duty porsonnel are
between the Center and their renidences. The VHF asystem
functions as both a primary alarn syastem and as an excellent
backup to the leased line telephone syuntem.

64



r / a -

Events that activate the ATHC’s RAS necessarily initiate an
ear thquake/tsunami investigation (ET) which includes locating
and sizing the event, and culminates in processing the event
routinely or in the issuance of a watch/warning (WW). During
the past 17 years, the ATWC’s personnel have conducted an
average of 12.3 ET’s per month. Figure 3 shows a block diagram
of an ET when the office is not manned, e.g. at night.
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Fig. 3. A block diagram showing the procedural steps in
conducting an earthquake/tsunami investigation.
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An event’s location and size are always the firat actions to be
taken for any ET which dictates whether the event will be
processed in a routine manner or as a HW. Unfortunately, there
is no single device, site; or method that would accurately,
consistently, and rapidly size any local, regional, or
teluseiamic event. Therefore, as shown in the ET diagram,
several accepted and appropriate magnitude determining methods
are uned to complete an ET. Event size determinations have
beens, andd are being developed to enhance procedural responses
in this area (Sindorf, 1972, 1974).,

Appropriante tsunami and/or earthquake information which results
from an ET are immediately provided to: Alaska Division of
Emergency Servicest Alaska Air Commands NEIC3] PTHC3 UBGS-MENLO}
Japan Metenrological Agencys Tokyos USGS Observatory, Guamj
Royal Observatorysy Hong Kong} news mediaj} and to many other
recipients including both State and Federal disaster
preparedness agencies and military bases, and appropriate
agencies in Carada,

A HW (s issued by the ATHC when the magnitude of an event has
exceeded a predotermined magnitude threshold, and the event’s
location is near a coastal area, from Kamchatka through
southern Californian. The threshold magnitude for issuing a WW
to Alaska, for evants in Alaska, is 6.79. The threshnld for
events near Kamchatka or near the west coasts of the U.5. and
Britiah Columbia is 7.95. When an event’'s magnitude has
exceeded an area’s threshold, a limited geographical area is
placed in a warning status. Other gQeographical areas, outaide
the warned area, are placed in a watch status. A warned area
includes those places ¢that are within about 3 hourys of water
vave travel time from the epicenter.

After the initiation of a WW, tide site’s data that are nearent
the epicenter are monitored for the existence of a tsunami.
Upon confirmation that a tsunami has bheen generated, the
previously denignated watch avreas are upgraded to a warning,
and the information is communicated to the recipients. Event’s
that are samaller than threshold; and important to Alaska, are
processed on a routine basis and the information disseminated
to appropriate officlials.

The main methods for disseminating emergency and routine
information (U.8. Department of Commerce, 1984) are by the
National Warning System (NAWAS), Alanka Hzrning System (AKHAS),
comzrrcial  telephones, Alaska Diviasion of Emergency Services,
VHF radio sayatem, Faderal and Military teletypewriter systems,
VHF HWeather Radio, HF Harine Weather Radio, Emergency Broadcast
Gystem (EBS) through the National Weather Service, and EBS and
+# via the Coast Guard. The NAHAS, a volice disseminating
system, is the primary one used to alert disaster officials in
the U.S5. and Canada of lerge ovants. The AKWAS, which is the
Btate side of NAMAS, permits immediate volce communication with
Alanka disanter officialsa. A teletypawriter system is a
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secondary means of dinseminating the information which
immediately follows the voice communicated messages,.

Communjty Preparednrss

The ability of any warning system to successfully save lives
and reduce property damage depends upon getting the information
to the public and getting them to respond to the emergency.
The ATHWC cooperates with the Alaska Department of Emergyency
Services and many other hazard officials on the west coasts of
the U.S8, and Canada and the far western Aleutian Is, to
maximize the effectiveness of the community preparedness
efforts, The main purpose of this program is to educate the
public to help themselves iIf they are caught in the middle »f a
violent earthquake and/or tsunami, Additionally, the program
involves the gathering of information concerning each
community’s preparedness procedures and their potential tsunami
hazard (Carte, 1984). To each community, the program presents
a detailed briefing of the TWS, seiasmicity of their area, past
historical earthguake/tsunami damage, and estimates of what
might happen if an earthquake/tsunami were to occur. The
presentations use slidoes, movias, brochures; and other
materials concerning the effects of earthquakes and tsunamis,
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Fig. 4. A map showing arras involved in the ATHC’s community
preparednass efforts. Darkened areas are visited by the ATHWC
personnel. S8tippled areas are ones whiere the ATHC personnel

cooparate with hazard officials in those coastal areas.
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All profeasional staff members are involved in the preparedness
program which includes visits to distant out-lying coastal
communities from Ketchikan to Dutch Harbor and to coastal and
other local group facilities and schools that are within
commuting distance of the ATWC. Also, presentations are given
to hazard officlials who are responsible for the far western
Aleutian 1Is. and the west coasts of the U.S5. and Canada. These
areas are shown {in Figure 4, In addition to the outside
presentations, the ATWC facilities are opened to the public
each Friday from 1 ¢to 3 in the afternoon for local and other
visitors,

The darkened areas in Figure 4 are ones that are visited by the
ATHC personnel, either yearly or biennially, depending upon
available resources. Frequent visitations are made to those
areas that are within reasonable driving distance from the
Center. Visitations to out-lying communities are made in
alternating years. Groups, such as schools, are encouraged to
video tape the ATWC presentations for later use. The stippled
areas are ones where the ATHC cooperates with and/or assists
hazard officials who are responsible for community preparedness
in those areas.

ATHC Micro Computer Developmants

The ATHC is continually improving its operations as a result of
advancemente in equipment and technique developments, In the
lant two yeara, the ATHC has integrated an automatic earthquake
processing aystem (Sokoloviski et al., 1983) 1into the
operational procedures, An advancement of this system
initiative has been introduced by the ATHC, and involves the
use of several micro computer systems.

During the past year, the ATHC has conducted a feasibility
study to determine the potential for Iintegrating micro
computers into the operations of the ATHC. This study has
shown that the interactive processes of locating earthquakes,
ganerating messages, and processing routine day-to-day tasks

can be done by a micro computer, The test micro can
interactively accept data from 32 seismic sites to rapidly
compute an event’'s parameters. It can also produce computer

genarated mensages for dissemination via the NAWAS and
teletypewriter aystems,

As a result of this feasibility study, the ATWC has introduced
a micro computer aystem concept to integrate a distributed
network of micro computers into the ATHC operations. Figure S
nhows a block diagram of ¢the micro system, This concept
envisions three micro aystems (Sokolowski, 1985) that are
physically distributed in the Center to maximize aid for the
personnal, thus minimizing the response time between the
accurrence of an event and the dissemination of critical
information ¢to the THS recipients. The concept is evolutionary
in that future tasks and additional micro systems can be
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integrated into the ATWC operations to enhance both the

reactive and predictive parts of the operation.
systems are intended to communicate with each

function independently, to perform the operational tasks,
interactive

concept includes concurrent real-time and

The micro
other, or

This

processing in addition to obtaining and processing tide data in

near real-time,

The first micro (Microl) will be dedicated to detecting events
and storing their associated data, and automatically computing
the event’s parameters., The seismic data will be selected from
the network of sites that are avajlable to the ATHC. The
incoming data will be digitized, analyzed and processed in a
similar manner to the existing mini computer system (Sokolowski

et al., 1983), Appropriate data, stored by

processes, would be made available to Micro2
concurrent interactive proceasing.
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Fig. 3. A block diagram showing a distributed system of amicro

computer systems.
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Hicro2 would be used to interactively compute an event’s
paramasters using data that are passed to it from Microl, or
manually read from the ATHC’s helicordere and/or
develocorders, The amount of interactive data, collected for
processing, are dependent upon the event's size and location
which normally dictate procedural expediency. This micro will
also be used to interactively generate the messages for
disseminating earthquake/tsunami information.

Micro3 will be used for processing tide data from sites that do
not telemeter data to the ATHC in real-time. The first efforts
will be to obtain data, in near real-time, from the west coast
tide sites for analysis and processing at the ATWC. This will
considerably enhance the ATHC’s present procedures for
obtaining tsunami confirmation from tide sites along the west
coast. This micro will also be used for concurrent earthquake
processing and message dissemination, Depending upon the
ability of Microl to perform real-time processes, Micro3d could
also serve as an aid to the Microl system in this area.

Conclusjon

The ATWC continues to improve both the reactive and predictive
arvas of its operations to enhance the timeliness, quality, and
quantity of data and information that are disseminated to the
TWS recipients. The reactive area continuas to examine and
enhance the response time between the occurrence of an
earthquake and the initial dissemination of critical warning
information with regard to: procedure modificationss present
sciontific methods used, plus development of new methods and
procedures} additional equipment requirementss present and new
sof tware development and/or modificationaj} andy personnel
performance. In~house and cooperative work efforts with other
agencies and individuals, continue to address the predictive
areas, This concerns problems related to tsunamigenic
earthquakes and zones, and tsunami formation, propagation,
run-upy and interaction with coastal shores. The integration
of micro computer systems into the operaticns provides
considuorable future potential for enhancing both the reactive
and pradictive areas, and thus the services to the THWS
recipiants, Getting the public to respond to disseminated
ear thquake/tsunami information (s a vital part of the ATWC
efforts and necessitates an educational community preparedness
program. This program covers selected areas in large
geographical areas, and in cooperation with other agencies and
hazarc aofficials,
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JAPAH TSUNAHL WARNIHNG CENTER

M. Katsumata
Japan Meteorological Agency, Tokyo, Japan

Teunami Warning Service in Japan

The Japan Meteorological Agency (JHA) is responsible for
Teunami Werning Service in Japan. In order to promote
seismology/volcanology-related services including tsunaml, the
Seismological and Volcanologlical Department was established in JHA
on July 1, 1984, The depactment is composed of three divislons:
the Selsmological and volcanological HManagement Dlvislon; the
Earthquake and Tsunaml Observatlons Division; the Earthquake
Predictlon Information Division.

Tsunaml warnings and advisorles are handled by the Farthquake
and Tsunaml Obgervations (ETO) Division in the department. Because
of localized nature of earthquakes and tsunamis, the Japanese
1slands are divided into six reglons to be covered by local centers
located in six key cltles - Sapporo, Sendui, Tokyo, Osaka, Fukuoka,
and Naha, These local centers are deployed in the District
Hoteorological Observatories under JHA.

Individual local centors ilssue warnings and advisories for
tsunamls generated by earthquakes in the responsible sea areas,
within 600 km from the designated stretch of coastline., For the
areas outside of the 600-km zone, the ETO Division, serving both as
the local centor for the Tokyo reglon and as the natlonal center,
assumes rosponsibility, relaying mich on the information from PTWC
at Honolulu.

Present Status of Tsunami Warning Oporation

JHA hag, at its Tokyo Headquarters, a computerized
meteorological telecommunications computer system called ADESS
(Automated Data Editing and Switching System). A smaller version of
ADESS, called local ADESS, or L-ADESS, has been installed at cach of
the above-mentioned local centers excopt Naha over the past flive
years. Other than moteorological data, L-ADESSes collect and
process solsmological data. Digitized selsmometor signale from ten
to twenty selected statlons ave continuously fecd to each L-ADESS and
the slignals exceeding a threshold value actlivates a disk drive, pen
recorders end a buzzer, ‘
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From the pen recorders' traces the alerted duty offlcer enters
P, S times and amplitudes of selsmic wave into the computer by using
an X-Y digitizer.- The computer deteimines, through dialogue with
the duty officer, the location and magnitude of the earthquake, the
possibility of tsunami occurrence, the level of tsunami warning, and
then produces wording of warning and/or advisory. At a touch of a
button the warning messages are automatically transmitted to
concerned fleld offlices under JHA, relevant governmental bodies
concerned with disaster mitigatlon, and the media including TV
gtatlions.

Msnual processing of data for tsunami warning issusnce used to
take about 20 minutes based on teletype messages sent in from fleld
offices. 1Introductlon of L-ADESSes shortened the time for
processing by a few minutes. 1In the case of the Japan Sea
Earthquake (magnitude 7.7) of Hay 1983, it took 13 to 14 minutes to
issue the warning from the registering of the shocks. Though it was
the shortest the present system could do, the first waves of tsunaml-
reached the coast nearest the source region in less than ten minutes
and claimed many lives. This tragedy emphasized the nced for
cutting more minutes from the operating time.

Development of a New Computer System

JHA is responsible for monitoring of earthquakes with magnitude
3 or above occurring in and near the Japanese Tslands.

To meet the requirement efficlently, JHA is going to set up a
new computer system, through which seismologlical signals telemetered
from selected statlons will cuntinuously be sampled, selnmlic wave
phages will automatically bo identifled by use of the AR
(Auto-Regressive) Modele, and the epicenter locatlion, focal depth
and magnitude will also be determlined automatically. Planned to be
completed by Harch 1987, this system will shorten signiflcantly the
time for issulng tsunaml warnings. 1t is hoped to accommodate in
the tsunami prediction model such parameters as the fault and source
mechanisms, topography of sea floor, conflguratlon of coastline for
better results.

Permanent Ocean Bottom Selsmograph (POBS) System Off the
Southeastern Coast of the Boso Paninsula

One POBS system has successfully been operating since 1978 off
the south coast of the Tokai District, with 4 selsmographs on a
string of cable 110-km long from the coast to its southern end.
This system includes a tsunanl sensor - a quartz crystal pressure
gage - - at the end of the cable, at depth of 2,200 m. The tesult of
analyses of the polagic tide indicates that this tsunaml sensor has
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been functioning satlsfactorlily. WNow JMA is going to lay another
POBS system (see Figure 1) extending to about 100 km southeastwards
from the coast of the Boso Peninsula. The submarine equipment will
comprise one terminal apparatus (4,000-m depth) and three
intermediate apparatus, each with selsmographe and a tsunanl
gsensor. The tsunaml sensor ls nearly identlical to the
above-mentioned.. The new system will also be linked to the Tokyo
Headquarters through the telemetering. The laying of submarine
cable and apparatus is scheduled to begin in August 1985,

Tsunamis from the Chilesn Earthquake of March 3, 1985

Tsunaml waves caused by the earthquake (magnitude 7.7 of HMarch
3, 1985 near the coast of central Chile were recstded on the tide
gages of throughout the Paciflc coast of the Japanese Islands. The
first waves of the tsunaml reached Hokkaido and Noriheastern Honshu
about 23 hours after the shock. Some of the maximum wsve helghts
are: 17 cm at Chichijima; 15 cm at Memuro and Onahams; 13 cm at
Owase; and 12 ca at Hachinohe (Figure 2). On the basls of teletyped
meggage from PIWC at Honolulu, a tsunamil advisory "TSUMAMI
ATTENTION" had been issued two hours in advance. This advisory is
for maximum wave height of less than geveral tens centimeters.
Increasing public awareness of tsunaml hazarde demands detalled care
in execution of information dissemination on the part of JHA.
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USSR WATIONAL TBUNAMI WABNIMNG SERVICE

I. Belyaev
Oceanographic Comnlttee of USSk

Mo substantlial changes have occurred recently in the National
Tsunaml Warning Service of USSR.

Three local warning centers, situvated in Petcopavlovsk-
Kamtchatskii, Uzhno-Sakhalinsk and Vladivostok, are responsible for -
tsunaml warnings in the Far-Eastern coast of the USSR. Seismlic
recordings, determination of earthquake epicenter coordinates and
magnitudes are made by three selsmlc stations involved in the
operational tsuneml wacrning service. These are Petropavlouvsk-
Kamtchatskil, Uzhno-Sakhalinsk and Kourilsk. Plans are being
implemented to use seismlic stations at Sovero-Kourllsk and
Vladivostok resulting in the improvement of the tsunaml wacrning
service for some areas of the Soviet FPar East. Improvements are
also expected in the determination of selsmlc parameters of
potentlially tsunamigenic earthquakes. Present gelsmlc statlons iu
the Hatlonal Tsunaml Warning Service are all equlipped
with long-period seismographs, and with appropriate devices for data
processing and interphasing with communication circuits.

The following sea level measuring statlons have been added in
the Paciflc Ocean and in the Seas of Okhotsk and Japan:
Petropavlovsk- Kamtchatskii, Oust-Kamtchatek, Bering 1sland,
Severo-Kourilsk, Matya Island, Ouroup Island, Kourlilsk,
Uzhno-Kourilsk, and Hakhodka.

To check on the reliablility of operationel comeunicatlons and
in the dovelopment of effectlve operatlional procedures, perl)dic
training exercises and test alarms have boon held in the tsunaml
risk zone of the Far-Bastern coast of USSR,

Iwprovements to the Mational Tsunami Warning Service: A number of
improvements have been accomplished. Applied resesrch actlvitles

have continued to contribute towards the improved offleclency of the
operational Tsunaml Warning Service. Standard Operating plans have
been developed to provide the population and organizations of the
coastal reglons of the Far East with prompt tsunaml warnings. Work
continues in upgrading equipment, and developments have been
undertaken to automate all components of the Tsunaml Warning
Service. The operational uso of deep water level recorders is belng
investigated.
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Tsunami Eventgs: There was no major tsunaml events observed along
the coast of USSR during the 1984-1985 period. The most notable
tsunami was that caused by the earthquake on March 3, 1985 in
Chile. USSR participated actively in the date exchange resulting
from this event,

Tsunaml Research Activities in USSR: ‘<Tsunaml research in the USSR
i8 directed both at the comprehensive analysis of the tsunanmi
phenomena and at the development of tsunaml protective measures for
the pregservation of life and property. Approximately a hundred
speclaliste from a dozen institutes participate in these
activities, The following is a summnary of some of the research
findings of the last few yesrs:

Further development of tsunaml generatlon theory conflras that
tsunami wave generation occurs only in cases where a displacement of
the basin bed takes place for a long period and if it exceeds the
wave perlods. Seismotectonic thrust movements long a selsmlc faults
in the earthquake erlcentral area are equal, upthrust and thrust,
giving rise to a tsunami of uniform intensity. A thrust along a
selgmic fault produces a tsunami with a well defined orlentationn
and direction of propagatlion.

Efforts continue in deriving new differentlial equatlions for
describing tsunaml waves taking into account dispersion effects and
wave non-linearity. MNumerical methods for tsunami modelling have
been improved. The calculation of the 1964 Alaska tsunaml
propagation from the generating area to the coast of the USBR has
been completed.

Great 'emphasis has been placed on tsunamil behavior on the
shelf, in bays and straits, and on tsunaml runup studles. Accurate
analytical tsunaml solutions for one- and two-dimensional cases have
been obtained. Tsunaml wave attenuation has been quantitatively
related to wave intenslty. A few schemes have been proposed for
numerical calculation of tsunaml runup over the shore in one- and
two-dimentional cases, The schema comparison showed that the
availeble values of wave splash up and flow velocitles differ within
20%.

Tsunaml effects on engineering structures have been
investigated by means of theoretical and hydraulic modelling.
Damaging effects of erosion of importent structures such as marine
oil and gas platforms, caused by.tsunaml action, have baeen
investigated with such models.

Tsunaml mapping of the USSR coast has been continued on the
basls of a two parameter model (mean tsunaml frequency on the 200
nts isobath and local coefficlent of wave intensification). A
"key-actuated”" model has been devoloped relating tsunsml generation -
in the subductlon zones of lithospheric plates.
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Computer programs have been developed for processing in
real-time seisnic signals of major earthquakes at siatlons of thre
Tsuneml Warning Service and for automated determination of the
earthquake epicentres,

A minor Iturup tsunaml was recorded near Shikotan island by
neans of an experimental cable tlde gauge on March 24, 1984 (the
second tsunaul recorded by this tide gauge).

Experimental devices have been tested for recording tsunamis

oceurring in deep water by means of a ground buoy complex with
operational data telemetry to shore, via radio.
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NEED FOR AND STRUCTURE OF
FUTURE REGIONAL
TSUNAMI YARNING CENTERS

G.C. DOHLER
Canadian Hydrographic Service

ABSTRACT

In the northern area of the Pacific, tsunamis can be verified
for appropriate watch and warning action in less than 29 minutes.
This results in the saving of l1ife and property within the imme-
diate source area of the tsunamigenic event and also provides the
data needed to assess if a Pacific-wide tsunami will be generated.

Present operating limitations of the existing four naticnal
and/or regional warning centers prevent giving equivalent ser-
vices to all countries within the southern Pacific.

Maintaining a proper network of reporting stations for seis-
mic and tidal data, establishing real-time communication facilities,
employing existing technologies and operating three stratigically
located Regional Warning Centers will provide the information
needed to issue warnings in less than 20 minutes.

The South Pacific Tsunami Warning Centers should be modelled
similar to those in existence in the United States of America,
the U.S.S.R. and Japan. It is suggested that new warning centers
should also have the capabilities in disseminating and promulga-
ting, within the area of responsibility, all tidal and seismic
data as well as providing international data centers with the
required information.

In addition, the communication channels of Tsunami Warning
Centers could be utilized for the warning of ‘dangerous water level
changes caused by other meteorological events.
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INTRODUCTION

Over the past two decades all the coastal areas in the
Pacific experienced a rapid growth in population and indus-
trial and harbour facilities. A firm estimate is not avail-
able of the number of potentially endangered persons in
each country bordering the Pacific, however many miles of
coastline are exposed to tsunamis in North America, the
east coast of Asia, the Pacific Islands, and South and
Central America.

At least seven near-shore seismic events causing tsu-
namis, having occurred in the last ten years, resulting in
loss of 1life and property (29 November 1975, Hawaii, 2
lives lost; 17 August 1976, Philippines, 8,000 lives lost;
19 August 1977, Indonesia, 189 lives lost; 18 July 1979,
Indonesia, 540 1lives lost; 12 September 1979, New Guinea,
100 lives 1lost; 12 December 1979, Colombia, an estimated
500 lives 1lost; and 26 May 1983, Sea of Japan, approxi-
mately 100 lives lost). Tsunami Harning Centers were unable
to provide tsunami warnings to these areas in time to be
useful. Losses such as these from future tsunamis can be
minimized if a denser network of warning centers, reporting
stations and better communications existed, and if better
programmes of tsunami preparedness and education were in
effect.

Tsunamis always produce a threat close by, but not
always one far afield. Only if the energy produced is suffi-
ciently great, will the resulting wave cross the open ocean
as a very long anu low amplitude wave, reappearing depend-
ing on the coastal bathymetry as a highly destructive wave
thousand of miles away from its source.

The most destructive Pacific-wide tsunami of recent
history was generated along the coast of Chile on May 22,
1960. No accurate assessment of the damage and deaths
attributable to this tsunami along the coast of Chile can
be given; however, all coastal towns between the 36th and
44th parallels either were ‘destroyed or heavily damaged by
the action of the waves and the quake. The combined tsunami
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Present techniques of tsunami prediction are severely lim-
ited. The only way to determine, with certainty, if an earth-
quake is accompanied by a tsunami, is to note the occurrence and
epicenter of the earthquake and then detect the arrival of the
tsunami at a network of tide stations. While it is possible to
predict when a tsunami will arrive at coastal locations, it is
not yet possible to predict the wave height, number of waves,
duration of hazard, or the forces to be expected from such waves
at specific locations.
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THE NOVEMBER 1952 TSUNAMI ON THE NORTH SHORE OF OARU, HAWA(!

During the last few years, new operational concepts have
been developed for w-rning systems utilizing updated technology
and instrumentation. .he objective of these new operational
systems are to reduce the time needed to evaluate the tsunami
hazard, make decisions, and disseminate the warnings, on a
Pacific-wide or on a regionalized basis. These new systems can
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and earthquake toll included 2,000 killed, 3,000 injured,
2,000,000 homeless and $550 million damage. Off Corral, the
waves were estimated to be 20.4 meters (67 feet) high, The
tsunami caused 61 deaths in Hawaii, 20 in the Philippines,
and 100 or more in Japan. Estimated damages were $50
million in Japan, $24 million in Hawaii and several mil-
lions along the west coast of the United States and Canada.
Wave heights varied from slight oscillations in some areas
to ranges of 12.2 meters (40 feet) at Pitcairn Island; 10.7
meters (35 feet) at Hilo, Hawaii; and 6.1 meters (20 feet)
at various places in Japan. .

Destruction from tsunamis is the direct result of
three factors: inundation, wave impact on structures, and
erosion. Strong tsunami-induced currents have led to the
erosion of foundations, the collapse of bridges and sea-
walls. Flotation and drag forces have moved houses and
overturned railroad cars. Tsunami-associated wave forces
have demolished frame buildings and other structures. Con-
siderable damage also is caused by the resultant floating
debris, including boats and cars which becnme dangerous
projectiles crashing into buildings, piers, or other veh-
icles. Ships and port facilities have been damaged by surge
action, caused even by weak tsupamis. Fires resulting from
oil spills or combustion from damaged ships in port, or
from ruptured coastal oil storage and refinery facilities,
can cause damage greater than that inflicted directly by
the tsunami. Other secondary damage can result from sewage
and chemical - pollution following destruction. Damage of
intake, discharge, and storage facilities also can present
dangerous problems. Of increasing concern is the potential
effect of tsunami drawdown when receding waters uncover
cooling water intakes associated with nuclear power plants.

More people are attracted to the sea shores for their
livelihood and for recreational and other purposes. The
damage caused by a tsunami now or in the future will be
much greater than in the past, if existing technology is
not utilized in providing the most effective and efficient
warning system for those living along the shores of the
Pacific.
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use shore and off-shore based seismic and tsunami sensors trans-
mitting data in real time, to the Pacific Tsunami Warning Center
and/or to Regional Warning Centers throughout the Pacific making
use of synchronous meteorological satellites for communicaticon
relay. The systems can also make use of conventional communica-
tion facilities and reduce the time necessary to communicate
tide and seismic information, as well as to transmit warning
messages. Utilizing such technclogy, the operational response of
the Pacific Tsunami Warning Center and that of the Regional
Tsunami Warning Centers could be greatly enhanced for the pro-
tection of life and property.

PRESENT TSUNAMI WARNING CENTERS

The Pacific Tsunami Warning Center:

In 1948 the Seismic Sea-Wave Warning System was put into
operation at the Seismological Observatory near Honolulu. The
Intergovernmental Oceanographic Commission (I0C) approved in
1966 the offer made by the United States of America to stren-
gthen these facilities by establishing on a permanent basis the
International Tsunami Information Center (ITIC). At the same
time, the I0C established the International Coordination Group
for the Tsunami Warning System in the Pacific (ITSU).

On the recommendations by this Group, the facilities at
Honolulu have been identified as the Pacific Tsunami Warning
Center (PTWC). Its main responsibility is to issue warnings to
all participants having designated appropriate civil defense
organizations within sixty minutes of a tsunamigenic earthquake.

Appropriate communications and computer facilities as well
as trained staff are available on a 24-hour basis to carry out
this task at the Center,

The Communications Plan of the Tsunami Warning System,
Ninth Edition, September 1980, prepared by the U.S5. Department
of Commerce, HNational Oceanic and Atmospheric Administration
(NOAA), National Weather Service, gives information on the gaug-
ing and seismic stations in operation, the participating agen-
cies, the procedures to be followed in the event of a Tsunami
and other information of importance and interest,

The Present HWarning Process:

The tsunami watch process is triggered by seismic signals
received in almost real time at Honolulu from selected seismic
stations, seismic observatories and Regional or National Warning
Centers.
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Tsunamigenic earthquakes occur-
ring in the region of the
North Pacific can be verified
presently at the Pacific Tsun-
ami Warning Center in Honoluln
within 20 minutes. During this
time frame all participating
nations in the area are ad-
vised that a possible tsunami
threat exists. However, the
confirmation of the actual tsu-
nami can only come from proper-
ly located and instrumented wa-
ter level recorders, HWithin
the MNorth Pacific area several
water level gauges have good
communication links with Hono-
lulu or other warning centers.
Confirmation of a dangerous
tsunami within 20 minutes 1is
therefore only possible where
these facilities exist and are
being maintained for this pur-
pose.

Present operating limitations
prevent actual warnings to be
disseminated in less than one
hour to most countries within
the Southwest Pacific and
along the South American
coast. However, given the tech-
nology, warning center distri-
bution and communication facil-
ities as available for the
North Pacific, warnings to the
population within the equator-
ial area and the Southern part
of the Pacific could be acti-
vated also in less than one
“hour.

THE PACIFIC TSUNAMI WARNING CENTER
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Regional or pational warning centers are in existence with-
in the United States of America, the Union of Soviet Socialist
Republics and Japan. The Centers are located at Honolulu and
Palmer (U.S.A.), Petropavlovsk-on-Kamchatka, Kurilskiye and Sak-
halinsk (U.S.S.R.), Sapporo, Sendai, Tokyo, Osaka, Fukuoka and

Naha {Japan).
The Hawaii Regional Warning Center

The Hawaii regional system entered into service in 1975
providing warnings for locally generated tsunamis for the people
of Hawaii. When an earthquake of magnitude 7.5 or greater occurs
in the Hawaiian region, the Pacific Tsunami Warning Center
issues warnings to the threatened coastal areas of Hawaii
through the Hawaiian Civil Defense and other designated agencies.

Telemetered data from a quadripartite seismograph and tide
gauge system 1located on Oahu, Maui and Hawaii provides the
essential data needed to make decisions on the issuance of
warnings utilizing computer technologies.
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The Alaska Regional Warning Center

This regional system has been operational since 1967 and
represents a collection of sophisticated equipment and techni-
ques available to seismologists and oceanographers. The Center
at Palmer Observatory, north of Anchorage, is highly automated
and linked to telemetering tide and seismograph stations from
Sitka to Shemya. There are good communication links to Civil
Defense units and emergency measures organizations within the
area of jurisdiction.

Whenever a major earthquake of magnitude seven or greater
occurs along the Pacific. coast of Alaska, a tsunami watch is
issued to the Alaskan, Canadian and Mainland U.S. Pacific coa-
stal population through the appropriate Civil Defense author-
ities.
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The Japanese Tsunami Warning Centers

The Tsunami Warning Service for Japan was established in
1952. Many seismic recorders and water ‘level gauges are being
used in the determination of tsunamigenic events., The Service
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employs up-to-date telemetry systems in order to obtain the
information in almost real time. The Japan Meteorological Agency
(J.M.A.) maintains six regional tsunami centers and designated
Tokyo as the national center for Japan.

If a tsunami is generated within a 600 km radius of the
coast of Japan, all centers will issue warnings through desig-
nated channels.

For tsunamigenic earthquakes outside this radius, the Na-
tional Center will establish contact with the Pacific Tsunami
Warning Center and will advise its Civil Defense agencies and
others accordingly. In addition, tsunami-related information is
exchanged with Khabarovsk, Palmer and Washington through an
automated switching system.
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The U.S.S.R. Tsunami Warning Center

The U.S.S.R. started implementing a Tsunami Warning System
after the 1952 Kamchatka earthquake. Three specialized seismic
tsunami stations were established. The overall responsibility of
these stations is exercised by the Hydrometeorological Service
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of the U.S.S.R.
and several other
to issue a warning

institutions.
in case of a tsunami

with the assistance of the Academy of Sciences
Each Center has full

authority

quarters are advised to evacuate affected population centers.

Special instruments are
magnitudes of seven and larger as well
distances between 150 and 2000 km off-shore.

Tsunami wave travel time charts

used in the warning process. Communication

and historical
is maintained with

data

threat and appropriate

in operation to detect earthquake
as resulting tsunamis at

are

the Pacific community tihrough the Khabarovsk-Tokyo cable link.
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AREAS WITHOUT WARNING CENTERS

Hest Pacific

The greatest loss to 1life and property due to tsunamis
during the last ten years occurred in Indonesia and the Philip-
pines. In applying present technology in both Communication and
Instrumentation, regionl or national warning systems could be
established, which would enable appropriate Civil Defense Author-
ities, to issue Tsunami Warnings within twenty minutes of tsu-
namigenisis.

A warning system or systems in this area will only serve
this particular region and any contribution to the Pacific-wide
system is secondary. However, since the socio-economic develop-
ment of the region is closely related to the mitigation of the
effects of natural disasters and in order to minimize future
loss of life and property, a modern warning system is a neces-
sity.

South America

The west coast of South America is the site of the subduc-
tion of the oceanic Nazca Plate wunder the continental South
American Plate. The result is a band of strong seismicity
running the length of the continent and roughly paralleling the
axis of the Peru-Chile Trench. Tsunamigenic earthquakes have
occurred all along this zone. Since 1687, over 25,000 people
have lost their 1lives due to tsunamis originating in this
region. One of the largest tsunamigenic earthquakes of at least
the last two centuries, the earthquake of 22 May 1960, produced
motion of the sea floor along a stretch of the Chilean coast
nearly 1000 km long and caused a tsunami which killed approxi-
mately 1000 people throughout the Pacific. Fortunately, such
events have not occurred often. But the continued seismicity of
the region and its history of frequent large earthquakes of the
type which have produced tsunamis mean that this region con-
tinues to be a possible source of destructive tsunamis.

The Southwest Pacific

The Southwest Pacific Region is one of the most active and
complex seismic areas of the world. Its seismicity is affected
largely by the opposite motions of two separate plates: the
Indo-Australian plate moving to the North-East, and the Pacific
plate moving from the ‘east to west. These plates are subducted
in the areas of the Tonga Trench, Vitiaz Trench, and the New
Hebrides Trench, and this subduction process results in large
numbers of shallow to deep focus earthquakes in the southwest
Pacific. In fact, the abundance of deep focus earthquakes in
this region has attracted much scientific attention, to the
point where shallow earthquakes have been ignored, largely be-
cause they have not been recorded outside the region.
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For many years, the only seismological stations in the
Southwest Pacific were those in Apia, Suva, and HNew Zealand.
Recently the French have improved their network in New Caledonia
and Ffrench Polynesia, and other countries have acquired a few
new instruments. With the very few stations that have existed in
the past, it has only been possible to locate the stronger
events that are detectable by at least three stations in dif-
ferent countries. Moderate local earthquakes recorded by any one
station were often ignored because they could not be 1located,
thereby giving the false impression that most South Pacific
countries are free of active fault zones. Recent studies have
shown there are active seismic zones in Fiji, MHew Hebrides and
Papua New Guinea, and a proper network of instruments are
required to delineate seismic zones which may exist in other
countries as well., Strong -earthquakes have affected Tonga,
Samoa, Kermadecs, Fiji, HNew Hebrides, Solomons, and Papua New
Guinea in.the past.

Because of the proximity of the various island groups in
the region, tsunamis generated by a strong earthquake in one
country can affect a neighbouring country within 2 hours.

RECOMMENDAT IONS

Three new warning centens fon the Southwest Pacific, South
Amenica and the West Pacific, should be developed £fo neduce tsu-
nami hazand in these negions. Communication facilities and ins-
thuments designed for real-time data acquisition and warnings
combined with a well-designed contingency plan are prerequisifes
fon these centenrs.

 Each center would act on its own should £oca£.t5unam£¢ o
threaten its anea and maintain nreal-time contact th@ the Pacific
Taunami Warning Center in every case of tsunamigenesdis.

The centens should be modefled to thosz in existence 4in the
Nonthean Pacific with the additional capabilities in dissemina-
ting and promulgating, within the area of responsibility, atl
tidat and sedlsmic data as welf as providing inteanationat data
centens with the nequired infoamation.

In addition, the communication channels of each Tsunami

Waaning Centen could be utifized for the warning of dangerous
waten Level changes caused by othen meteorological events.
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THRUST PROJECT

Emilio Lorca
Instituto Hidrografico de la Armada, Chile

1. INTRODUCTION

The Agency for International Development (AID), Office of U.S.
Foreign Disaster Assistance (OFDA) is authorized by the United States
Congress in Chapter 9 of the Foreign Assistance Act of 1961, as amended,
to help alleviate suffering from disasters in foreign countries by
providing emergency relief and strengthening the abllity of developing
natlions to cope with disasters by increased reliance on their own
tresources. Helping host countries achieve adequate levels of
preparedness and early warning capabilities represents OFDA's principal
focus in disaster prevention and mitigation. Historically within the
Pacific Basin, one of the most destructive natural hazards is the seismic
sea wave, or tsunami, generated by large submarine earthquakes. Since
1850, more than 70,000 lives have been lost in the Pacific due to tsunami
(1). Today, several million people live or derive livelihood in tsunami
hazard zones in the Pacific.

Since 1965, Pacific natlons subjected to tsunami hazards have
mutually benefited from the United Nations organization International
Coordination Group for the Tsunaml Warning System in the Pacific. 1In
April 1982, this group advanced the resolution that early warning systems
be developed for areas exposed to tsunami generated by local
earthquakes. The present study addresses the application of available
technology, including satellites, for significantly improving early
tsunaml warning along vulnerable coastal zones in the Paciflic Basin.
Specifically, a program is described which will test and evaluate the
utility of these technologies in tsunami hazard mitigatlon in developing
natlons.

In descrlbing locally generated warning systems, two time periods
are essentlal: the period, be it days, months, or years, prior to the
tsunaml (pre-event stage) and the flirst hours after tsunami generation
(real-time stage). During the pre-event stage, attention focuses on
determining the general extent of the tsunaml threat in a coastal area
and creating a viable emergency evacuation plan for implementation at the
time of the disaster. Durlng this time a program of public tsunami
awareness and educatlon can be undertaken which can save many lives
during the flrst few minutes of a locally generated tsunami, when no
mechanlcal warning system can be truly effective and a threatened
population must rely on its informed instincts. Once a tsunaml occurs
(the real-time stage), a warning system capable of collecting seismlc and
water level data, analyzing them, and disseminatlng hazard information
based on them is essentlal. Japan, USSR, and USA (Alaska and Hawail)
have reglonal wavrning systems capable of reacting to a tsunami and
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issuing a local warning about ten minutes after a local event (2). The
other nations of the Pacific, many of which are developing nations, are
not as fortunate and must rely on the Pacific Tsunami Warning System
(operated at the Paciflic Tsunami Warning Center (PTWC) in Honolulu,
Hawall) for warning messages. Present operating limitations prevent
actuanl warnings from being disseminated to most countries in less than
one hour from the generation of a tsunaml (3).

A gap, therefore, exists in the present warning structure.
Developing countries without a regional warning system cannot be alerted
about tsunami originating close to their shores until an hour after
generation. The purpose of this study is to examine existing U.S.
technology to ascertain if an early warning system can be designed to
fill this gap in natlons with no regional or natlonal warning system.
Specifically, the objective is to design a system that can deliver
earlier warnings to a developing country within the Pacific or directly
to isolated population centers within ten minutes of tsunaml generation.

Thus, the rationale for the study presented in this document is the
transfer of existing U.S. technology to developing countries to
supplement the Pacific Tsunami Warning System during the first crucial
hour of a tsunami.

These technologlies can be partitioned into three categories: data
collection, data analysis, and information dissemination. Sections 2, 3,
and 4 assess the existing technologles in data collectlion, analysis, and
dissemination which are applicable to the warning system and most
appropriate for transfer. Other U.S., technologles are available, but
have certain drawbacks because they are not easlily adaptable to the
existing tsunaml system,

A number of criteria were used in selecting technologles for use in
early warning in local regions. Among these are relliability,
compatibility, and availability. The selection criteria also balanced
the beneflit of the hazard reduction with cost of the system.

In Section 5, we present a conceptual system which synthesizes the
technologles discussed in Sections 2, 3, and 4., Finally, a demonstration
program is described in Sectlon 6. The applicabllity of the
demonstration program to many areas of the Pacific can be shown.
Implementation, including a site survey and equipment installation in a
test area, is a requisite step in developing a satellite-based network
throughout the Pacific Basin with the potentlal of saving lives and
protecting property from the hazard of locally generated tsunami,

2. DATA COLLECTION

Since the beginning of the Paciflc Tsunami Warning System in 1949,
the warning process has been initlated by selsmic signals from large
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earthquakes. The instruments used to detect these signals were largely
those developed for routine earthquake and tide monitoring programs.
Recent significant advances in data collection technologles have occurred
which could be applied to early tsunaml warning (2). These include
digital recorders, computers and microprocessor technology, and satellite
telemetry. Some of these technologies have been used for experimental
tsunami warning programs, nuclear-test monitoring, and earthquake
prediction programs in developed countries. The technology is,
therefore, available for use by developing countries for improving local
warnings.

The following is a brief review of the present status of water level
and seismic sensor technology relative to the tsunami early warning
operations. For this review, the following criteria were selected in
agsessing current available instrumentation:

i Water level sensors should be capable of recording water level
changes to an accuracy of 1 cm for wave perlods ranging from 3 to 90
minutes. = They should be able to remain on-scale during fluctuations of
up to 7 meters beyond tidal ranges at shallow water locations. The
sengors should be able to transmit, via satellite or hardwire to any
location, digital data recorded at 30-second intervals independent of
local power sources. The timing device for the system should be accurate
to within one minute in one year.

. Selemic sensors should be capable of recording accelerations to
within .01 g over a range of .1 g to 1.0 g. They should remain on-scale
during accelerations up to 1.0 g. Data from these sensors should be
digitally processed in real-time to activate a satellite transmission
ornice a certain threshold has been exceeded. The sensor, processor, and
transmitterr should also operate independently of local power sources,
The system timing device should have an accuracy of one minute in one
year,

Equipmont components available to create a data collectlon,
processing, and transmitting platform (with possible U.S. suppliers)
include:

1) Tide gage (Metercraft; Progress Electronlics of Oregon; Handar
Corp.)

2) Selsmometer (Springnether; Kinemetrlcs; Geotech)

3) Microprocessors (North American Rockwell)

4) GOES recelver and transmitter (La Barge Corp; Hotorola)
S) Solar panels with rechargeable batteries (Solarex)

Progress Electronlics of Fortland, Oregon, has stand-alone systems
available which meet tsunami warning water level criteria. Synergetics
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Corporation of Boulder, Colorado, has a stand-alone seismic system
available for earthquake detection, processing, and transmitting from
remote locations.

This evaluastlon leads to the conclusion that sensors can detect the
important parameters for tsunami warning and can transmit raw or
processed data via satellite. Indeed, some of these sensors have already
been used in test modes for improving the tsunami system. In particular,
data from coastal tide gages (bubbler type) and processed seismic data
(short-period) have been transmitted via the Geostatlonary Operational
Environmental Satellite (GOES) West system (4, 5). Data from other
sensors, such as well-type tide gages, short period and long period
seismometers, have been transmitted in analog and digital form to
regional warning systems of Alaska, lawaii, Japan, and USSR (6). At all
of these centers, computer-assisted data analysis is either operational
or in developmental stages (6). Thus, ‘here are no known limitations on
existing sensor technology for imm:diate application to a satellite-based
early tsunami warning system.

One of the most exciting possibilities for improved early warning
operations is the automatic triggering capability of these sensors.
Previous U.S. application of satellite technologies to the tsunami
operation have focused primarily on human-activated interrogation mode,.
For example, once an earthquake has been detected and located by PTWC,
tide gages are manually interrogated for verification of tsunami
existence and determination of severity. The principal drawback of this
approach for early warning (10-60 minutes after generation) is the time
delay encountered in detecting the earthquake, assessing data, and
interrogating sensors. Currently, human-actlivated interrogating systems
introduce serious delays of up to one hour, which may be critical for a
developing country susceptible to 2 locally generated tsunami. It is
recommended that new satellite-based technology be integrated with the
sengor-activated mode to provide more rapid warning information to
operational decision-makers and people in charge at the disaster site.
This total system is described in more detall in Sectlon 5.

In additlion to real-time data collection, historical data on
previous tsunaml in a particular locatlon are essentlal to determine
placement of instruments, calibration of models, and formation of
emergency planning. In partlicular, historical information of tsunami
arrivel times, run-up levels, and mitigatlon measures is necessary.

Local bathymetric and topographic data are also required to support model
studies in threatened areas.

3, DATA AMALYSIS AND MODEL STUDIES
This section addresses the data analysis, data products and modeling

needed to provide the background for planning decislons, risk
determination, and educational material development in support of
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awareness of primary tsunami hazards and response to natural or system
warnings.

One of the principal tools for tsunami data analysis is the use of
models of one type or another. These allow studies to be carried out
during the periods between actual events. REqually important is applying
existing and currently evolving techniques for modeling tsunami evolution
for the improvement of both the tsunaml warning and the hazard mitigation
capabilities. A useful approach is the recognition that tsunami
evolution can be described by three phases.

® generation and behavior in the immediate source area,
®  propagation sway from the source area and toward coastlines, and

o interaction (possibly destructive) with the environment near,
at, and on the shorelines,.

This three-phase structure helps to point out the different information
requirements for tsunaml warning procedures and for hazard mitigation
planning.

Tsunami Warning

A system designed to warn people about a specific hazard should have
geveral goals. It should be able to ascertain quite rapidly that a
threatening hazard has developed, generate an assesgsment of the
geriousness of the threat, and communicate this information to threatened
populations in sufflclent time for them to take action to save their
lives and protect their property. A warning system must, in addition, be
able to achieve these goals repeatedly and accurately in order to
establish its crediblility and thus maximize its effectiveness. In order
to be an effective tool for saving lives and property, the ideal
tsunami-warning system should be able either to generate on its own or to
tap into established sources of information concerning all three phases
of tsunami evolution.

Hazard Mitigation

The development of hazsrd mitigation plans tokes place over a much
longer time scale than the tsunaml warning process. Such plans might
concentrate on the most difficult phase of tsunami evolution -- the
coastal interaction phase. These plans must take into account a wide
variety of factors. These include questions such as which portions of a
coastal area are or have been most severely threatened by tsunami? Where
would the demage to 1life and property be most significant? What are the
probabilities of such events occurcing in ten years? fifty years? a
century? What type of disaster celief preparations should be made? How
effective would measures such as strict zoning, land use plans,
increasingly stringent bullding codes, and coastal barcler construction
be in reducing the hazard?
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Tsunami Kodels

The next question to be addressed is how tsunaml models could help
fill requirements. Tsunaml modeling, in simple terms, is an attempt to
gsimulate or approximate the behavior of a phynical phenomenon. Tsunami
models of one or more of the three phases of evolution have been in use
for the last several decades. These models can be groupad into three
categories:

Hydraulic models are attempts to recreate in wave tanks and with
physical models the processes observed in actual situations.

Analyticsl models reflect attempts to strip the complicated tsunami
process down to its bagic physical elements and translate these into
tractable systems of equations. Functional solutions to these equations
are then found. The goal is not to faithfully recreate observations, but
rather to combine the various forcing mechanisms in an appropriate
fashion, so that the model waves behave in a manner qualitatively similar
to physical waves.

Numerical models begin with sets of equations simllar to those used
in analytical models. Computatlional, rather than functional, solutions
are sought, usually by means of digital computers. These solutions
should closely conform to observations.

All three types of models have been used successfully in examining
the various aspects of tsunaml evolution (7). Numerical models, because
of their great flexibility and relatlvely low cost, seem to have the
grestest utility for tsunami research (8, 9, 10).

Tsunami models can be quite ugseful in both hindcast and forecast
modes. That 1s, they can be used either to reconstruct what happened
during a historical event or to estimate what might poseibly occur in the
future. Both of these uses provide a strong foundation of basic
information to draw upon for both long-term hazard planning and real-time
warning.

In the hindcast mode, models cun help to shed new light on what
actually happens when a tsunaml occurs. They can be used to fill gaps in
areas where obaorvational data is scarce. And they can be used to
analyze ways in which protective measures could have helped to reduce
damage and destructlon.

If models are to be used in this mode, a detailed compilution and
analysis of existing obaervational data must also be undertaken. The
primary purpose is to provide as much data as possible for verifying and
calibrating model resuits so that they conform closely to historic
reality. A second purpose is .to place the tsunaml (both real and model)
into thelr proper historical perspective in terms of frequency of
occurrence and severity. This information wculd be valuable on both
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regional and basin-wide scales by depicting the nature of the threat for
planning and education purposes.

In the forecast mode, models can be used to augment the historical
data base to estimate threat levels due to tsunami which have not yet
happened. This could include not only worst-case or once-in-200-year
tsunami, but also less severe, but quite possible, events. They can also
provide travel tine information for augmenting existing charts,

In both modes, tsunami models caen be applied to both long-term
planning and real-time warning.

Hazard Planning

Hodels can provide information to eliminate many omissions in our
existing knowledge. On a basin-wide scale they can be used to delineate
areas of most severe threat due to tsunami generated in specific
regions. On a finer scale they can be used to fill in gaps in tide gage
coverage along coastlines for both historical and hypothetical events.
This type of information can be used to develop threat levels and
probability-of-occurrence estimates in Paciflc coastal locations.
Coastal models can be used to locate high-risk areas for flooding and
gulde both land use requirements and building codes. Highly detalled
run-up models could even be used to develop scenarios for disaster
preparedness exercises.

Real-Time Warning

Tsunaml models can also play a key role in warning operations. 1If a
warning system were able to rapidly acquire information on the location,
magnitude, areal extent, and tsunaml potential of an earthquake, an
existing data base of similar cases could identify threat probabilities
throughout the Pacific. The most useful product, in terms of determining
appropriate rasponse, would be to supplement notlice that a tsunaml has
been generated with estimates of its severity.

Data Products

A useful product for public information could be a map illustrating
the tsunaml occurrences and effect within the Pacific Basin. This would
summarize in a visual form the history of destructlive tsunaml on a
Pacific-wide and local basis. A reviseod travel time chart for local and
Pacific Basin tsunami could be prepared using new digital bathymetric
data for any location.

In order to provide the data needed to support later modeling,
analysis and dissemination activities, local coastal bathymetry and
elevations, tsunaml effects, run-up and arrival time data and information
on local disaster warning infrastructure must be gathered.
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4, DISSEMINATION OF INFORMATION

The Paciflc Tsunamli Warning System detects major earthquakes in the
Pacific region, evaluates the earthqucke tsunaml potential in terms of
epicenter and Richter-scale magnitude, determines if a tsunami has been
generated, and issues appropriate warnings and information to minimize
the hazards of tsunami. The international monitoring system is composed
of twenty-two seismic stations and approximately 50 tide stations
throughout the Pacific Ocean. The international warning system employs
teletypewriter and voice communication links to acquire data and
disgeminate tsunami information to seventeen natlons. Transmission tines
range from 10 minutes to one hour, depending or the efficiency of
communication relay points. Regional warning systems for locally
generated tsunaml exist for Hawali, Alaska, Japan, and USSR. These
monitoring systems are real-time links from seismometers and tlde gages
to the respective centers (6). Local tsunaml warnings in these systems
may be issued on the basis of earthquake information alone.

In general, warnings delivered by these centers include earthquake
locations (450 km), earthquake Richter-scale magnitude (%.3), tsunami
arrival (420 min), and reports of tsunami wave heights as recorded by
tide gages (6). The earthquake parameters and tsunami arrival times
throughout the Pacific are usually disseminated by PTWC to the 54
international warning points within one hour after the occurrence of an
earthquake. The time of recejpt of tsunaml wave reports at PTWC varies
with the travel timo of the tsunami from its origin to the tide gages,
the dependability of equipment and observers, and the communication links.

Development of satellite communication offers significant
opportunities for both collecting and dissemlnating warning information.
HOAA's Geostationary Observational Environmental Satellite (GOES)
provides a transmlsslion pattern for the whole eastern Paciflc (Figure
1).* The GOES operating system includes o data collection system (for
use with sensors described in Sectlion 2) that can recelve information
from a sensor and relay this information through the satellite to a
central point for distcibution. For Pacific-wide tsunaml warning
application, the data would be transmitted to the command and data
acquisition station (CDA) at Wallops 1Island, Virginia, then retransmitted
to the PTWC. The time of transmlsalon from sensor to PTWC can be as
short as one minute in "real time."

The GOBS West operating system can also interrogate remote sensors
by command initlation from CDA. 1In this mode, a coded address is
initiated and transmitted via satellite in real-time to the platform.

X Fallure of the imaging scanner on the GOES West satellite Nov. 25,
1982, did not affect the communications capabllity. The following
discussions about the GOES Westi are sti!! valid.
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The platform receives a command that activates a preprogrammed set of
instructions. Normally, the command from the satellite is a 50-bit
serial code containing an identifier, a platform number, a priority, a
primary and secondary address, a standard validation code, and a time
code. The interrogation code can serve as an early warning alert by
substituting one of the normal codes through modification of the
operating system at CDA (11). For more technical details of the GOES
communication system, see Appendix B.

A Disaster_ Alert System

Ideally, for a disaster alert system, a comprehensive message
describing the potential disaster conditlons, parameters, and prognosis
is desirable. But in real emergencies a minimum amount of factual
material is avallable to issue a warning. The decision to extend this
warning to a given population might require additional information not
avallable from a warning service or possibly not available at all. An
electronic device could provide a basic alert and a suggested course of
action. Figure 2 shows a basic alerting system. The required elements
are antennas, receivers, independent power sources, sensors aud alarms.
The antznnas are a simple, harsh environment model that can endure a
corrosive salt atmosphere and wide temperature varlations. The receiver
is a dual-conversion solld-state model with all of the electronics
necessary to strip the coded informatlion from the transmitted signal and,
through the use of bulilt-in microprocessors, to broadcast information. A
receiver with provisions for recelving either normal or alert code must
be used.

At remote gites, a set of solar panels would provide independent
power for the data collection platform. In an operational system, the
panels would be large enough to power the complete system and batteries
capable of powering the system for several days to cover a perliod of
power loss would be included.

Critical and threshold levels can be established which trigger a
sensor's trensmission to the satellite. GOES8 can then automatically
transmit messages which notify authoritles and trigger any one of a wide
varlety of automatic alarm devices (sirens, bells, volce brosdcasts,
etc.). Then incoming informatlon can, for example, trigger the printing
of messages, in the form of narrative sentences, previously stored in a
microprocessor memory of the receiver. The mlicroprocessor can also
initlate alarm relay to remote locations. Verbal announcements stored in
the mlicroprocessor may be releesed in the local language and sirens
sounded in any order or combination desired. This can all be
gccomplished automatically or under human control.

Thus, by utilizing existing technologles with slight modification,
an early warning event-activated system can be installed in
disaster-prone developing natlons without regional warning systems. Such
a system could reduce alerting time from one hour to as little as one
minute. The time-saving alert coupled with a well-designed local
contingency plan could save many lives.
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5. SYNTHESIS OF THCHMOLOGIES AVAILABLE FOR TRAMNSFER

The previous three sections have shown that the technology exists to
improve estimates of tsunaml hazards and to establish rapid dissemination
of localized early warnings. Appropriate configuration of these elements
will constitute a conceptual model that represents a significant advance
in early tsunami waming. In terms of the previous three sections, the
conceptual model can be descrived in the following fashion:

Dats Collection

A. Pre-event: Historicel data on tsunaml tun-up, times of arrivals
and effects will assist in emergency planning and model verlfication.
Bathymetric and topographic data are necessary inputs for model
simulations.

B. Real-tlme: Data collection will be initiated by the triggering
of selsmic or water level devices of the tsunaml system. Reports from
water level sensors are still required to determine the existence and
severity of tsunaml. Both sensor types must be in communication with
PIWC. It is desirable, but not necessary, that the sensors be directly
linked to a local warning network in addition tc the gatellite link.

Data Analysis

A. Pre-event: Historical data analysis, coupled with numerical
models, provides estimates of potential inundation levels for planning
purposes., These investligations are essential to designate hazard areas
and safety zones for disaster planning.

B. Real-time: Real-time data can be used to update warning
information calculated in the pre-event deta analycis. They can also he
used to monitor and continuously refine warning information as the
tsunaml propagates throughout the Pacific.

Dissemination

A. Pre-event: Emergency preparedness will require the
estal:lishment of a local infrastructure to respond to a tsunami. Public
education 18 the foundation of proper response to a tsunami alert,
Disseminatio~ of information on the procedures and dangers of tsunaml
will take the form of workshops, media coverage, school programs, and
other vehicles to ¥eep the public aware of the hazard.

B. Real-tima: Or near-real-time dissemination of warnings for
developing countries can bo accompliched by the application of satelliito
technology as dascribzd in Section 4.

With the conceptual framework as a guide. a demonstration program
could be implemented for ona population center to demonstratu the utility
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of the system. This program is described in detail in Sectlon 6. The
products derived from this demonstration are transferable for use in the
Japanese GOES system and the Indonesia PALAPA system, thereby providing a
proven technology to other countrlies interested in tsunaml hazard
mitigation but outside the range of GOES West. Such a program will
provide Adata to PTWC much more rapidly, thus allowing for earller
alerting of the Pacific System. 1It will also foster cooperatlion among
agencies that have an interest in U.S. tsunaml hazards mitigation.

This conceptual model should be considered a genevalized framework.
As such, it has inherent limitations because localized detalls have been
omitted, Each application of this model must reflect the geophysical,
oceanographic, and soclo-political character of the specific site. The
geophysical characteristics will determine seismic instrument design and
placement; oceanographic characteristics will determine watar level gauge
placement and deslgn; and socio-political characteristics will determine
the emergency system design. The successful integration of these factors
is a difficult task which must be accomplished on a case-by-case basis.
The lack of a detailed elaboration of these factors is not meant to
minimjze thelr impact; such a discussion, however, is well beyond the
scope of this feasibility study.

6. THRUST PROGRAM

The conceptual model described in Sectlion 5 can quite readily be
turned into a demonstration program -- Tsunaml Hazard Reduction Utilizing
System Technology (THRUST) -- to mitigate tsunaml hazards in the Pacific
Ocean. The first step of this program is to test the conceptual model
described In Section 5 at one population center in a developing country.

The THRUST pilot study is subdivided into the three¢ functional areas
of data collection, data analysis, and information dissemination; each area ie¢
partitioned into pre-event and real-time frames, Thus, one could interpret
the first row of the matrix as development of the emergency operating system
that is activated by the real-time second row. Both time frames must be
consider~] for a system that will reduce tsunami hazards.

During the pre-event stage a data base would be developed to provide
historical information on tsunaml run-up, arcival times and tsunami
impacts. Additlonal data would be collected on the bathymetry of the
local coastline, the topography of the land, and local tidal ranges.
These data would be used to simulate historical tsunaml events. The
historical data would help validate and calibrate the numerical model
while information on the physical morphology would be used to construct
the model. Once the numerical model has been verifled (simulations
closely resemble historical data), then hypothetical simulations will be
conducted for worst-case scenarlos. The selection of scenarlos will be
based upon geophysical informatlon relating to the most probable
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earthquake's areal extent, magnitude, and vertical displacement which
could occur close to the test area. The combination of historical data
and model simulations provides an extended data base from which to create
emergency operating plans. Although this extended data base has
drawbacks (it depends on the quantity and quality of the real data base),
it represents the best technique of supplying data where none exists.
From these data, zones of hazard and safety can be constructed and
evacuation plans established. 1In many cases, these data can also provide
building code guidelines.

An earthquake actlivates a selsmic ingtrument. This instrument then
transmits a signal to the GOES satellite system (satellite and CDA) that
responds by automatically transmitting an alert code to an alarm device
at the warning site designated by local authorities. The alarm device
instantly responds by initiating a set of prerecorded instructions based
upon the emergency plans established before the tsunami. A human will
make the final determination about issuing a tsunemil warning based upon
predetermined criteria. Thus, a human will make the decision, and he
will have enough inforiation within 5 minutes of the earthquake to make
such a decision intelligently. In addition to the early alert signal
from the GOES satellite, other signals are sent to interrogate tide gages
about the earthquake source. These water level data are sent to PTWC and
to the local authorities for faster confirmation of tsunami activity.

The impact of the THRUST program will be an early warning system for the
local population near the source and faster dissemination Pacific-wide by
PT™C.

In choosing population centers for a pilot demonstration,
coneideration was given to tsunaml hazard potentlal, access to GOES West
satellite, and national commitment to the program. Using these criteria,
Valparaiso, Chile was solected for the pilot study.

The Pre-event work has been completed. This work included the
development of a Chilean tsunaml data base, a "Tsunami of the Pacific
Dasin" map, numerical modeling simulations, and the development and
integration of a Stendard Operating Plan.

The Real-time work includes the design, development and installation

of the instrumentation. The installation of this instrumentation in
Chile is expected to be completed in May 1986,
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REGIONAL TSUNAMI WARNING SYSTEM (THRUST)

Eddie N. Bernard and Richard R. Behn

Pacific Marine Environmental Laboratory, National Oceanic and Atmospheric
Administration, Seattle, WA 98115 USA

INTRODUCTION

One of the most destructive natural hazards within the Pacific Basin
is the seismic sea wave, or tsunami., More than two million people support
themselves or reside in the tsunami prone areas of the Pacific Basin.
Since the early 1850's, more than 70,000 of these people have lost their
lives due to the devastation of tsunamis (Iida et al., 1967).

Developing countries within the Pacific Basin, with minimal or no
regional warning system, cannot be alerted of tsunamis originating close to
their shores. The present operating limitations of the existing Pacific-
wide tsunami warning network (the Pacific Tsunami Warning Center (PTWC)
near Honolulu, Hawaii, USA) allows a warning to be issued ¥ to one hour
after the generation of a tsunami., A gap, the ¥ to one hour after tsunami
generation, exists in the present warning structure.

The purpose of the THRUST (Tsunami Hazard Reduction Using Satellite
Technology) project has been to examine existing taechnology and to
ascertain if an early warning system can be designed that would fill the
"gap'" in nations with minimal or no regional warning system. Specifically,
the objective is to design, assemble, test, install and evaluate a system
that)can deliver early warnings to a developing country (Bernard et al.,
1982).

The Valparaiso, Chile area was selected as the site in which the
THRUST project will take place because of its great tsunami threat and its
existing warning infrastructure.

THRUST SYSTEM

Warning systems can be divided into two time frames, the pre-event
stage--the period (days, weeks, months, years, etc.) prior to the event
(tsunami)} and the real-time stage--the first hours after the event
(tsunami generation). The pre-event time frame of this warning system
determines the potential danger the event presents to that area and the
solutions to these dangers. The real-time time frame's efforts are focused
on the collection and analysis of seismic and water level data and the
dissemination of the warning information.

The technologies that are being examined in THRUST can be categorized

into three sreas: data collection, data analysis, and information
dissemination,
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The THRUST system, being an early warwing system, can be conceptually
described as combining the time frames of a warning system with the areas

of technology to form a working matrix.

Utilizing Table 1 (below), we can

describe the system in the following fashion (Bernard et al., 1983),

THRUST SCHEMATIC PILOT STUDY

FUNCTIONAL AREA
TIME FRAME DATA COLLECTION DATA ANALYSIS DISSEMINATION
-EVENT DEVELOP TSUNAMI EVALUATION OF DEVELOPMENT OfF
Pae DATA BASE HAZARD U3ING EMERGENCY OPERATIONS,
SIMULATIONS PROCEDURES
TIME SENSOR DEVELOPMENT OPERATIONAL INTEGRATION Of
REAL INSTRUMENT “PREDICTIVE" EARLY WARNING
+ MODEL DEVICE INTO
PROCESSING EMERGENCY
+ SYSTEM
TRANSMISSION
Tabl.e 1 .
PRE-EVENT

Data Collection

This task consisted of compiling, cataloging and synthesizing all
available data relating to tsunami effects in the Pacific Basin,
concentrating on the country of Chile,

To date, three files utilizing this data have been assembled. The
first file {8 a pre-twentieth century file that include 382 events
(categorized into vun-up heights, magnitudes, origin, etc.) of which 178

have caused death or destruction.

The second file is a twentieth century

file which includes 405 events (categorized as mentioned above). The third
file is a file of all Chilean tsunamis since the 16th century. This file
contains 249 events of which 34 have caused death or destruction.

Utilizing the above datu files, a "Tsunami in the Pacific Basin" map

has been assembled and published.

This map details earthquake origin and

magnitude, tsunami run-up height, related deaths, dollar damage, etc. of
all tsunamigenic earthquakes in the Pacific Basin from 1900 to 1983. The
data files have also been utilized for validating the numerical models and
assisting in the development of the Standard Operating Plan.

Data Analysis

This task has produced computer simulations which have provided
estimates of potential inundation levels, flood hazard areas, and worst
case effects of observed and potential tsunamis.

110




The SURGE II model was applied to all modeling efforts (Reid et al.,
1977). A Y4 km grid was utilized with a seafloor uplift (within the grid)
being the source of the tsunami. These simulations provided information
that the threat to Valparaiso from local tsunamis approaching from the wes:
and/or northwest is quite great, Data obtained from the Chilean Navy
Hydrographic Institute (IHA) in Valparaiso, Chile on the Hay 22, 1960
tlunlgi in Corral, Chile was utilized to verify the model (Hebenstreit,
1984a).

Results of these numerical simulations will be used to formulate the

evacuation plan in the Standard Operating Plan (SOP) and for the
development of the Real Time Processor (RTP).

Information Dissemination

This task includes the development of the Standard Operating Plan
(S0P) for the city of Valparaiso, Chile. The purpose of the SOP is to
achieve effective preparedness and to organize a coordinated program of
tsunami warning dissemination which will ensure a prompt and flexible
response by the local population, thus minimizing loss of life and
property., Mr. Emilio Lorca, IHA, has assisted THRUST in €ormulating the
SOP. Information obtained from the data files and numerical simulation
were utilized to formulate an effective SOP.

REAL TIHE

Data Collection

This task will coordinate the collection and dissemination of all
data, The instruments for THRUST will utilize a satellite-based
communications system, in the form of the Geostationary Operational
Environmental Satellite (GOES) system, Utilizing the GOES system will
allow the lag time between the event and the receipt of initial data to be
reduced to the order of minutes--enough time to provide regional early
varnings (see Figure 1),

After reviewing the requirements of the seismic system needed for
THRUST, it was decided that strong motion triggers would be well suited for
our needs. Two seismic triggers, made by Kinemetrics, will initiate the
system when a seismic event occurs. One of the triggers will be in
Valparaiso and the other will be in Santiago (see Figure 2).

Pressure digital water level sensors are best suited for this project
because of their large dynamic range. Paroscientific Digiquartz pressure
transducers will be used as the water level gauges. Both water level
eensors will be placed on the concrete pier located in the Valparaiso
harbor (see Figure 2).

The GOES radio sets that will be utilized by the THRUST system will be
manufactured by Synergetics. These radio sets will be transmitters (TX)
only. The radio sets will be connected to the seismic triggers and water
level sensors. Kinemetrics True Time Receivers will be utilized as the
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Figure 1.
THRUST instrumentation design.
CDA refers to Command Data and Acquisition,
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INSTRUMENTATION;

1. Accelograph: Kinemetrics Vertical Seismic Trigger (VS-1)

2. Water Level Gauge: Parosclentific Digitiquartz Pressure Transducer
(2100AS-002)

3. Microprocessor/Terminal: Commodor 64 with Dot Matrix Printer

4. GOES Radio Receiver: Kinemetrics True Time Receiver (468-DC)

5. GOES Radio Transmitters: Synergetics (3401A)

Figure 2.
THRUST instrumentation. )
CDA refers to Command Data and Acquisition.
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Commodore 64 with a dot matrix printer (see Figure 2). The RTP will be
located at 1HA in Valparaiso, Chile.

Procurement of the above mentioned items has been initiated. After
PMEL receives all the equipment (Summer 1985) it will be assembled and
tested for approximately 6 months. After a successful test, all equipment
will be installed in Chile (Hay 1986) for one year of testing and
evaluation.

Data Analysis

This task deals with the development of the Real Time Processor
(RTP). The RTP is the first link between the THRUST instrumentation and
the Chilean Tsunami Warning Center personnel. The RTP will consiut of a
microprocessor and a printer that will print a stored message (see
Figure 3) when it receives an event alert signal through GOES from the
seismic trigger. The RTP will:!

1) Alert Warning Center personnel that the seismic trigger was
turned on by an event}

2) provide some level of assessment of the tsunami» threat}

3) remind Warning Center personnel of the procedures to follow
(Hebenstreit, 1984b).

Information Dissemination

This final task deals with the transmission of warning information to
threatened population areas. In this final step of the warning process,
the incoming data and the accompanying analysis are used to determine which
:rea; to warn, in what order to warn them, and what instructions to issue

SOP).

The THRUST project has received eight satellite addresses for the GO:S
System. Four of these addresses will be for the daily test made of the
system. The remaining four will be for the standard operation of the
system. NOAA, manager of the GOES system, has assigned THRUST a random
report channel with very little usage for the demonstration of the THRUST
system to ensure successful transmissions of messages.

Every seismic trigger (uplink) message, whether test mode or standard
operation, will be sent through the GOES system four times to ensure the
receipt of the message. Each message will be sent within a 15 second
window with a 60 second delay after each window. Thus, a message could be
received by GOES in as little as 15 seconds or as much as 7 minutes after
the occurrence of the event. Upon receipt of this event triggered message,
the GOES-CDA (Commend Data and Acquisition) would be alerted that this is
an emergency message and immediate action is to be initiated. This action
(to be initiated within 1 minute) is a message sent back through GOES to
turn on the water level sensors and the RTP (see Figure 1) (THRUST Pilot
Study, 1984).
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THRUST SCENARIO

Once the THRUST study has been installed and operating, a typical
event scenario should occur in the following manner (see Figure 1).

An earthquake will activate the seismic trigger, This instrument then
transmits four messages through the GOES system which responds by
initiating an alert code back through the GOES system to the RTP located at
the Hydrographic Institute in Valparaiso. The RTP instantly responds by
initiating a prerecorded message based on the Standard Operating Plan and
procedures established prior to the tsunami., The message format THRUST
will use is similar to the following (THRUST Pilot Study, 1983):

YALPARAISO EARTHQUAKE ALERY

A strong esrthquake occurred at on in the vici-
nlt{ of the city of Yalparafso. Contlct the following autho-
es

rit
~ Offcina Macionsl de Emergencia Telephone N® 718333
« Despartment of Geophysics Telephone N* 69668686

and advise them of this earthquake alert and disseminate
the ettached tsunami watch message,

JSUNAH] WATCH

Establish & tsunam] watch, A tsunaml may sccompany this
earthquake, If 8 tsunam] occurred, the wive will retard
in rccchlng’tho coast at the shown Jocalities the next

specified times:

Yalparafso ainutes
Coquinmbo sinutes
Caldera sinutes
Talcehuvano sinutes
Chafaral Binutes
Corral ninutes
Antofagasty minutas
Isla de Chilot (Ancud) sinutes
Yocopills ainutes
lquique ainutes
Arjce ninutes

Remember, this is only a tsunami watch, Ko tsunami has
been observed but one may occur,

Figure 3.
RTP message format.

In addition, The GOES alert code will initiate the water level sensors in
the Valparaiso harbor to begin sending data via satellite to CDA. This
information can then be accessed via telephone line.

Note that this process is entirely automatic and should take no more

than 10 minutes to complete. But no real decisions have been made, except
possibly a predetermined one to sound a general alert. Final authority to
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make decivions, to issue further alerts or sound the evacuation alarm, must
rest with human officials. This task should be made simpler because of
several factors, The decision makers will now be familiar with the
historical and potential hazard analyses performed during the pre-event
phase and will now be aware of the general type of threat the coast of
Chile faces. Also, because of the Standard Operating Plan implemented
during the project, IHA will have a set of procedures to follow and should
not find it necessary to improvise. In addition, because of the public
avareness program established during tlie project, the Chileans should be
confident that the threatened population know how to respond to ensure
their own safety., And lastly, the Chileans can be sure that the sensors
and the real-time analysis package are providing them with the most up-to-
date information available,

CONCLUSIONS

The goals of THRUST are to show that such a system can be built, to
work with the Chilean government to integrate the technical system into its
disaster control structure, and to train the Chilean personnel in the
operation and maintenance of the system. Each phase of THRUST, then, will
he conducted in conjunction with personnel from Chile. 1In this way the
technology behind THRUST can be demonstrated te other tsunami-prone (and
geophysical hazard-prone, in general) nations, while concurrently enhancing
the technological capabilities of Chile., Successful completion of the
THRUST project will not only enhance the tsunami protection of Chile but
will, by adding additional input to PIWC, improve the protection of the
entire Pacific community,
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TSUNAMI WATCH AND WARNING PROCEDURES
Gordon D, Burtoun, Pacifiec Tsunami Warning Center

From its inception, the Tsunami Warning System has functioned on an
operational) basis through the detection and evaluation c¢f an earthquake to
determine the probability of tsunamigenesis followed by the evaluation of sea
level data for con{irmation or negation of the actual generation of a
destructive tsunami. Initially a Tsunami Advisory was issued based on the
evaluation of the earthquake data, but this term was officially changed to
Tsunami Watch in 1966. The decision to issue a Tsunami Warning was based on an
evaluation of the sea level data obtained frum the nearest tide stations,

This dual Watch/Warning concept remains in use at the Pacific Tsunami
Warning Center (PIWC), although the Watch Bulletin has been modified Lo become
a Regional Tsunami Watch Bulletin which officially only places those countries
in a Walch status which fall within a 6 hour tsunami travel-time of the
issuance of the Regional Tsunamj Watch Bulletin., This paper will examine from
an operational perspective the application of procedures for the issuance of
the various PTWC Bulletins documented in the Communication Plan for the Tsunami
Warning System, Tenth Edition,

To better understand operational procedures, imagine yourself as a
watchstander at PTWC with the responsibility for responding to the seismic
alarms and making the decision as to vhether to issue an Earthquake Information
Bulletin, a Regional Tsunami Watch Bulletin, a Tsunami Warning, or to simply
work up the event and Lthen take no further action, What criteria should be
used in making such a decision?

e Jsunami Hatch Procedures

A Watch has historically been used to notify TWS participants of the
possibility of a tsunami and to advise that a tsunami investigation is
underway, As such the initial Regiona) Tsunami Watch Bulletin is issued using
only seismic information to determine the probability that a tsunami may have
been generated, This js based on the earthquake location being coastal or near
coastal, with a shallow depth hypocenter, so as to pose a potential
tsunamigenic threat. As for size of the earthquake, the most conmonly used
measure is that of magnitude on the Richter scale {Ms3), with a threshold value
of 7.5 used to determmiine the need to issue a Watch., For events in Alaska, the
Richter magnitude threshold is lowered to 7.0 as the basis for issuing a Watch,

The above staendards provide the PIWC watchstander with a very quantitative
and easily applied measure for making the determination on the operational
requirement to issue a Regional Tsunami Watch Bulletin, The real question is
how realistic are these standards in terms of addressing the true tsunami
threat? This must be addressed from two perspectives: 1,) how accurate is PTWC
in deternining the location and size of the earthquake, and 2,) how accurate
are the established threshiold standards as a reflection of the true
tsunamigenic potential of any given region?
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With regard to the accuracy of PIWC's determination of earthquake
parameters, a study has been done of all event workups since January 1983, the
date when the satellite data conmunications circuit was established with the
U.S. Geological Survey's National Eartliuake Information Service (NEIC) to
provide PTWC with real-time seismic data from the mainland, Using the
parameters published by NEIC in the Earthquake Data Report (EDR) as the most
reliable standard, PIWC's determination of epicenters varies in accuracy from
within an average of 30 miles in the northern hemisphere to an average of 75
miles for the southern hemisphere. Richter magnitude (Ms) determinations vary,
with 85% of all events determined by PTWC on an operational bLasis falling
within 0.2 units of the Richter scale as published in the EDR. The
determinations of epicenter location and earthquake size are operational
problems for which an inherent error margin always exists, but PIWC's
accuracies are as satisfactory as can be obtained on an operational basis and
certainly meet the requirements for accurate evaluation of any significant
earthquake in the Pacific basin,

The accuracy of earthquake magnitude threshold standards as a true
reflection of the tsunamigenic potential of a region is a very different
problem, The threshold values of 7.5 for the Pacific with 7.0 used for Alaska
are based on the historical generation of tsunamis around the Pacific, with the
operational emphasis being- on the generaticn of destructive Pacific-wide
csunamis, The lower Richter value of 7.0 for Alaska is based solely on the
Lsunami of April 1, 1946, which was associated wilh a magnitude 7.4 earthquake,

How realistic are these threshold standards? On an overall basis for the
entire Pacific, again with the emphasis on the generation of destructive
Pacific-wide tsunamis as documented historically, the value of 7.5 seems
remarkably good for the issuance of a Watch, particularly when considering the
possible error range in determining the Richter magnitude, However, on an
area-by-area analysis, it is quite easy to document numerous instances in which
the threshold value of 7.5 is inappropriate for determining the probable
generation of a tsunami, particularly one which may be destructive primarily in
the near source region, It is operationally naive to assume that a magnitude
7.8 earthquake in the Tonga-Kermadec Trench has the same tsunamigenic potential
as a magnitude 7.8 event off the coast of Chile, At the same time it is
operationally naive to use the uniqueness of the 1946 Aleutian tsunami Lo
establish a lower magnitude threshold for Alaska and ignore the similar
uniqueness of the 1896 Sanriku tsunami in Japan which was also associated with
a lower magnitwde earthquake,

The geotectonics, and therefore the tsunamigenic potential, varies on an
area-by-area basis around the Pacific. Operational procedures should ref’=ct
the probable tsunanicity of each region. An initial attempt in this direcvion
has been implemented with the Regional Tsunami Watch system, which recognizes
that not all tsunamis pose a Pacific-wide threat and therefore distant TWS
participants need not be unduly placed in a Watch status until the true threat
has been better determined. One operationul weakness of this Regional Watch
system has been the failure to develop improved threshold criteria on a
regional basis for implementing the Regional Tsunami Watch procedures., At the
present time, the PTWC watchslander is still using the same threshold criteria
for issuing a Regional Walch as was used for previously issuing a Watch on a
Pacific-wide basis,
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¥arning Procedures

Again imagining yourself as the PTWC watchstander, what guidelines and
criteria exist for making the decision to issue a Tsunami Warning Bulletin?
The operational intent of a Tsunami Warning Is to alert TWS participants of the
generation of a destructive tsunami. The guidelines available to the
watchstander for issuance of such a warning are very vague and only state that
a Warning will be issued after confirmation has been received that a tsunami
has been generated that poses a threat to the population in part or all of the
Pacific,

The problem for the PIWC watchstander comes in determining what constitutes
such a confirmation. Other than the earthquake size and location, the only
data coming in to PIWC are reports from TWS tide stations. If a 20 meter wave
1s reported, the decision to issue a Warning may be quite simple, but what if
only a 20 centimeter wave is reported? That may provide confirmation that a
tsunami has indeed been generated, but does it constitute a potential threat?
This becomes the age-old question of, "How big a wave is a tsunami?", This
question has bzen left solely to the subjective judgment of the PTWC
watchstander, and not all watchstanders have similar capabilities of
experience, training, and judgment. Because of the location of the tide gauge
relative to the coast as well as relative to the distance and direction from
the tsunami source region, a 20 cm sea level fluctuation at one tide gauge may
be insignificant, while the same measure may be extremely critical at another
station.

There is no question PTHC will function properly for really destructive
Pacific-wide tsunamis. However for the many tsunamis which are destructive in
the near-source region and pose minimal threat to distant participants, the
operational procedure of either issuing a Pacific-wide Warning or no Warning at
all must be questioned. At present, no quantifiable standards exist to aid the
watchstander in making the most important decision for which he is responsible,

of
As mentioned earlier in the presentation on "Activities and
Responsibilities of the PIWC", the PTWC staff are involved in a continuing
operational evaluation of procedures based on presumed earthquakes occurring at
selected locations around the Pacific, For the most part, these selected
locations coincide with seismic gaps, areas designated as having a high
prcbability for the future occurrence-of large earthquakes,

The use of one such area as an example, the Kamchatka seizmic gap, will
illustrate the studies being conducted al PTWC. For .a presumed earthquake
along the coast of the Kamchatka peninsula, the travel-time contours of the
seismic P-phase are mapped to display the availability of seismic data for the
PIWC watchstander, Given a significant magnitude earthquake, the P-phase
contours can be used to determine alarm activation at any seismic station, for
example, 9 minutes for PTWC. The same P-phase contour chart provides
information on wHat other seismic stations can be used to determine earthquake
location and when that data will be available to PIWC. For a Kamchatka event,
P-data will be available to PIWC from all real-time mainland stations within 12
minutes of the earthquake origin. P-data from real-time stations in Japan
would be available to JMA within 6 minutes and to the Royal Observatory in Hong
Kong and to Guam Observatory within 8-9 minutes. Given the response time of
the PTWC watchstander in reporting to the office and computing the earthquake
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epicenter, a preliminary location will be available within 19 minutes or less
after the earthquake origin,

In a similar manner, the seismic surface wave travel-times can be contoured
to evaluate the availability of data needed to determine the earthquake
magnitude on the Richter scale (Ms), For this particular event, the magnitude
based on surface wave arrival at PIWC would be available 26 minutes after the
origin. This would be the earliest time at which PTWC could determine the need
to issue a Regional Tsunami Watch Bulletin.

In addition to preparing a seismic phase travel-time chart, a tsunami
travel-time chart is contoured based on a presumed tsunami originating from the
Kamchatka seismic gap. This chart graphicaly illustrates the tsunami arrival
sequence throughout the Pacific and provides PTWC with an evaluation of when
sea level data might be available from participating TWS tide stations, For
this particular event, sea level data would only be available from three TWS
stations 3 hours after tsunami generation., These would be Shemya and Adak in
Alaska and Hachinohe in Japan. This does not constitute an optimal data base
upon which the PIWC watchstander must determine the need to issue a Tsunami
Warning Bulletin.

In an effort to improve PIWC operational procedures for a Kamchatka event,
the historical earthquake and tsunami data are then summarized for the area.
These data not only confimm that tsunami generation is a frequent occurrence
along the Kamchatka coast, but that the tsunamis generated pose a threat to
distant TWS participants as well as near the source. Moreover, using the
historical data available, almost every earthquake of Richter magnitude (Ms)
exceeding 8.0 has generated a potentially destructive Pacific-wide tsunami,

For events between 7.5 and 8.0, no tsunamis were reported for many earthquakes,
although tsunamis were reported for some events,

These historical data support the present seismic threshold of 7.5 used by
PTWC for issuance of a Regional Tsunami Watch Bulletin, although consideration
should be given to directly issuing a Tsunami Warning if the earthquake
magnitude exceeds 8,0, A further analysis of the historical data, however,
documents some events with a Richter magnitude between 7.0 and 7.5 which
generated tsunamis which were recorded at distant stations, but were not
destructive. PIWC's present operational procedures do not specifically address
this type of problem; other than to have initiated a general investigation to
determine the tsunami threat.

The historical data can also be used to determine quantitative thresholds
for the issuance of a Tsunami Warning based on the response of particular tide
stations to historical tsunamis, For a Kamchatka event, it can be determined
that sea level fluctuations exceeding RO cm at the tiiree nearest TWS tide
stations of Shemya, Adak, and Hachinohe gener2lly have been associated with a
Pacific-wide tsunami which had a destructive ritential elsewhere., This 50 cm
threshold at these tide stations can therefure be used as a quantitative value
by the PTWC watchstander to determine the issuance of a Tsunami Warning. For
Kamchatka events, therefore, this is an initial attempt to define the question
posed earlier, "How big a wave is a tsunami?",

Apalvsis of
In close coordination with the International Tsunami Information Center
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(ITIC), PTWC has been conducting a detailed analysis of historical earthquake
and tsunami data on an area-by-area basis around the Pacific, The operational
premise is that when the seismic alarms have been activated, and the location
and size of the earthquake determined, the historical characteristics of that
area can provide the PIWC watchstander with a preliminary evaluation of the
tsunamigenic potential to be expected, This can be used not only on a
shori-term basis to permit the watchstander to more intelligently apply present
operational procedures, but on a longer term basis to allow PTWC and ITIC to
develop improved operational procedures which more accurately reflect the true
tsunami threat from any particular region in terms of its near-source impact as
well as far-field impact.

Several examples can better illustrate the use of historical data, For the
coast of California, the historical data confirm the evaluation of a low
tsunamigenic potential., No destructive Pacific-wide tsunamis have been
generated in this region, with the 1906 San Francisco earthquake (Ms = 8.3)
only resulting in a minor tsunami of 10 cm amplitude. The maximum tsunani
run-up recorded along the California coast was less than 2 meters associated
with the 1927 earthquake having a magnitude of 7.3 on the Richter scale. Using
the historical data, the California coast can be characterized as a region of
infrequent major or great earthquakes where any tsunamis generated tend to be
ninor or potentially destructive on a limited scale only in the near-source
region, This is what might be expected of a tectonic regime dominated by
horizontal surface displacements, with the primary tsunami generation mechanism
probably associated with secondary slumping of sediments set off by the
earthquake, One must now ask whether PIWC's present procedures are the best
available for addressing the probable tsunami threat for this region, Is it
realistic to place Mexico, California, Oregon, Washington, Canada, Alaska, and
Hawaii in a Watch status for a magnitude 7.6 earthquake near the coast of
California?

By contrast, we can study the historical data for the southern Kurile
Islands and northern Hokkaido, The occurrence of major and great earthquakes
is more frequent than for California, with at least 50 events of magnitude
equal to or greater than 7.0 documented since 1900, with 36% having generated
tsunanis, These tsunamis have frequently been destructive near the source
region, and usually huve been recorded on a Pacific-wide basis without being
destructive., The historic data reveal further tectonic complexities of this
area with the generation of destructive tsunamis associated with lesser
magnitude earthquakes, For instance, the earthquake of 20 October 1963 had a
Richter magnitude of 6.8, yet generated a tsunami with as much as 15 meters
local run-up and minor waves recorded as far as Hawali and Samoa. Using the
PTWC procedures of initiating queries to tide stations only if the Richter
magnitude exceeds 7,0 obviously does not adequately address the true tsunani
threat from the southern Kuriles. With both Japan and the U,S.S.R. imediately
threatened by tsunamis from this source region, PTWC's operational procedures
might be reexamined as to how PTWC can provide optimal tsunami warning services
to both near-source and far-field TWS participants.

PTWC's Watch and Warning procedures have essentially remained unchanged
since the inception of the Tsunami Warning System, with the exception that the
Tsunami Watch has been regionalized to cover only those countries inoluded
within a 6-hour tsunemi travel-time. The threshold for issuance of a Watch
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remains the occurrence of an earthquake of Richter magnitude 7.0 for Alaska and
7.5 for the remainder of the Pacific, Issuance of a Warning is based on the
Judgment of the PIWC watchstander.

An operational analysis of the historical earthquake and tsunami data on a
detailed area-by-area basis is being used to improve the implementation of
Watch/Warning procedures through the better identification of earthquake
magnitude thresholds as related to probable tsunamigenesis and through the
analysis of historic tsunamis as recorded at individual tide stations, The
goal is to improve tsunami warning services to TWS participants by using
present procedures in a more optimal manner or by developing improved
procedures where needed to address not only the proba@uility of tsunamigenesis,
but to also develop a predictive tsunami evaluation capability on both a
near-source and far-field basis.

125 -



WATER WAVE REPORTING PROCEDURES

George Pararvas-Carayannis
International Tsunami Informatlon Center

At the present time the Tsunami Warning System in the Pacific makes
use of an international network of 24 selsmic stetlions, 53 tlde stations
and 52 disseminatlion polnts in the Pacific Ocean Basin. A number of
automated sea level monitoring gauges are also operated by the Tsunami
Warning System in close cooperation with the University of Hawail for the
Integrated Global Ocean Services System (IGOSS) and for the IGOSS Sea
Level Pllot Project (ISLPP).

These statlions transmit data via satellite in real time to the
Pacific Tsunaml Warning Center (PTWC) in Honolulu. Although data from
such stations is of great value in the assessment of potential tsunamis
in the Pacific, the Tsunamli Warning System relies heavily on the
conventional tide gauges operated by Member States of the International
Coordination Group for the Tsunami Warning System in the Paciflic (ITSU).

The data from such stations is transmitted primarily by satellite or
by conventional means. However, tsunami detection and reporting at such
stations is the responsibility of the local authoritlies operating these
important tide gauge stations. For each such station, observers and
substitute observers are assigned with the responsiblilty of maintaining
the statlons, changing the records, calibrating the instruments, and
reporting any unusual water level activity related to a tsunaml.

A publication entitled "Wave Reporting Procedures for Tide Observers
in the Tsunaml Warning System" was prepared in 1975 by the
Intorgovernmental Oceanographic Commission and distributed to Member
States of ITSU for use by designated tide observers. Also the manual was
distributed to several other non-member states and governmental and
non-govarnmental agencles which also participate in the Tsunaml Warning
System. At the present time, this manual is undergoing revision and a
new edition reflecting changes will soon be published and distributed by
10C.

The purpose of the publication is to provide general information and
speciflic instructions to assist tide observers in reporting properly
tsunamis to PIWC in Honolulu. The manual provides general information
related to the nature and description of tsunamls, the Tsunaml Warning
System, and tho Plan of Communications being used for data acquisition
and tosunaml watch and warning dissemination. Specifically, the
publication defines the duties and responsibilities of obgservers and
safety measures to be taken to avoid risks in the event of a large
tsunsni.
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Furthermore, the manual outlines the types and formats of messages
that are belng exchanged between PTWC and observers during a tsunami
investigation as well as the types and formats of monthly communicatlion
tests. Finally, the manual covers specific wave reporting procedures
when a station is alerted of a potential tsunami arrival or when the
station responds on its own when a tsunaml event is either observed or
activates an alarm at the station.

The procedures illustrate with numerous graphical examples the types
of initial wave activities that may be observed at different stations
emphasizing partlicularly slope changes of the water level recordings in
relation to time and height scales. The procedures caution for proper
interpretation of the tide gauge records differentiating from background
osclllations caused by wind waves and seiches which have different
heights and frequency ranges than tsunaml waves. Finally the procedures
designate periods and frequency of observations and message format for
reporting sea level fluctuations caused by a tsunami.

The following are graphical examples of tide gauge recordings of
normal tides which may include wind induced waves, records showing
windwaves and seiche oacillations and, finally, examples of initial sea
level change due to a tsunaml followed by subsequent sea level
oscillations manifested by continuing tsunami activity. Figures 1, 2, 3,
4, are such examples. Figures 5 and 6 are examples of actual historical
tsunamis as recorded by tide stations in the Paciflc Tsunaml Warning
Systen,

Reference: Intergovernmental Oceanographic Commission (IOC). Wave

Reporting Procedures for Tide Observers in fhe Tsunaml
Warning System. Manuals and Guldes 6. Parls, France:

UNESCO, 1975,
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Figure 1. Examples of normal tide gauge records showing wind
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Figure 2, Examples of tide gauge records showing wind waves
and local seiche oscillations,
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Figure 3, Exawmple of initial tsunami disturbance as recorded
at the Santa Monica tide gauge.
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Example of tsunami as recorded by tide gauges at Callao.
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COMMUNICATIOXS

Richard H. Hagemeyer
U.S. Natlional Contact, ITSU

I will be talking thiz afternoon on communications as it relates to
the Pacific Tsunami Warning System. I don't intend to talk forever but I
do have a number of poiats which I wish to cover. These will include:
1) some background and the tsunaml communications system as it exists
now; 2) what I perceive to be some generic deficiencies in the present
system (Edition 10 of the Communications Plan); 3) how these surfaced
following the March 3, 1985 Chilean earthquake; and 4) some of the things
that I think can and should be done to impove the functionipg of the
present Plan.

In the National Weather Service we liken the process of producing and
delivering a forecast or warning to the user as a five link chain. We
congider each link to be as important as the next and realize that the
failure of any one link is, in effect, the same as the fallure of the
entire chain. These links are labeled DETECTION, COMMUNICATIONS,
GUIDANCE/FORECASTING, DIGSEMIWATION, and USER RESPONSE. Here
COMMUNICATIONS means the transmission of the fact of detection to the
FORECASTING/GUIDANCE function and DISSEMINATION means the transmission of
the end product to the user. It appears that we will be covering all of
these aspects during the course of this Workshop. Within the context of
the Communicat._ons Plan and this presentation "Communications" will
encompass both of these.

In order to look at the Communications Plan, we should first consider
the nature of the communications that take place within a Taunaml Warning
System. These are best categorized as non-operational and operational,
with the operational communications including:

1. Data acquisition or data exchange, primarily for tidal or
seismological statlions;

2. Dissemination of information, i.e., Watches, Warnings, or
Information Bulletins; and

3. Routine testing of the Communications System.

For data communications, the Alaska Trunaml Warning Center (ATWC) and
the Pacific Tsunaml Warning Center (PTWC) use a combination of telephone
lines, VHP and microwave to recelve seismic and tide data fcom locatlons
within their reglonal areas of responsibility. Commercial satellite
communication 1s used by both Centers through a selsmlic data exchange
with USGS/National Rarthquake Information Center (NERIC). 1In this way
ATHC obtains real-time seismic data from statlons along the West Coast
and PTWC obtains real-time selsmic data from a network of statlons
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extending from the Eastern U,S. to the Western Aleutisns. Beyond the
local area the acquisition of tide data in order to confirm the
generation of a tsunaml is, compared to the acquisition of seilsmic data,
still pretty much in the dark ages. Until just recently PTWC has had to
depend exclusively on telephone/telegram/telex for the colloction of
remote tide information. During 1985 we have begun the establishment of
a number of satellite reporting tide stations - this will be discussed in
gome detall in the section on improverxents.

Excopt for telephone communication with Civil Defense staffs in their
respective areas of regional responsibility, hardcopy communication via
various teletype circuits remains the primary method of communicating
tsunaml information to TWS participants throughout the Pacific,

Facsimlle communications, such as RAPICOM, have been inveutigted, but at
this time do not appear to satlisfy the necessary operational requirements
for disseminaticn of tsunami information.

ED FOR A COMMUNICATION PLAN

On an operational basis when a major earthquake has occurred,
communication becomes critical and is the heart of the Warning System.
Seismic data must rapidly be obtained to locate and evaluate the
earthquake. Sea level data must ba rapldly obtained to confirm or negate
the generation of a tsunami, and to provide data for evaluation of the
tsunami threat. Upon completion of an evaluation of the data by the
Warning Center, information must be repidly disseminated to all
participating agencles.

When operational communications are involved, human lives are
involved and time cannot be wasted looking for information. There is8 a
need for documentation which lists all the active participants in the
System who either provide data or information to the Warning Center or
who recelve information disseminated by the Warning Csenter, and the
methods by which such communications are accomplished. The primary
purpose of such a document is to address those stetions where interactive
participation is required to provide data to the Warning Center or where
participants are responsible for enacting immediate disaster mitigation
measures based on the information recelved from the Warning Center. As
such, the document must te accurate and current in content to be useful.

Within the Tsunaml Warning Service this document is call the
Communications Plan and it covers the data collectlion and watch/warning
dissemlnation of both PIWC and ATWC.

This, or any communications plan, to be useful must have several
chavacteristics:

a. The listings must be accurate and current;
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b. ©otations snd sgencles 1isted must provide 24 hour-a-day
capabllity;

c. The listings for data sources (1.e., seismic and tide stations)
should document the method by which each station communicates to
the Warning Center;

d. The listings for digsemination agencies should document the
method by which the Warning Center transmits information to that
agency;

e. When available, alternate methods of communication should be
listed;

f. The number of listings and the methods of communications used
must reflect a realistic and achlevable capability that can be
met by the Warning Center on an operational basis,

Because of the widespread dissemination of the NWS Communications
Plan on an international basis, the Plan t 48 been extended to include
some summary information on operational procedures by the Csnters as well
ags general information of the nature of tsunamis. In this manner the
Plan provides basic information that might otherwlise be included in an
Operatlons Manuasl devoted to the strictly operational aspects of a
Warning System. Communication may be the most critical element of an
operational system, but the Communciation Plan does not attempt to
address all aspecte of operations. At present, there is no comprehensive
Operations Manual as such for the Tsunaml Warning System. Operational
information contained within the Communication Plan is supplemented by
other sources, such as the manual, "Wave Reporting Procedures for Tide
Observers in the Tsunaml Warning System."

GENERIC DRFICIENCIES

There are two areas of what I conslder to be generic deflclencles in
the current Communciations Plan. The first of these is the almost
exclusive dependence on commercial telephone or telegram/telex for the
acquisition of confirming tide information. The first place that we
would look for these data would be in the area of origin and this is the
place most likely impacted by the potentielly tsunamigenic earthquake.
There 18 a high probability that the earthqueke will destroy or badly
damage tlie infrastructure and this will severely complicato the process
of getting data out of the source region. (This is what heppened in
Chile during the March 3, 1985 earthquake). The second deficlency is in
the internaticnal dissemination of information generated by the Centers.
The numbar of locations where thers is a two-way oxchange of data are
extremely limited. There are a nunhev of other locations to which
watches, warnings, etc., are sent but since there is no arrangement for
acknoledgement the responsible Center has no way of knowing if the
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message veached its destination. Further there are some areas of
potential impact, Tuvalu and Kiribati for example, that to our knowledge
receive no information. A further observation might be made that there
are members of ITSU who, for all practlcable purposes, are not
participants in the System.

PROBLEMS RELATED TO THE MARCH 3, 1985 RARTHQUAKR

The March 3, 1985 Chilean earthquake presents an interesting casebook
study of what can go wrong with the present communclations system when
the infrastructure is disrupted by the earthquake. The earthquake
occurred at 032247 UTC and PIWC efforts to reach Valparalso were
unsuccessful as were immediate efforts to get data out of Peru, It was
not until 040249 UTC, Mr. Emilio Lorca, through perseverence and a lot of
luck was able to get through to PTWC with tide information. (If you want
to hear an interesting and sometimes hair raising story ask him about
what happened). Regular communications were not re-established with
Valparaiso until almost 22 hours after the earthquake, so if Mr. Lorca
had not gotten through to PTWC at the time he did, we would have had to
wait until 041030 UTC for fsunami confirmation. That is the time when
any geneirated waves would have resched Tahiti. If the initial evaluacion
of the earthquake had been 7.5 or above in magnitude and PTWC had issued
a Watch, then the initial watch area would have been expanded, hour by
hour, and would have included parts of the Tuamotos and half way up the
coast of Mexico by the time Mr. Lorca made contact with PTWC. If thet
contact had not been made then by the time first confirmation was
avallable from Tahitl the watch area would have included New Zealand,
Semoa, New Caledonla, Papua New Guinea, the U.S. West Coast, Canad, and
Hawaii. With the ETA in Hawall less than three hours after Tahiti the
Hawaii Civil Defense would have declared a warning snd btegun evacuation.
Fortunately the initial magnitude determination was a marginal 7.4 and a
watch was not 1issued,

IMPROVEMENTS TO THE_SYSTEM

The first thing that needs to be done i8 to establivh a reliable
method of receiving tide data that basically is independent of the
infrastructure at the tide gauge's location. One method of doing this
would be the use of strateglically located ocean bottom pressure systems
that are capable of sensing the passage of & deep ocean tsunami wave and
transmitting that information to the Centers responsible for issuing
Watches and Warnings. There is an ongoing program within the U.S8.
directed at developing and deploying these devices. A second method
involves the use of satellites for data relay. this would consist of
Data Collection Platforms (DCPs) containing a microprocerssor which isa
programmed for a multi-channel input to sample sea level every five
gseconds and to average and store the data over four-minute intervals.
The data are then transmitted by the U.8, Geostatlionary Operational
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Environmental Satellite (GOES) to PTWC., GOES transimissions are normally
made every four hours to provide a continuous record of sea level
actlvity for the preceeding interval. The DCPs also have the capacity to
be programmed as event detectors and to commence random transmissions on
the GOES emergency channel whenever the sea level thresholds
characteristic of a tsunami are exceeded. These latter transmissions are
made in a near real-time mode (3 to 5 minutes)., Within the last year
DCPs programmed as event detectors have been Installed at Rarotonga, Cook
Islands; Baltra Island in the Galapagos; La Libertad, Ecuador; and La
Punta, Peru. These were installed as a part of a cooperative effort
between the Hatlional Weather Sorvice, the Unlversity of Hawail, and
Oregcn State University. In addition to the tsunami function they also
transmit data to meet the needs of the National Science Foundation Sea
Level Network, TOGA, and the Integrated Global Ocean Services System
(IGOSS) Sea Level Pilot Project. In addition, 5 existing or new DCPs
installed and operated by the University of Hawaii have been reporgrammed
to provide sea level data to PTWC, but do not function as event
detectors. These DCPs are located at Majuro in the Marshall Islands;
Nauru; Kapingamarangi Atoll; Rabaul on MNew Britain; and Honliara on
Guadacanal. This represents a good beginning but the numbers should be
substantially increased for optimum tidal data coverage.

The second thing that needs to be done is to expand the areas covered
by the current Watch and Warning distribution system. This should
encompass the inclusion of locations not now receiving tsunaml messages,
the establishment of a "feedback'" mechanism on message receipt, and the
more active participation in the TWS by members of ITSU who are not now
doing so.

Recent experlence has shown that a person-to person exchange is one
way that can be used to improve communications within the TWS. This can
be done as a part of the IOC sponsored Visiting Sclentist program or
through travel by staff members of the Centers. Both have been used this
past year to very good effect.

I hope that through these remarks I have enlightened you, may be
somewhat ralsed your level of interest in this aspect of the TWS, and
possibly encouraged you to take a more active role in improving this
aspect of our system. Thank you,
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TSUNAML HAZARD ANALYSIS, TSUNAMI HAZARD PLANNING,
PROTECTION MEASURES, TSUNAMI EXBRCISES AND PUBLIC EDUCATION
G. Pararas—Carayanuis
International Tsunaml Information Center

INTRODUCTION

It has been clearly documented that tsunami have had a very
important and long-term soclioeconomic impact on the communities of the
Pacific and on our socliety in general (Pararas-Carayannius, 1983).
However, the historical record does not prepare us for the potential
damage that can now be caused by tsunaml in the coastal areas of many
developing or developed coastal countries where development has taken
place in the last 20 years. It is expected that future tsunamis will
have a much more severe social and economic impact than that of past
events. Thus, assessing the tsunamli hazard and preparing for such future
events is very important.

Tsunanl hazard analysis precludes a good understanding of what
tsunaml events have occurred in the past, and how often and to what
extent these events have affected the reglon under study. 1In the absence
of adequate historical data, physical and computer tsunaml models can be
utilized to define quantitatively the tsunaml hazard for proper planning
and adequate preparedness. Preparedness involves proper hazard planning,
protection measures for the safety of the public, and comprehensive
educational program which includes exercises and public education.

TSUNAMLI HAZARD ANALYSIS

The risk potential of tsunamis is of extensive interest to
governmental, nongovernmental agencles, and to industrlies and the public
in general. Management of the tsuneml hazard precludes analysis of the
risk in planning for mitigation, and good perception of the risk by those
responsible for the protection of public safety and property. It is
important that the hazard is evaluated properly and that the potential
threat 1s correctly estimated. Underestimating the tsunami threat can be
both expensive and counterproductive. Reduction of the tsunaml cisk is
the responsibility of government agencles and any mlsconceptions related
to ite proper assessment can produce the potentlal for unnecessary deaths
and destcructlon.

In most comounitlies tsunaml hazard mitigatlon strategles ave
applied on an ad hoc basis in an uncoordinated mannev, usually following
the occurrence of an actual event. Such strategles can be far more
effective, however, if they are implemented before the occurrence of a
catastrophic tsunemi. The success or fallure of any safety program rest
on a valid appreciation of the distribution of the tsunemi risk. For
this reason a specific reglonal rlek assessment must be undertaken to
determlne how the tsunaml hazard differs in its spatial distribution and
potentlal severity of impact. Risk ie not an sbsolute and can be reduced
by proper planning, proper public educatlon, and proper lend use.
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Historical Studies: Studies of historical tsunsmis of local aud
distant origin is the flrst priority in the analysis of the tsunami
hazard. The selsmlcity of the region should be studied in order to
establish the potential threat from locally generated earthquakes.
Analysis of the selsmlicity of the region should go back in time as far as
possible, and a historical tounami data base should be developed
consisting of all collected information. Similarly, tsunamis from
distent earthquakes should be evaluated by careful review of historical
information, fllrs, photographs, newspaper articles and diagrams
avallable from government and university archives, newspaper files,
television studios, church groups, and private collections., Such
information may contain data which may shed light in the spatial
difference in the distribution of the tsunaml impact of past events which
in turn may allow the zonatlon of the hazard.

It is possible that major damaging events may not have occurred
locally during the period of record taking. However, it may be possible
to obtain eye-witness accounts of past events as remembered by older
residents passed down by word of mouth. Such information may be great
value partlcularly those in which the person interviewed was a victim or
nearly go of the disaster and remembers with clarity the event.
Similarly, legends of a tsunaml catastrophe may have survived. However,
such accounts may be distorted and should be evaluated carefully in
identifying the potentlal tsunaml risk and its recurrence frequency.

Tsunami Hazard Frequency: The next most lmportant information
needed in the tsunaml hazard analysis is the recurrence frequency of
tsunamis. Assuming that the historic record is long and there have been
many years of direct observations it is possible to establish the
frequency of tsunaml events. However, if the historle record is limited,
planners cannot rely on such short record alone to evaluate the tsunamli
hazard. Large catastrophic events may take place so infrequently in any
one location that there may be no locally avallable data on which to
predict rigk and produce a zonation of the hazard, This should not be
misinterpreted to mean that there is no danger. A statlistlical approach
may be the only way for the prediction of the spatial distribution of the
tsunaml disaster. The statistical distribution in the occurrence of
extreme events has been treated by Gumbel (1958). 1In this, he suggests
that the recurrence intervals of exceptlionally large phenomena bear
consistent relationships to their magnitude expressed in either
arithmetic or logavithmlc terms. Thus, 50 years of data can be used to
extrapolate and determine the once-in-a-thousand-year event. Of course
this approach is rather vague as the confidence limits are usually so
large so that the resulting estimates of recurrence are largely
meaningless. On this basis it ls very difficult to accept the statistics
of extreme events as the basis for planning. 7n such cases one may have
to resort to tsunemi modelling studies as described in the following
gectlon,
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Physical Modelling: 1In the absence of historical information, the
tsuneml disaster may be simulated by making scalc models of coastlines
and introducing scale models of bulldings and other aspects of land use
into physical models. Then the tsunami may be produced with approprlate
wave generators and its impact can be photographed, measured, and
recorded. Such models have been made, for example, for Hilo Bay by the
U.8. GCorps of Engineers and in close cooperation with the University of
Hawaii. HMany other hydraulic models have been bulilt to assist in
predicting the potential of the tsunaml disaster. Such models are
expensive to construct and to scale down in size both geometrically and
kinematically. However, physical models have been very useful for
important coastlines where important engineering structures have been
bullt.

Computer Modelling: Computer models permlt relatively accurate
predictions of the potential tsunami inundation and can be invaluable in
the management of the tsunami hazard. The censtruction of such models
involves four common elements. The first of these elements is an initial
analysis of the physical characteristics of the trsunaml hazard. This
permits the sybsequent development of the mathematical model which is
capable of forecasting the severity of the tsunaml impact for different
events approaching the coastline undor study from different directions.
Such an approach leads to the development of the spatial pattern of
impact intensity which in turn can be used for the microzonation of the
tsunami hazard. Most numerical models deal primarily with the extent and
hoaight of tsunaml inundation leaving all other engineering
interpretations to planners and enginesrs. FProm such models the extent
of damage can be estimated and evacuation limits can be established to
minimize deaths and injuries. This information is normally presented in
a map form with tabulations so that both the spatisl distribution of the
tsunaml risk end its gross impact can be established.

Zonation of the Teunami Hazerd: The final product of the
historical studies of the recurrence frequency, and of the Hydraullic and

Numerical .Modelling, 18 a representation of the spatial varlations of the
tsunaml hazerd along a given cosstline where expected tsunami height can
be quantified and evacuation limits designated. These are prerequisites
for proper planning. Because of the extreme gselactive nature of tsunaml
destruction along given coastlines, a mlecrozonation map of the tsunami
hazard may be required which will be of great usefulness ‘n planning and
management of the hazard. Similarly, the total risk at auy point can bde
established by such studies, as well as the probability cf occurrence for
insurance purposes. The production of large scale maps ¢eplcting
variations in the degrees of tsunaml risk are invaluable tools in the
disaster planning process. In this way, high risk areas can be avolded
or used for low intensity development only.

In producing maps of the tsunaml hezard, attention should be paid

to ecale requirements go that the significance of tho haiard can easily
be identified and correlated to prominent landmarke. Such maps should be
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sufficient for precise planning of land use and should include vertlcal
and horizontal parameters of scaling that are sufficiently lerge. For
example, the tsunami inundation maps that had been produced for Hawail
have been made at scales of 1:63,360, and 1:24,000 respectively. All
that can really be suggested is that the selected scale be large enough
to make full use of the avallable data and thus permit individual sites
and structures to be identified, if possible. It should not be so lavge,
however, that it gives an invalid impression of precislion in areas where
the information does not warrantee such a position. Figure 1 (below) is
an example showing potential tsunaml inundation maps for Hawail,

TSUNAMI HAZARD PLANNIMNG AND PREPAREDNESS

There is very little that can be done to prevent the occurrence of
a tsunaml. In the past, before tsunaml warning systems were established,
there was a passive approach to this type of hazard. But while these
natural disasters cannot be prevented, their results, such as loss of
life and property, can be reduced by proper planning and preparedness.

The tsunami hazard is not frequent and when it does occur its
destructiveness varlies from place to place. With proper planning it is a
hazard that can be dealt with effectively, and its effects can be
considerably mitigated. Mo matter how remote, the likelihood of a
tsunaml should be considered in developing plans for public safety and
lend use management. While some degree of risk is acceptable, government
agencies should promote new development and population growth in areas of
greater safety and less potential risk (Pararas-Carayannis, 1983). Such
government agencies should formulate land-use regulations for a given
coastal area with the tsuneml risk potential in mind, particularly if
such an area is known to have sustained tsunaml demage in the past.

Tsuneal Hazerd Planning and Proparedness requive proper hazard
analysis as outlined previously. This ig falrly simple for certain
regions of the Pacific and very difficult for others. Once the historlc
record of tsunami activity has been examined and proper studies have been
completed, only then, fundamental questions of preparedness can be
addressed, such as: What safety measures can be taken by authorities in
protecting the coastal population end vital coastal resources, industrles
and structures? How can the risk of the tsunaml haracd be ninimized?

Ave public safety personnel properly trained to deal with the disaster?
Are relief facilitles adequate to respond in an emergency situatlon?
What level of risk is acceptadble? .

Public Safety: Public safety should be the primary consideration.
Government sgencies have the responsibility of evaluating the tsunanmi
hazard in accordance with the methodology described and establishing
adequate warning procedures to protect the cormunities under their
Juriediction. It is difficult to establish acceptability of the tsunemi
hazard in terms of risk to 1ife. It is the responsibility of the
planners to establish standards of an acceptable personal risk and ratlo

143



of injury to fatality. From a moralistic polnt of view any loss of life
is unacceptoble whether directly or indirectly assocliated with the
potential hazard.

Protection of Property: The level st which property risk becomes
unacceptable will generally depend upon thw socloeconomic cost of the
disaster and of the size of the benefits actruing from the property in
question. For example, loss of agricultural property and land use may be
more acceptable than loss of a nuclear power plant, For such reasons,
high risk standards may be required for cextain lifeline facilitlies since
this often lmposes a great soclal and ecvnomic disruption cost, should
they fail. Examples of this type of )and use may include communicatlon
centers, chemical factories, nuclear power plants, and other important
englneering structures. Any unnecsssary rlsk to such unique and vital or
dangerous properties may result in enormous secondary damages in case of
failure (Pararas-Carayannis 1976). For this reason cisk should be
decreased to the greatest technologically feasible extent by proper
design and land utilization. oOther lifeline facilities may bear
substantial social costs, such as loss of important facilities, as
hospitals, fire statlions, or police services. Such gervices are vital in
disasters and their facilitlies rhould be appropriately protected to
guarantee thelr ability to function during perlods of emergency.

Warning Procedures: The key element to a tsunaml safety program is
a tsunaml warning system. For areas where such a system is not
functioning it should be established to allow for the monitoring of
potential tsunaml disasters and for the issuance of warnings. GCivil
Defense Agenclies should establish plans for evacuation or other
preventative measures to be taken vhen a tsunaml danger arises. Present
tsunaml protective measures involve primarily exlsting tsunaml warning
systems which employ advanced technological instrumentation for data
collection and for warning communications. Many developed nations of the
Pacific have developed sophlsticated warning systems and have accepted
the responsiblility to share tsunami warning information with other
countries of the Pacific.

Tsunaml Exercises and Public Uducation: A program of public
education is the minirum requirement to minimize loss of life. Warning
procedures should to established, and once established, they should be
reviewed frequently tu define and detormine bhetter respective
responeibllities between the different government agencles at all
levels. These agencles should publish proper training for public safety
personnel and for the clitizens in guneral. Tsunaml exercises should be
held frequently. Warning procedures are inevitably more successful if
community awareness has been heightened and a disaster plan drawn up to
ensure Lhat all necesrary tasks ere accomplished with a minimum of delay
or confusion during a tsunaml disaester. To accomplish this objectlve a
comprehensive prograa of public education is necessary.
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Honolulu

Figure 1. Tsunzal fnundation map for Honolulu, Hawaii,
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INVESTIGATION FOR TSUNAMI HAZARD MITIGATION
IN DEVELOPING COUNTRIES

Julio Kuroiwa
United Nations Diaster Relief Office

SYNOPSIS

Two previous studies made in Perd on seismic micro -
zonation and vulnerability of Metropolitan Lima (ML) had shown the
necessity to investigate the tsunami effects on the 100 kms of ML
sea shore. The run up, inundation zones, and the arrival time of
nearly generated tsunamis were found for urban planning purpose -
and to prepare realistic evacuation plans for people living in in
undation built up areas, To verify the soundness of the used meth
od and the assumod nypothesis, the numerical results were check
with actual records and historical data., The comparison was very
satisfactory in spite that the method used was practical and unsé-
phisticated, and ma{ be useful for developing countries located -
around the Pacific basin,

INTRODUCTION

For developing countries located in disaster ~ prone
areas, planning for mitigating their effects is a must,to give good
use of the scarce economic resources and to avoid catastrophic -
lsses a during the 1970 Perd earthquake when 67,000 lost their -
lives and the material loses amounted more than USD 500 millions,
and the 1983 torrential rain originated by el Niilo phenomena when
the losses wore about USD One Bil%ion in Perd, marking worse the -
country difficult economic situation,

But realistic physical planning requieres a detailed
knowked%e of the natural conditions existing at the area to be oc-
ocoupled by settlers to located important engineering projects.

According to this premise during the 70's a micro-
zonation study method was developed in Pord %1)*, in which not only
the relative seismioc wave amplifiocation was taken hto account, but
aldo all types of natural disasters menacing the area of inteorest
as inundations, land slides, oto, At tho end of that decado thdmoth
od was simplified to be usoe in planning of small to medium size hu
man settloments (2)
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To apply thne microzonation method to low coastal -
“arfeas, where tsunamigenic earthquake occurs, it is apparent “that
tsunami run up and delimitation of the inundation areas are needed.

On the other hand, from 1973 to 1978, a vulnerability
study of Metropolitan Lima was made under the auspice of Perd Civil
Defense (3)., From that investigutions it was concluded that the
most critical areas were the city old sections, where there are nu
merons overcrowded adobe constructions built before 1940, In Callao
the nearby seaport, the old section is located in tsunami inundaim
area, Persons trapped under the debris of those constructions may
not be rescued on time if the area is attacked by tsunamis gener-
ated near the coast, For evacuation plans or rescue works, the
time elapsed between the ocurrence of the tsunamigenic earthquake -
and the arrival of the first tsunami wave to coast, is critical.

In due of these necessities, tsunamis investigations
were made in Perd under UNDRO auspice during 3 years (1981-83), re
sulting mainly in a Civil Engineering thesis (4¥ and a special re
port to UNDRO and the Peruvian government (5)., To the internationd
community the studies were reported in two papers: During the 8th
World Conference on Earthquake Engineering (San Francisco, CA, 198})
(6), in which emphasis was given to the physical planning of settle
ments near the sea shore; and in this paper, where tsunami investi
zation itseself is of prime concern, so that the author who is a new
comer in this field, may receive suggestions and criticisms from
the tsunaml experts attending this event, and may be useful to cher
developing countries with similar problenms,

TSUNAMI INVESTIGATION IN PERU

Tsunami has caused one of the worst natural disasters
in the Peru's history. In October 1746, tsunami waves generated by
a near origen 8,4 magnitude earthquake, razed Callao, killing 4800
of its 5008 inhabitants. In the western coast of South Amarica,
most of the destructive tsunamis had boen generated at the trench
oxtonding from Callao-Perd to Valparaiso-Chile. Outside of that
area, tsunamis have been reported in only two locations jin southom
Chile, in 1960 and in Tumaco~Colombia, in 1906 & 1979.

This study was concentrated in tho 100 kms of Metropo
litan Lina coast, the oountr{ most important, oxtending from Ancén
to Pucusana, Callao is locatsd about the center of that stripe.
There,diatant tsunami have causad nogligible damages on inland in
fraestruoture in the last 4 1/2 conturies, in contrast with  the
Hawaiian Islands where tounamis generated in 8ho Pacific basin 1is
received directly in some point of theirs 360" of coast, and most
of the damages had been caused by distant tsunanmja,

It nooms to be that booause of tho orientation of the
studied coast, tsunamie gonoratod from southern Chile, alonf the
wostorn coast of tho Amoricas, Kamohatka and Japan have negligible
offects thore. For oxample, the 1960 Chile tsunamis did not cause
notioiable damagos in Pord, but caused hoavy destructions in Hawai
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and northern Honshu in Japan.

Dus to the orientation of the Kermadec-Tonga trench
in relation to the peruvian coast, tsunamis generated therefore may
cause damages in the studied area, therefor special care should be
taken 1if warning is 1ssued for tsunamis originated there.

Historical information show that destructive tsunamis
that have affacted the peruvian coast had their origin east of the
Perd-Chile trench. i.e., between that trench and the coast. On the
other hand, thore are tsunami refraction charts of distant tsunams
and other usefvl informations developed by a well organized scien-
tific community. In contrast, very few investigaticns have been
made in developing countries located in the Pacific basin on tsumamis
with near origia. For these reasons, this study piy more attention
to tsunamis comlilng from near source,

Since this investigation is a consecuence or continua
tion of tWo previous studies, its objectives were clear:

- Delimit the tsunaml inundation areas of the 100 kms of the Metro
politan Lima coast. The present population of Lima is 5 millions
At the beginniag of the next century, only 20 years away, the pop
ulation will increase to about 10 millions., Thousands will settle
along the coast, To protect those people and their investment,
it is necessary to take in consideration tsunami inundation in
the urban planning and design. A large population requieres an
extense recreational area, A stripe parsllel to the sea shore
is appropriate for thet use, Its width %3 one of the information
found in this study.

- The arrival time of the first tsunami wave originated near the
Lima coast must be determined to prepare realistic evacuation
plan for the people living in tsunami inundation area, being crit
ical La Punta, a low lying 2.4 km long peninsula,

Conscious of the limitation existing in a developing
country, the investigation method used was practical and direct,
however it requires engineering judgement and the numerical results
need to be compareod wi%h actually roecorded tsunamis, earthquake
data and historical information to verifly the soundness of themsth
od used and the assumed hypothesis,

For determining the tsunami run up, the Yamaguchi
formula was used the disturbed ocean bottom was assumed to be an
ellipse whioh was used, as original shapn of the wave front., The
size of the major and minor axes wore filxed as function of the -
earthquake magnitude according to the Ilda oriteria. The sea botton
countonrs information was provided by the Direcdion de Hidrografia
y Navegation, DHINA, of the Peruvian ha'ﬁ. The boundary »~f the -
inundation areas were dotermined using the japanese exporience(7).
For most of the places it was assumed that the wave height decline
with a slope of 1% as forwvard inland.

To select tho most probabls locativa and orientation
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of the sea bottom disturbed area, the isoseismal lines of past -
earthquakes weve examined together with the boundary and interfa
ce between the Nazca and Southamerican plates. It was specially

useful the epicenters of the 1966 and 1974 Peri earthquakes, which
werv considered to be reliable data, By drawing a straight line
aoross those two points,it was found to be parallel to the coast
al line., This result is solid with the former data.

The refraction draging of tge 1966 (M= 7.5 ,78.6°W, 10.7
S ) and 1974 (M= 7.5, 77.8° W, 12,3”8) earthquakes were made -
using knom method (8). The location of their epicenters were -
used as origen of the ellipsea with the major axis parallel to
the coastal line, Figs 1 &2 show the rufraction curves of the -
1966 tsunami and the one recordpd at La Punta- Callao, with the -
earthquake local time mark (16 " 41 m 38 9) and the arrival local
time of the first tsunami wave (170 36™), giving a_difference of
54 ™ , From the drawing,that difference is also 54 R, In general
it 18 not expected such an agreement. It was considered that the
regult shows that the method, hypothesis and data used were so-
unds,

The 1Y . ’arthquake had just its epicenter offshore in
front of Lima, i.¢, the most unfavorable location to give the -
ninimun arrival time to its coast. The difraction drawing and -
the recorded tsunami at La Punta- Callao, were given in Ref. 6.
The travel time are respectivaly 25 m and 21 m. The october 1746
tsunami arrived to Callao 30 m after the searthquake, Three di-
fferent methods gave acceptable results. Considering wider disturbh
ed area for larger earthquake magnitude, but limited by the -
interface wide of corresponding interacting plates, it was reco-
2mended to take 20 minutes for preparing the evacuation plan for

he area.

It was also prepared a chart for a fast estimation of -
the arrival time of the first tsunami wave to any coastal point
of ML as function of earthquake magnitude and the parameters -
discuased before (5).

According to the sea bottom topography, the tsunanmi run
up were caloulated for different point of the 100 km ML coast -
ranging from 6.7 m in Pucusana in the south,to 3,2 m in Ancon -
in the north,and 7 m for La Punta- Callao,

An investigation made for the area by Hebenstreit and -
whitakert (9) gives 9 m for La Punta- Callao, for the case of sea
oottom instantanocous and uniform uplift and 3 m., in case of varia
ble uplift, but with the source rather north froa Lima., If the -
firet hy¥0theaia is ocompured with actual feots is possibly a bit
conservative. Tho 1746 tsunami roached to a point 1.3 km inland
whero the olevation 18 6 m over the sea lovel. Soame people .
survived on the top of a thiock defense wall located near the -
shore and 7 m over the sea level,

150



Taking in to account all these informations the inundation area
for La Punta- Callao was delineaved,

In the same way the inundation areas of towns located-
at ML shore and some areas to be occupied by settlers in a near
future were drawn, General recommendations were given for urban
planning and design to mitigate the tsunami destructive effects
in the studied area (6),

WORKS IN PROGRESS

The works on tsunamis are being continued in two direc-
tions : public education, by spreading basic knowledges on tswmamics,
the investigation results and the evacuation plan, and, detailed
studies of La Punta- Callao inundation built up areas and Punta
Negra, for physical planning for hazard mitigation.

Public education and evacuation plan,

For preparing a realistic evacuation plan for people living in
tsunami inundation areas, it is necessary to have reliable data

and the full cooperation of the involved persons., To do so, -
tsunanmi basic informations key numerical results of the investi
%ation made for the area, and the prepared plan, have to be of -
heir knowledge.

In coordination with Perd National Committe of Civil -
Defense and the auspice of UNDRO, two types of publication have

been prepared:

- A 91 pagen report (5), which includes: tsunami related
problems in ML, general information on tsunami, method used in -
the investigation, numerical results and graphics for the -
100 Kms of ML coast, inundation and shelter areas, and evacuation
routes for each studied locality,together with the evacuation -
plan, This publication will be delivered to local authorities :
nuniocipal, civlil dofense, navy, police., Private clubs and organj
zations, 8hool teachers and the most educated people of the conm-
munity who may take the leadorship in case of emergency.

- A 8 pages pamphlet, in wich minimum requiered informa-
tion 18 included, so that in case of emergency people may react
rationallz and in a flexiblo way, according to tge circunstances -
that magl o s8somochow differont to the prepared evacuation plan,

This publicationis to b hand ovar to all families living tri me
tsunami inundation areas. The distribution of these publication
will be complemented by lectures in the respective localities.
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Physical planning for tsunami hazard mitigation.

General recommendations have been given for physica™ planning of
the studied area (6), but application for specific area roquieres
a more detelled investigation., For this purpose two locations-
have bteen selected : La Punta - Callao, where a large population
live in the tsunami inundation area, including a relative extense
area covered by old adobe constructions, and Punta Negra a small
town located 48 kms south from Lima. This town was choosen -
becausas it was considered to be appropriate for a pilot study ,
and later used as model solution for settlements along the 100 -
kms of ML coast, where hundred of thousands of new inhabitans is
going to live in the next 20 years,

To get support for this project a proposal have been -~
prepared together with Urban Regional Reserarch (URR) of Seattle,
Washington and submited to USAID by the Perid National Council of
Science and Technology%URR have experienced in physical planning
for tsunami hazard nitigation in the Hawaiian Islands and Alaska,
At the mean time necessary basic informations are beinz collected
in coordination with URR., (* CONCYTEC)
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STATUS OF TSUNAMI RESRARCH

T. 8, Murty
Institute of Ocean 8clences- Canada

I. IMIRODVICTION

This is a brief review of the status of tsunaml research., The
review i8 not meant to be comprehensive, tut deals only with those
topics in which the suthor has 8 4irect interest. Section II deals
with phase dispersion (also referred to as frequency dispersion) and
amplitude dispersion (also known as nonlinear effects). In Section
III the energy relationship between earthquakes and tsunamis is
considered. Then, some aspects of tsunami generation and propagation
using the so-called Boussinesq Equations sre considered. The
influence of ocean bottom topographic features on tsunaml travel is
also considered. An explanation is provided for ths slower than
expected travel of tsunaemis in shallow coastal inlets.

8ection 1V desls with tsunami forerunners, especially whether
the so-called lateral waves cen be used to account for forerunners.
Section V is concerned with the possible tsunemis that will be
generatod if the predicted large earthquakes occur in various seismic

gaps.
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11, DISPERSION

Teunamlis belong to the class of long gravity waves for which the
horizontal length g *ie i8 very much greater than the water depth.
There are three reg .13 of approximation for the Long Wave Theory
(Murty, 1977):

8) Linear equations,
b) Finite-amplitude equatiors, and
¢) Kortweg-de Vries (¥dV) type equations.

The following three characteristic lengths determine which of the
tbove three regimes is appropriate:

a) Water Depth D,
b) Wave Length )},
¢) Wave Amplitude 1),

From these three characteristic length scales, the following
three dimensionless parameters can be defined:

g ml
€E—q—‘.P§'—,U§E—
D A2 D3 (1)

where U is known as the Ursell Parameter. Thie Parameter expresses
the relative importance of amplitude dispersion (nonlinear effects)
versus phase (frequency) dispersion.

In the linear periodic wave theory, frequency w is given by:

w? = yK ten (xD) (2)

where g is acceleration due to gravity, K iv wave number. Then the
phaso velocity C is given by:

C» w,
K (3)

For very long weves tank (KD) can be approximated by the leading term
in ite expansion. Then from (2) and (3)

2 2 (4)
c.qs-{l- w2
3 M

where K = 211/A
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From equation (4) it can be seen that long waves travel with a
speed mainly determined by water depth, but subject to s small
negative correction proportional to p. 7Two wave components with a
slightly different value of , will tend to separate as they travel.
This » is a measure of the frequency dispersion.

To understand the other type of dispersion, consider the formula
for the celerity of a solitary wave

c~.l'{n'(1+_§_) (5)
2

The celerity is approximately given by JaD but is subject to a small
positive correction,.proportional to the“relative amplitude &.
Thus € 18 a measure of the amplitude dispersion.

One can distinguish among the following three regimes for U:

€1 Amplitude dispersion can be ignored. Linear long wave
theory is valid.

6 (1) Both amplitude and phase dispersions are important. The
U Boussinesq Equations are approprliate. Under certain
conditions these equations reduce to the KdV equations.

»1 Amplitude dispersion dominates. Finite-amplitude,
non-linear, long wave theory is appropriate.

In tsunaml studies both linear and nonlinear long wave equations
have been used, However, for tsunami travel over the continental
shelf, neither the linear nhor the nonlinear forms might be relevant.
Ona might have to use intermediate type Boussinesq Equatlons,

The reduced form of the Boussinesq Equation, in dimonsionless

form is:
o i 3 2 1 32
+ + (n?) + — p-——ﬂ- 0
it o u ax 6 ax3 (6)

This equation can be used to understand the interaction between
smplitude snd phase dispersions. To exsmine the properties of this
equation, drop the numericnl factors, and rewrite it as follows:

on on o atn
+ +€n + M =0 D)
-} 4 ax ax axd
This equation is suiteble for initlel value problems in which
n(a,0) = F(x) (8)
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is prescribed. Both amplitude and phase disperaions will tend to
distort the wave forms. However, there might bs situations when both
effects cancel each other for special wave forms. 1In this case the

solution is:
B = PF(x=-C-t) (9)
‘where C is the speed of propagation of the waves.

From (7) and (9), after introducting f = 0 and integrating with
respect to x, we get

1 3p
(1 -C)P + —¢€F2 4 gp———=um 0
2 ax2 (10)

Hultiply this with 2FP/3x and integrate again with respect to x to give

1 1 1 ap |2
—— (1 =C)F2 + — €P} 4 —p[— =B
X

2 6 2 3 (11)

where B 18 a constant of integration.

Bquation (11) can be solved in terms of elliptic functions.
S8ince these functions are represented by "Cn" the name "cnoidal
waves" was coined to refer to the solutions of (10). For B - 0 the
solution of (11) is

P
= (12)
x8h? (&)
where
3(c-1) 1 C-1
PE r3 and Qs — | —
2 v p (13)

This is the solution for the so-culled solitary wave. For this case,
the Ursoll Parameter bacomes!

Us ——

.1.)

(2“"

which is independant of C snd P, From (10) the speed of propagstion
of the solitary wave is given by

1, P
PR SN . B
2 R x? (14)
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III. OENERATION AND PROPAGATION

Table 1 compares esarthquake snergy versus tsunami energy for some
typical cases. It can bes seen that spproximately s tenth of the
earthquake energy goes in generating tsunamis.

TABLE ]
EARTHQUAKE ENERGY VERSUS TSUNAMI EWERGY

Esrthquake Richter Seismic Tsunami
Magnitude Weve Energy Energy
(1023 ERGS) (1023 ERGS)

Chile, May 22, 1960 8.5 35.3 3.0
Sanriku, March 1, 1933 8.3 17.8 1.7
Nenkaido, Dec. 20, 1946 8.1 8.9 0.8
Tokachi, March 4, 1952 8.1 8.9 0.8
Tonankai, Dec. 7, 1944 8.0 6.3 0.79
Aomori, Feb, 10, 1945 7.3 0.56 0.004

The initial value problem for surface waves is known as the
Cauchy-Polgson (C.P.) Problem. Usually the following two initial states
are considoraed:

(a) initial elevation of the free surfaece with no motion,

(b) initially a horizontal surface with an initiel distribution of
surface impulse.

Earlier we mentioned that the KdV Equations are applicable for
propagation in one direction only. Yor the general case, one has to use
the Boussinesq Rquations

v 1 v 1 ew
Srtarns o ‘, ’V)J + qu = —hv(v.h - - hzv b cmmm—— (15)
2 P 6 ok

+ 9 (th)u} w0 (16)

where w is the vertically averaged horizontal velocity vector, m is the
surface displacemsnt, h is the water depth and V is the gradient
operator in the plane of the sea surface,

Hammack (1973) distinguished betwesn impulsive and slow (or

cresping earthquakes) through dimensional snalysis. The following five
pavamstars are relevantt
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(a) Amplitude of vertical displacement of the ocesn bottonlyo
(b) Duration of displacement F,

(c) Horizontal size of displacement B

(d) Water depth D and

() Acceleration due to 5ravlty?'

These five independent variables are available to scale the dimensional
variables of the problea.

The dependent variable which is the water surface displacemont can
ba written as:

B = “yo’ kv By D, J ) (an

since these five independant.variables involve only two physical
dimensions (length and time), according to the Buchingham II-Theorem,
the normalized water surface displacement hsould be a function of

5 ~ 2 »w 3 dimensionless ratios. A possible choice is

LIy o._”-.»cl_f_)
Ho D D D (18)

where ’J./D is the amplitude scale of bed displacement, B/D is the size

scale and ;'cJ? is the time scale. One cen distinguish between
D

« 1 impulsive earthquakes
£, F
D #» 1 creeping earthquakes
In tsunaml studies, mostly we are concerned with impulsive quakes.
The typical forms of bed displacemont used are the following:

Exponentisl Time Displacoment

-at

Hlar) = by o (1-¢ )u (B2-x2) for §20

The haaviside step function H (B2.x2) 1is defined as

1 FOR B2.,2 » ¢
2-
B (B%x) =1 pop B2 < o
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The other form, known as half sine time displacemcnt is

1 i}
&(x,r-) -ﬁo — (1 -C08 1‘) H(T-t) + B(t-T){ H (B?-)2)

2
for £ 20
Hare
FPor 3T H(T-t) =1 ArD H(3-T) =0
For 2>T H(T-£) =0 AD H(z-T) =1

Tsunzal travel time curves are generally constructed using the
so-callad Green-Du Boys formuls for long gravity waves

=

where C is the speed of propagation, g’ie acceleration due to gravity
and h is the average watsr depth. Megoldrick (1968) considered ocean
bottom with sinusoidal undulations, and in the frameworx of the
linearized shallow water theory he showed that in most cases the bottom
Srregularity slows down the long waves. However, if the wave length is
of the same order as the scale of the bottom features, then the above
formula 18 not valid and in a certain reglon, instead of retardation,
the waves travel faster than predicted by the Green-DuBoys formula. In
other words, the waves gain more time while travelling over the troughs
of -the botton undulations than they lose while propagating over the
crests,

The travel-time charts that are in use now were constructed in the
late 1940's, and it is claimed that these charts are accurate to within
+ 1.5 minutes for every hour of tsuneaml travel. This might be true in
deep water, but it is not clear what the accuracy i1s on the shelf, and
particularly in shallow coastal inletsy. Also ons should be able to
construct better travel-time charts meking use of the hydrographic and
bathymatric data available since the 1940'g, For techniques of
representing the bottom featuras, ses Katz (1963 a,b) and Pox and Hayes
(1985).

Por the Chilean earthquake tsunaml of Hay 1960, the travel-tires
computed from the long wave forrmula do not agree with the observed
travel tines at some stations in the Queen Charlotte Strait on the west
coast of Canada., For these stations there was about two hours of delay
in the arrival of the tsunami (Loucks, 1962). Haking use of a concept
that in shallow water the propagation of a long gravity wave is governed
predominantly by friction (le Blond, 1978), Murty (1983) suggested an
explanation to account for these delays.
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FPigure 1 shows the tsunami records at Tofino, British Columbia, and
Crescent City, California, for the Chilean earthquake tsunami of May
1960, The tsunaml forerunners are indicated by the arrows. Hurty and
Loomis (1983) suggested that these might be explained in terms of the
so-called latersl waves (Xing and Le Blond, 1982),

King and Le Blond (1982) introduced the term "lateral wave" to
describe a wave that arises at a depth discontinuity in the ocean such
as at the boundary betwseen a continental shelf and the deep ocean.
Figure 2 shows schematically a continental shelf sloping to a deep
ocean. The blackened area represents the region of tsunami generation
due to a submarine quake on the shelf. The direct wave travels entirely
in shallow water, where as part of the energy from the source is
radiated into deep water. From the deep water wave travelling along the
edge of the shelf on the deep water side, energy is continuously
diffracted back onto the shelf and the coast, and this wave motion
constitutes the lateral wave.

The path taken by the direct wave is entirely in shallow water
whereas for the lateral wave, a suhstantial part of the travel occurs in
desp water. Thus the lateral wave can arrive at coastal locations even
before the arrival of the direct wava. The difference in the time
interval between the arrival of the lateral wave and the direct wave at
a given coastal location increases with the distance of the station from
the tsunami source.

Murty and Loomis (1983) extended the work of King and Le Blond
(1982) in several ways. Firstly, instead of using ray techniques,
numerical simulation was used. The earllier case of a shelf of uniform
depth meeting the deep ocean through a depth discontinuity is extended
to the case of a sloping sheif. Thirdly, some attewpts were made to
idoentify the lateral waves with tsunaml forerunners.

Figure 3 shows the results of numerical simulation for the Hawalian
Islands region. The abcissa is the time in minutes that elapsed after
the impulsive generation of the tsunemi. The computed water leveln are
shown a8 a function of time at various distances from the source. Along
the ordinate, the location marked by zero is the tsunami source. The
disturbance at the source as a function of time is also shown. The
scale for the amplitude of the disturbance at the source is also
indicated. Although the 5 m amplitude shown is exaeggerated, aince the
problea considered is linear, the results could be deduced for any other
smplitude. In Figure 3, V; 1ig the lateral wave, V, is the first
significant crest of tho tsunaml and V3 1s the wave with the maximum
energy (amplitude).
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V. 8 18 TO0 ) (¢ G UAKES EISHIC GAPS

Gvishiani and Soloviev (1984) studied the Pacific coast of South
America between the squator and 40 degrees S and classified the
coastline according to the potential for occurrence of earthquakes with
magnitudes greater than 7.75. Kim «nd 8himizu (1982) numerically
simulated the tsunami that will result from a gredicted large earthquake
in the Tokal district of the southern coastal area of central Japan.

Welchert and Rogers (1985) suggested that the Vancouver Island area
on the Paciflc coast of Canade is due for a major earthquake. The last
time there was a major earthquake in this areas was on June 23, 1946. A
small local tsunemi was generated in the Strait of Georgia (Rogerr and
Hasegawa, 1978).

Another important selsmic gap is in the Shumagin Island area of the
eastern part of the Aleutian Islands chain (Figure 4). It was suggested
that a major earthquake will occur here within the next two decades
(Jacob, 1984). It 3is expected that this earthquake will be at least as
large as the Alaska Earthquake of March 1964. Although the direct
effects of the earthquake itself will be confined mainly to the Alaska
and Aleutian Islends area, the indirect effect, i.e. the resulting
teunaml, is expected to travel Pacific Ncean-wide end cause great
destruction.

Kowalik and Murty (1984) numericelly simulated this tsunami. The
equations of motions and continuity in a spherical polar co-ordinate
system are (e.g. sae Hurty, 19384)

The equations of motion and continuity in a spherical polar
coordinete system are [e.g., see Murty, 1984)

A‘-’-.. —K-.q .;.B_-aF-O
e~ VNt Rooss o

k) KV _ gon,
o + £fU + il + R ) 0

1 ) 9
Teost -5%- (uv) +'a-’—-(KVc0l0) +3'2' =0

Here A is the east longitude, ¢ 18 the north latitude, R is the radius

of the earth, f is the coriolie parameter, g is gravity, (1,4) is the
water depth is the equilibrium state and 1s the deviation of the free
surface from the equilibrium level; here U and V are the east and north .

components of the depth-averaged currents, t is time and X is a linear
botton friction co-efficient.
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In this desp ocean modol, they have not included the nonlinear
advective terms and the horizontal frictional terms, since these terms
are expected to make no significant contribution. As for the boundary
conditions, & radiation condition was used at the open boundaries and at
the shore the normal velocity is equated to zero. The grid scheme and
Lthe finite-difference forms used here are similar to those in Reaaming
and Xowalik (1980). The model is calibrated agalnst tides and storm
surges in the polar regions (Xowalik and Matthews, 1982)., 8ince
tounamis sre long gravity waves such as tides and storm surges, the
model calibration is believed to be valid for tsunaais also.

Pigure 5 shows the tsunaml source ares and the travel times in
seconds of the leading wave. Figure 6 shows the deep water amplitudes.
Note that a major portion of the tsunami energy is directed toward the
Hawallen Islande, Other areas which have major impact will be Alaska
and the west coast of the North American continent (note that this model
only includes the area bordering the northeast part of the Pacific
Ocean). Little energy will enter the shallow Bering Sea. In Figure 6
the tsurami amplitudes shown are for the deep water. They can be
amplified many fold on the continantal shelf and in some coastal inlets.
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THE USE OF MNUMERICAL TSUNAMI MODELS
IN OPERATIONAL WABNING ENVIRONWMENTS

Gerald T. Hebenstreit
Harine Analysis Division
Science Applications International Corp.
McLean, VWirginia USA 22101

1. INTRODUCTI1ON

A great deal of effort in the past two decades has gone into the
development, testing, and application of computer models of tsunamis.
Although such models have been used extenslively for research, very few
attempts have been made to integrate them into tsunaml warning
operations. Early models, and many of the wore complicated present day
codes, were programmed to run on mainframe and super computers. Such
machines have rarely been avallable to warning centers on a regular
basis, and little pressure has existed to prod the development of
real-time operatlonal models. The recent proliferation of mini-computers
and extremely powerful micro-computers has served to revive interest in
operational models. The purpose of this paper is to lay out, in a
non-technical fashion, some of the factors that must be considered when
contemplating tho feasibility of operational models. It will also
discuss the types of tasks that existing models can and cannot be
oexpected to perform. And, finally, it will give some indicatlion of
potential future uses of operational models.

2. FACTORS GUIDING MODEL DEVELOPMENT

Any numerical model, and especially ono which may eventualiy be
applied operationally, results from the interplay of three main factors:

e Physlcal/mathenatical factors
e Computational factors
o Usor needs

Let us examine each of these in turn.

3. PHYSICAL/HATHEHATICAL FACTORS

The first step in building a numerical tsunaml model is to develop
the set of equatlons necessary to describe the interplay of the forces
iwportant in the process being modeled. MHany possible physical forces
can act on tsunsmls, but not all of them are equally important. Table 1
lists some of the forces which could be taken into account and a general
idea of thelr signiflcance to varlous phases of tsunaml evaluation.

176



Once the forces deemed most appropriate have been selected, they
then must be coupled together into the desired set of equations., Each
application will probably require a slightly different balance of forces,
and thus slightly different equations. For example., an open-ocean
propagation model will use Corlolis and pressure gradient terms, but
probably not vertlical accelerations and bottom stresses; conversely, a
limited embayment model will need to take into account bottom stresses
and, possibly, vertlical acceleratlions, but not Coriolis forces.

Once the equatlons have been developed, initial and boundary
conditions must be inposed in order to obtain unique solutions. Table 2
lists various options for these conditions. Again, the type of
simulations desired govern the choices. A generation model will use a
specified initlal sea surface displacement based on sea floor motion as
initial conditlons, while a harbor model will probably start with the
basin at rest.

The point here is that numerical models can be formulated in a
nuaber of different ways depending on the mixture of physical forces
deemed appropriate to the problem at hand., This means that the
operational user must be awsre of the cholces made in developing a model
before declding how uceful its products can be.

L COMPUTATIONAL FACTORS

Once the model equations have been settled upon, the next task is to
get the computer to produce solutions. A number of techniques exist to
accomplish thie. Two of the most common are the finite-difference and
finite-element techniques. Both methods produce realistic results and,
at present, neither mathod seems clearly superior to the other.

In the finite-difference technique, the partial differentials in the
model equations are approiimated by linear differences of the dependent
variables in time and space and snlutions are obtained by cacrrying out
the differences. A variety of well-established, fully tested algorithms
have been used to obtain finite-difference solutions to tsunami
equations. f%hese methods can be computationally quite efficient (i.e.,
cheap) in certain types of probleams.

Finite-nlement models have only recently been applied to tsunaml
problems, although they have been in use for a number of years in other
flelds. The technique involves a vecasting of the model equatlons in
variational form so that some quentlity or quantities can be subject to a
constraint. The set of independent variables which most closely
satiefies the constraint is tho approximate solution to the problem. One
major advantsge to this method is the extremely high spatlial resolutlion
possible in the solutlion grid.
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TABLE 1

Some Phyelical Factors to be
Considered in Numerical #odel Development

Factor
Horizontal Préssure

Gradient

Earth's Rotation
(Coriolis)

Bottom Stress
(Friction)

Horizontal Advection

Vertical Acceleration

Bottom motion

Tidal forces

Importance

High for all cases

High for long distance (basin scale)
propagation; low for short scales

Probably low for deep water waves;
high for shallow water and runup

Important, but tricky to implement

Very low for deep water waves;
probably high for shoaling waves,
but expensive to include

Only for models including generation

Probably not necessary at any scale,
but tidal phase can be cruclal in
estimating inundation levels
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Sample

TABLE 2

Typical Initial and Boundary Conditions

Initial Conditions

Rest

Imposed Displacement

Moving Seafloor

Boundary Conditions

Reflection

Radiation

Forced

Moving

Far-Field

Implications

wWater in basin not moving yet

Earthquake has already occurred, but
waves have not left source

Earthquake begins to perturb sea
surface as simulation begins

Implications

Waves strike wall at boundary and
reflect completely back into grid.
Usually used gt land/sea boundaries,
but can be used on seaward
boundaries if source motlon is
inside model grid

Most (ideally, 8all) wave energy
reaching boundary passes through
without reflection. Used for
seaward boundaries

Wave height specified as a function
of time along seaward boundary.
Used in cases where waves arrive
from outside the grid.

Waves can push on past initial
boundary to form new limits. Used
to simulate flooding on dry land.

Wave elevation reduces to zero far
from the region of interest.
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The cholice of a solution technique is an important one for the
modeler -- and the pros and cons of various methods can be quite
fascinating. However, .from an operational standpoint, the overciding -
computational factor 1s cost. The basic fact of 1ife is that everything
involved with computers -- the computer itself, the computer time, the
computer programmer's time -- is expensive. The agency desiring to
integrate a modeling capability into an operational warning system must
decide whether to use existing computer facilities (if any) or add to
them (by purchase or lease). Or should it buy computer time from a
remote installation? Should the agency develop its own model and accept
the resulting costs in personnel time? Or should it contract for the
development of a model specific to the system's needs? Or borrow and
modify an existing model?

All of these options carry a price tag which must be realistically
evaluated in light of existing and potentially available resources.

5. USER NEEDS

The question of user's needs is intimately tied to the question of
what existing models can and can't do. The first thing a prospective
user must be aware of is that, at present, numerical models cannot
reliably predict tsunami behavior in real time in any great detail. This
is partly due to the fact that details of the source motion are usually
quite hazy until long after the event and partly due to the fairly long
computation times required for a detailed simulation. Also, existing
models can rarely reprqQduce earlier tsunamis in exact detail, again
largely because of the sparseness of detailed data on both the nature of
the source and the effects at the coastline.

On the other hand, a great deal of research and development has gone
into tsunami models and they can function quite well in a number of
areas. For example, if the details of the source motion are known,
existing models can do a good job of simulating waves in the source
area. They are also quite well-suited for estimating such factors as
travel times from a source, directionality of wave energy radiation, and
general threat level. As more research is done in the areas of runup
processes and wave-structure interactions, the capabilities of existing
models to simulate these processes are continually improving.

6. POTENTIAL USERS OF NUMERICAL MODELS

The choice of whether or not to augment an existing operational
system by adding numerical modeling capabilities revolves around the
three factors: what kinds of processes can models simulate, how much
will it cost, and do models exist that can meet present and projected
needs., As with any cholce of this nature, compromises need to be made.
Highly detaliled models, which include all of the physical processes
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ghaping tsunamil behavior, can be relatively accurate in their predictions
but quite expensive to run on large mainframe computers. Less
sophisticated models may cost considerably less, but produce only
moderately accurate predictions. The ideal solution may fall somewhere
in the middle.

Givan the complexity of the issues involved, why should an
operational system conzlider adding numerical modeling capabilities. Can
they play any sort of useful role? The answer is that numerical models
can be quite valuable in two modes: pre-event mode and real-time mode.

In the pre-event mode, models can be uged to develop threat
assessments prior to actual events. For example, if an earthquake occurs
in an exlisting seismic gap, how would a tsunaml be likely to threaten my
coastline? Ave some locations subject to more of a threat than others?
Models have also been used to examine the effectiveness of protective
barriers, evacuation plans, and relief infrastructures. They can also be
used quite effectively to provide detailed scenarios for test exercises.

In the real-time mode, models can rapidly produce relatively
accurate travel-time estimates. Tohoku University in Japan is developing
a super-computer-based system for rcal-time predictions of wave height.
On a lesser scale mini- and micro-computer based models will probably
soon be capable of producing very rough wave height egtimates within an
hour or 8o after an earthquake.

7. THP FUTURE

The koy to unlocking the full potential of numerical models in an
operationsl setting lies not so much in the models themselves as in the
warning systems. The types of information and the speed with which they
are obtained are the dominant factors.

If the time it takes to accurately locate potentially tsunamigenic
earthquakes can be reduced, then travel-time estimates can be produced
much more rapidly. If information about the size of the source can be
obtainnd quickly, then rough wave height and direction estimates would be
possible in real-time. And if conflrming water-level nbservations can be
acquired quickly, then refined wave height estimates are completely
possibie.
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SKISMOLOGICAL AND HYDROPHYSICAL FOUMDATIONS OF
SHORT-TERHM TSUNAMI PREDICTION

S.L. Soloviev
USSR Academy of Sciences

Tsunamis occur in all oceans but principally in the Pacific. The
distribution of tsunaml sources is shown on Figure 1. Large tsunamis are
responsible for extensive loss of lives and destruction to property.
Tsunaml prediction is of vital importance for the safety of the
population living on the coastal areas in the Pacific and elsewhere.

Tsunaml prediction in terms of a time scale will be discussed.
Long-term predictlon is based on estimating the probability of water
inundation of 4ifferent heights at given points on the shore. Such
estimates of the tsunami risk are very important in order tc make use of
all the coastal zomne.

Under intermedlate-term prediction, estimates can be made of the
origin times of largo underwater tsunamigenic earthquakes. There are
examples of successful predictions of some earthquakes based on the
theory of seismlc gaps or on other models. However, such predictions are
not used routinely.

Just after a strong earthquake occurs, short-term tsunami
prediction is used to determine whether a tsunnml has besn generated or
not. All major Tsunami Warning Systems operating in the Pacific Ocean by
the USA, Japan and USSR try to do short-term predictions. These Tsunami
Warning Services were established after the big Aleutian tsunaml of April
1, 1946, the Hokkaldo tsunami of March 4, 1957 and the Kamchatka tsunaml
of Movember 4, 1952. The physical foundationn of short-term tsunami
prediction have not changed significantly in the last 30 or A0 years.

For local tsunamigenic sources in Alaska, Aleutian Islands,
Kamchntka, Kurile Islands and Japan, the possiblility of tsunami
generation is estimated on the basis of only two criteria: location and
magnitude of the earthquake.

Tsunamis are generated by sudden displacements of the ocean floor
in a vertical or horizontal direction during an earthquake centered under
ths floor. The extent of the deformation of the ocesn floor, the length
of the rupture along the fault, the depth of the earthquake focus and
other source parameters, determine the intensity of the tsunsml.

The magnitude of an earthquake is an approximate rweasure of only
one scurce parameter and relates to the energy released. The general
underatanding of an earthquake's magnitude is very simple. It is
determlined by measuring the seismic wave amplitude A, or veloeity of
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ground oscillations A/T, at an epicentral diestance A. The measurement of
the seismic wave amplitude at any statlon must ba correlated to the
amplitude of the wave at the source snd this value is approximately equal
to the dimensions of the displacement along the seismic fault,

The assumption is made that the form of the amplitude curve dees
not depend on the energy of the earthquake. This is not quite correct
but it is very convenient for practical purposes because on a
remilogarithmlc scale, when instead of A or A/T their logarithus are
plotted, the amplitude curves of ull earthquakes become parallel. The
distance between them denotes the logarithm of the ratlo of dislocatlons
of seismic sources. A zero magnitude is assigned through npecial
definition to a very small underground shock which could bz determined by
the most sensitive seismic instrument. And the formula for magnitude

M is: H = log(A/A%) or M = log(A/T} - log(A/T)*, where logh* = £(4) or
10g(A/T)* = ? (A) are so called calibrating curves, that is amplitude

curves for earthquake with M = 0, Though the idna of mapnitude is vaery
slmple its practical application encounters difficultien due to anomalies
in the density of the Earth and the variety of instruments used in
measurements.

Several types of seismic waves following different travel paths are
recorded at a distent station. The principal ones are fho longitudinal P
and shear S waves, propagating through the Earth's intevior and the
Rayleigh and Love waves propagating aloang the Earth's surface. The
gimplest smplitude curves with minimal dispersion are curves of the
surface waves (Figure 2). This is the main reason why this type of
magnitude #;y, is usually determined by the tsunaml warning sygtems
operating in the Pacific. Amplitude curves of P and 8 waves sre wmore
complicated (Figure 3) and their dispersion is greater by spproximately
1.5. But these wuves travel faster, and magnitudes Wy and tlz can be
determined somewhat earlier than the magnitude Mpy.

Even application of the simplest magnitude scale VMyy needs some
caution especially in the Pacific reglon. The amplitude of the surface
waves depends on the velocity section of the uppermost Earth layers.

When the differences in the volocitles of seismlic waves in the crust and
in the upper mantle of the Karth are small, the pennitrvation of the enorgy
of surface waves 1s deeper and the amplitude of ths sucface wave appears
smaller. It is slong the boundaries of the Pacific oceanic plates with
the continental plates that these effects bacome move protounced and
speclal corrections to magnitude nust be applied (Figure 2).

Since seisnic waves propagate 15-30 times faster than tsunaml

waves, by recording the waves of an earthquake it is posslble to evaluate
the possibility of tsunaml generation before the tsunami wavas arcive.

183



This is very important for short-term tsunaml prediction, but the method
degcrribed is of purely statistical nature.

The efficlency of this method has been investigated quantitatively
and some ideas on tsunami intensity have been developed. A scale of
tsunaml intensity was amended by K. Iida and S. Soloviev (1973), from a
scale of tsunami magnitude proposed originally by A. Inamura. For most
teunamis we know only thoir manifestatlons on the coast but we have no
data on tsunaml parameters in the open ocean. Thus, we scale coagtal
manlfestations according to an intensity scale by using conditlionally the
mayimum observed value at a point ¢n the shore that is nearent to the
tsunaml source, and by assigning a tsunami intensity at the nource itself
bagoad on this value.

The tsunaml intensity i is determined approximately as:
i= logzt\‘g: = logzh"gs + 1/2 = logphfAT + 1/2 = logph™3r + 1.
(Soloviev, 1978)

Here hV18 gand W™ are the rises of water level on the coast in

neters, determined from visual obscrvations and tide gauge records
respectively; hg, and hy,,, are the average and maximum rizes of water
level nlong a section of the coast. The generalized intensity,
characterizing the tsunaml source, is denoted as I. 1In 7able 1 the ncale
with its descriptive part is shown. Humerous independent determinations
of intensities (or magnitudes) of tsunamis have shown that artors of I
estimations are not greater than 1/2 degres (Soloviev, 1979).

Detailed catalogues of earthquakes and tsunamie in the Pacific have
been c¢ompiled by the author and assistants, with homogeneous estimates of
earthiquake magnitudes Mpy (further denoted as M) and tsunemi
intensitles, I (Soloviev, Go, 1974, 1975).

Earthquakes and tsunamis recurrences in the Pacific have been
computed. They are shown on Figures 4 and 5. The thickness of belts in
these flgures is proportional to the frequency of tsunamis.

Comparison of two methods of computing recurrence frequency has
shown that the probabllity of tsunami excitation is not the same for
different seismic zones of the Pacific. For an earthiquake with a given
magnitudo it turned out to be minimal for typical zones of island arcs
and for Central America (double hatched belts) and maximal for zones of
block tectonics such as the shelves of Japan Sea, south-west Philippines,
Sulawesi and Kalimantan Islands in Indonesia (horizontally hatched
belts). Zones of intermediate type are shown by inclined hatching. When
passing from a zone of one type to the next one, the probability of
tsunami evxcitation rises by a factor of two. (Soloviev, 1912).

In order to take into account the effect of tectonic structure of
the zone, the parameter of tsunamigeneity T, has been introduced:
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T = ’

n{o)
N(74)
which is equal to the ratio of the frequency of tsunamis with intensity I
= 0, to the frequency of earthquakes with magnitude M = 7 1/2.

The efflclency of the seismological method of tsunami prediction
has been investigated as follows: The probability P for tsunami of
intenglity I appsaring on the shore, is the product of itwo probabilities
Py and P3. The first oue is the probability for an earthquake
capable of generating a tsunami of any intensity. The second probability
is the distribution of tsunamis according to their intensitles (Soloviev,
1972). HNormal laws of distributions have been used for smoothing the
empirical data. Accordingly, the following have been obtained:

P(1 c“.T) = PI(H'T)IZ _5;1’2(1.".1‘)

2.5(H-7.63+1.23108T)

2
Py(M,T) = edhee Y
! Vo Jr e 2 ,dv

— -0
I =a+{ bM

zonses -8 _ _b
island arcs -1¢.2 2.58
intermediate -10.9 1.62
block tectonic -4.72 0.83

log @ = 1.0 - 1.031gT

log b = 0.22 - 0.831gT

I =-11.01-1.03 & 1,667-0-83y

O = A.44 - 10gT - 0.4M

Po(I,H,T) = 4 - - 1)2
2( M, T) —_——o .51(—1(1 1)
V,277df

The rwsults which have been obtained have been used for estimating
the efficiercy of the seisrological magnitude method of short-term
tsuneni prediction (Table 2). The situation is obvious. The higher the
threshold value of the magnltude used to issue ¢ tsunami warning, the
greater will be the number of tsunamla missed snd the smaller will be the
number of false warnings, aud vice verss. Calculations have been carried
out for two zones: 1) Kamchatka and Kurile Islands, and 2) Japan Sea,
and for two classes of tsunmmis: 1)-1)0, 2) II31.
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For zones in the Paciflic coast of Kamchatka and Kurile Islands, the
magnitude threshold value is equal to My = 7. Thus it can be
concluded that no large tgunami can be missed but the number of falge
alarms may be as high as 80%. Analysis of the performance of the Soviet
Tsunaml Warning System gives somewhat different estimates but it does not
change the basic assumptlons. Earthquake magnitude alone is not a
sufficient parameter for reliable short-term tsunami prediction.

Therefore, one should look for alternate actions. Theoretically it
is possible to use other seismic source parameters that affect crustal
deformation, as, for example, the depth of the earthquake source.
Theoretical and empirical investigations show that the probability of
tsunami excitation decreases with increase in the depth of earthquake
focus (Figure 6). Unfortunately we do not have rapid methods for
determining reliably the depth of the seismic hypocenter. Other methods
exist for determining fault length and dogree of displacement caused by
an earthquake. However, we do not have presently reliasble rapid methods
of determining the source mechanism with data from one or few seismic
stations. Recent investigations by V.K. Gusyakov and L.B. Chubarov
(1984) have shown that the intensity of tsunamis generated by very gentle
ttrusts is spproximately the same and only the horizontal shift reduces
the tsunaml intensity.

In the past five years a number of studies in the USSR have led to
the discovery of some new tsunamigenic features of earthquakes. These
are: the time of bulldup of oscillations in P-waves up to a maximum; the
relationship between the low-frequency and the high-frequency part of the
spectrum of long-period P-waves and Reyleigh waves; the duration and the
mean rate of rupturing in the earthquake fault, as determined by A.V.
Vvedenskaya's technique; the total duration of P-waves; the corner point
of the P-waves spectrum, as found by the Brune method; the period of the
P-waves spectrum maximum, and soma other features.

Among the aforementioned parameters the one which is most easily
and quickly determined is the time of buildup of oscillations up to a
maximum in P-waves ( 7). This time was found to be a feature of the
tsuramigenity of an earthquake for a different frequency pass band of the
seismograph, at least under a variation of the period of maximum
amplification of the instrument from 1 to 20 seconds. The para-
meter (Tg) was found to be sensitive to the tsunamigenity of an
earthquake under different epicentral distances: from near to
teleseismic ones (Figure 7).

The efflclency of a tsunami forecast using the paraneter Tg and
the earthquake magnitude, was compared for teleselsmlc distances for the
records of long-period snd short-period seismographs and was found to be
approximately similar. Both of these parameters were found to be
stochastically interrelated with the correlation coefficient in the order
of 0.3, This is oxplained by a statlstical dependence between the length
of the fault in tae earthquake source, and the amount of crustal
displacements slong the fault.
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If the parameter ‘ﬁm is "corrected” for the earthquake magnitude,
it ceases to be gensitive to tsunamigenity of the earthquake.
Nevertheless, the joint application of the parameter T, and the
earthquake magnitude, increases the efficlency of the tsunaml Zorecast.
Some numerical experiments with past tsunamis even show that the joint
use of magnitude and some additlonal features of tsunamigenity can reduce
the number of false alarms to 5-10% (Soloviev, Burymskaya, 1981).

Reogardless of the reliability of new seismic methods for tsunami
prediction, these will remain always of purely statistical character.
Heanwhile it is possible to apply other methods for short-term tsunami
prediction on a purely deterministic basis. However, from the technical
point of view, these methods are difficult and expensive. For example,
it is possible to register tsunamis in real time, in the open ocean with
the help of bottom sensors. Physically such possibilities result from
the nature of tsunamis being very long gravity waves. Long periods of
the tsunami waves at first lead to the very slow alteration of water
elevation. Contrary to short period wind waves, long period tsunami
waves result in gravitatlonal changes which affect the entire water
column all the way to the ocean floor. A bottom sensor measuring the
hydrostatic pressure of the water column is able to detect the passage of
tsunami waves. The water particle motion of a long period wave, such as
tsunami is by far greater in a horizontal than in a vertical direction.
The ratio of the horizontal to vertical axes of orbital movement of water
particles of tsunaml waves is approximately equal to 1:/2an§7h, where
T is the period of the waves and H is depth of the ocean. 1In shallow
water, this ratio increases tremendously. Thus tsunamis are not only
water waves, but also mighty currents encompassing the entire water layer
from the surface to the bottom, except for a very thin boundary, the
turbulent near-bottom layer, with thickness of about 2 meters. Thus, a
near-bottom sensor of currents can also detect tsunami passage. Other
sensors can be also sensitive to tsunami passage as will be shown.

As an illustration to the previous discussion the correlation
between initial water elevation in the source region A, in meters, the
water depth H, in meters, and the current velocity in meters/second, for
some large tsunamis are shown in Table 3.

Experiments of deep-water tsunaml recordings were started in the
1960's at the Hawaii Institute of Geophysics by Dr. M. Vitousek and
others. Such hydrophysical methods of tsunami prediction were described
in the literature (Soloviev, 1968), and were implemented by the author at
the Hydrophysical Observatory on Shikotan Island -- ono of the extreme
vouth-east islands of the Kurlle arc. Experiments were started in
1964-1965. Interesting series of experiments wag carried out in
1969-1970 (Zhak, Soloviev, 1971). Two instrumenis were placed on the
ocean bottom in depths of 60 and 120 meters at a distance of 10-20 ¥m
from the shore and were connected to the observetory by cables. These
instruments were equipped with pressure sensors, current meters, and with
sensors recording temperature and electromagnetlic effects. They were
placed at an elevation of 1-3 meters above the bottom.
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Pressure sensors used were of the vibrotron type (DDV-20B). The
frequency range of measurements was equal to 0-10 cycles/second, and the
dynamic range was from 0-20 atmospheres. Short-period variations of
hydrostatic pressure (up to 1 hour) could be measured with the error
reduced with the help of special scheme to 1.5 centimeters in the entire
water column. A plezoceramic transducer was also used to measure the
derivative of water elevation. 1Its accuracy for perlods of tsunaml waves
was about 5%. Comparison with records of coastasl tide gauges showed that
the bottom instruments registered tides and swell without distortion.

During six months of continuous operation of the bottom instuments
about 60 weak solitary waves with periods 10-100 minutes were recorded.
Hore than ten of them were caused probably by local earthquakes because
the times of their appearance on the record coincided with calculated
{*mes of tsunami propagation and with signal forms similar to those
predicted theoretically (Figure 8). Passage of these small tsunamis
disturbed all the hydrophysical parameters under measurement. For
example changes of temperature reached one degree. The amplitude of the
swell rose in many instences. The turbulence in the near bottom layer
intensified. Reestablishment to the undisturbed state required 4-8 hours.

From 1964 to 1979, nineteen other similar bottom hydrophysical
cable systems were installed near Shikotan Island and at other points of
the Kuriles and at Sakhalin Island (Soloviev, 1981). But these
installations were temporary because cable lines (of geophysical logging
type) were lald out without special engineering protective measures and
gooner or later were destroyed (and most frequantly by spring-floating
ice). Their operational periods ranged from several weeks to one year,
and during this period no confirmed tsunamis were recorded.

The first big success was achieved in 1980 (Dykhan el al, 1981). A
new system equipped with a pressure sensor was installed in the summer of
1979 at a depth of 113 m and 8 km from the south-east corner of the
island (Figure 9) and connected with the Hydrophysical Observatory by 20
¥m long cable line. Variations of pressure were translated into
frequency-modulated electric signals which were recorded in analog form
with the help of speclal devices in three frequency pass-bands: that of
wind waves, swell, and tsunamis and tides.

Oon February 23, 1980, at 05150 GHMT an earthquake with
magnitude M = 7.0 occurred south-east of Shikotan Island (Figure 9). It
was felt from Hokkaido to Iturup Islands and its intensity on the
Shikotan Island was equal to 6-7 degrees. A tsunaml warning was issued
by the Soviet service and in fact a small tsunaml was generated. The
tsunami was recorded by the coastal tide gauges from Hachinohe, Honshu
Island, in the south, to Iturup Island, in the north. A relatively lacrge
length of tsunami registration was due to the orthogonal orientation of
the tsunaml source to the island arc. The tsunaml was recorded also by
the bottom sensor (Figure 10) one hour ahead of its arrival at the
nearest settlements. A maximal height of 7 cm was recorded by the bottom
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gensor and the passage of tsunaml over the sensor was observed at the
Hydrophysical Observatory.

The striking peculiarity in the set of mareograms that were
obtained was that the record at Yuzhno-Kurlilsk situated on the shore
which was facing the tsunaml source. was almost identical to the record of
the bottom instrument which was located very close to the tsunami
gource. One can suppose that these records reflect the initlal form of
the tsunaml at its source or that both records were distorted equally
during tsunami propagation. Another record obtalned at Malo-Kuril'skoe,
on the NW side of the Shikotan Island, was of quite different character
and represents mainly seiches at the Malokuril'skaya Bay.

Spectral analysis of the record of the bottom tide gauge indicates
that there is perhaps some influence of spectral properties of the shelf
on the tsunaml marigrams. The current spectrum of oscillations recorded
by the bottom sensor was calculated with the help of the Kaiser-Bessel
time window with the width of 3 hours and consequent shifts of 20
minutes. A time spectral diagram shows (Figure 11) that the energy of
oscillations is conceritrated in narrow frequency bands with predoainant
frequencies of 1.1 cycle/hour (T = 50 minutes), 2.4 cycles/hour (T = 25
minutes) and T = 4 cycles/hour (T = 12 minutes). Attenuation of
oscillations on long periods is small .and the quality factor is equal to
10-20. Haxima on the main perlods repeat each 6 hours. This is perhaps
the result of energy trapped by the shelf. 1In Figure 11 the
monochromatic oscillations falling normally on the shelf are shown.
Haxima of the curve correspond fairly well to observed maxima. The real
bathymetry of the shelf in the southern part of the Kurile Island arc was
used in the calculations. The oscillations with a period of 50 minutes
can be regarded as the main seiches (leaky mode) for that part of the arec.

A similar case of remote tsunami registration occurred on March 24,
1984 after the occurrence of an earthquake with magnitude M = 7.1 near
Iturup Island. A small tsunaml was again generated and was recorded by
coastal tide gauges on Iturup, Kunashir and Shikotan Islands as well as
by the bottom tide gauge installed near Shikotan Island. The height of
the waves was again equal to 7 cm and their spectral composition was
similar to that described for the tsunaml of 1980. A third tsunami
recorded with the help of the Shikotan temporary bottom installation was
the Chilean tsunami of March 26, 1985.

In summarizing the results, the author concludes that the bottom
cable systems provide the most promising means for tsunami detection by
warning systems, such as that operating in the Soviet Union. Bottom
gengors of hydrostatic pressure and near bottom currents installed at
50-100 kilometers from the most important settlements could detect
tsunamis approximately one hour before the waves reach the shore.

The installation of permanent deep water sensor network is, of
course, difficult and expensive. However, there have been two experiments
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where such instrumentation was employed. The first one coperated between
1966-1971 in the Pacific, 200 kilometers west-north-west from San
Francisco, and was equipped with a vibrotron, a long period hydrophone,
and many other sensors. Mo data on tsunamis were published, though such
lerge tsunamis as from the Peruvian earthquake of October 17, 1966 and
the Honshu earthquake of May 16, 1968 must have been recorded by this
installation. Another tsunaml sensor was laid in 1978 at Cape Omae, on
the south coast of Honshu Island, 200 kilometers to the south-west of
Tokyo. The length of cable to the off-shore installation was 150 km.
Tha cost of each system was estimated to be approximately one million
dollars.

Warnings are issued by tsunami warning systems to coastal
settlements usually via radio or cable communications. However, theres
are often cases when communications between the warning center and the
settlements are not continuous. Such may be the case for small isolated
hydrcmeteorological stations and other observational posts situated on
small islands in the central part of the Kurile arc. For such cases it
1s necessary to find the correlation between the intensity of felt
earthquake and the probability for tsunaml occurrence. Such
investigations have been carried out by the author and Dr. L.M.
Poplavskaya (Soloviev, Poplavskaya, 1982) for the Kurile Islands and
Kamchatka. It must be noted that for the central part of the Kurile
island arc, warnings cannot be disseminated because tsunamis may reach
the coast 5-10 minutes after the earthquake.

Observations on the macroselsmic effects of earthquakes and on
tsunamis for the perlod 1952-1976 were analyzed. A total of 1516
observations on local seismic intensities and 124 observations on local
tsunani intensities were used. The statlstical method was the same as
for the correlation of earthquake magnitude and tsunami intensity. The
general probabllity for tsunaml of local intensity i to occur after an
earthquake of local intensity I is assumed to be the product of the two
probabilities pj(I) and pp( ¢ ). The first one is the probability for
tsunami of any local intensity to be observed after an earthquake of a
glven local intensity I. The second probability is the distributlon of
local tsunaml intensitles ¢ for a glven local seismic intensity 1I.
According to observational data, both probabilities are very close to
normal laws of distribution.

For the first probability, empirical data was averaged for local
seismic intensity or to zero point of the Gauss curve equal to 6.2
degrees and to dispersion of the curve equal to 0.9 degrees. For ths
second probaubility, both the average local tsunanmi intensities . and
their dispersions o ¢ proved to be dependent on the local seismic
intensity 1.

This empirical dependence can be secen in Table 4. The bigger the
local seismic intensity I, the bigger the average tsunami intensity ¢,
and the smaller is its dispersion o'L. 1In Table 5 the first probability
shown is the probablility for a tsunaml of any local intensity to occur
after the earthquake of the given local intensity I.
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The general probabillity is the product of two partial probabilities
and is shown in graphic form in Figure 12. The horizontal axis is the
iocal tsunaml intensity ¢ , the vertical axis is the probabllity of
observing a tsunaml of this intensity, and the figures above the curves
indicate the lo:al seismic intensity 1 (according to a 12-degree scale).

1t can be concluded that when an earthquake is felt on the Pacific
coast of the USSR with intensity I<5, observations of sea level are
urgently needed. For earthquakes with felt intensity 6 or greater, the
population must evacuate dangerous coastal areas,

Other possible ways of tsunami detection mist be mentioned. Other
physical processes in the source region of strong underwater earthquakes
could be investigated. Preliminary analysis shows that strong bottom
oscillations with velocities in the order of 1 meter/second and greater
must gensrate shock waves which could cause cavitation of the water
surface. A sudden whitening of significant strip of water surface in an
selsmoactive zons which can be observed, for instance, from space can
indicate the occurrence of a strong underwater earthquake with possible
tsunami generatlon.

In addition, propagation of strong acoustic waves leads to
adlabatic warming of the water in the gource region probably by
0.1-0.5°. cCurrent technical means allow the detec.ion of such
temperature changes from satellites (Gurber, Soloviev, 1982).

It has been postulated that a tsunami cannot be observed in the
open ocean by ships. According to views of 8.S. Ivanov (1985) it is
possible to observe tsunamls if speclial shipboard instrumentation 1is
used, Oscillations of the water surface by tsunami waves produce
corresponding vertical acceleratlon. For such typical parameters of
strong tesunami in tho open ocean with a height of 1 meter and period of
15 minutes, scceleration can be of the order of 8-30 m2al, depending on
the profile of the wave. Such accelerations could be easlly registered
by modern shipboard gravimeters with measurement errors of about & 1
mGel. Double integration can provide the vertical proflle of tha wave
which has passed beneath the ship.

In sumpary it is possible to conclude that the invostigation of the
tsunaml phenomenon in recent years has been so intensive and fruitful
that we have now the necessary theoretical and empirical data for the
creation of a reliable service for short term tsunaal predictlon.

Author expresses his sincere thanks to Dr. G. Pararas-Carsyannis

and Hr. W. J. Rapatz for thelr generous assistance in editing ‘he Englich
translation of the report.
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Table 1

Scale of Tsunami Intensity I

Description of Tsunami

Disastrous. Partlal or complete destruction of man-made
structures for some distance from the shore. Flooding of
coasts to great depths. Big ships severely damaged. Trees
uprooted or broken by the waves. Many casualtles.

Very large. General flooding of the shore to some depth.
Quays and other heavy structures near the sea damaged. Light
structures destroyed. Severe scouring of cultivated land and
littering of the coast with floating objects, fish and other
sea animals, With the exception of big ships, all vessels
carried inland or out to sea. Large bores in estuarles.
Harbour works damaged. People drowned, waves accompanied by
strong roar.

Large. Flooding of the shore to some depth. Light scouring on

reclaimed ground. Embankments and dykas damaged., Light
stcuctures near the coast damaged. Solid structures on the
coast lightly damaged. Big salling vessels and small ships
swept Inland or carried out to sea. Coasts littered with
floating debris.

Rather lavge. Generally noticed. Flooding of gently sloping
coasts, Light sailing vessels carried away on shore. Slight
damage to light structures situated near the coast. 1In

estuaries, reversal of river flow for some distance upstreanm.

Slight. Waves notlced by those living along the shore and
familiar with the sea. On very flat shores waves generally
noticed.

Very slight. Wave so weak as to be perceptible only on tide
gauge records.
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Table 2

Estimatlon of the Efficlency of the Magnitude dethod
of Predicting Tsunaml Danger

The Japan Sea (T:F:U)

Kuril-Xamchatka (T:P:U)

1I

Mer

II

Hep

1

8:1:30
65:330:1
160:1000:1

CTOANNNNTET OO

13:1:130

12:1:65
6:1:15
1:
1:
1:
2:
2:
3
6
1
2
5
30:110

0

0

0

0:
50:1:250
30:1:120
20:1:60
12:1:30

17:1:250
7:1:25
5:1:12

10:1:65

75355‘582
22

1:0:40

140:1:2400
80:1:800

50:1:250
40:1:180
25.1:80
15:1:40
10:1:20

1

1:

11

11

:1

:3

15

1

12

5

150:550:1

987654321098765‘3210

88883888887777777777

= alarms with tsunamis (true alarms)

T

= alarmg without tsunamls (false alarms)

.4

= tsunamis without alarms (unpredicted tsunamis)

U

My = the threshold value of magnitude

In the version I the destructlve tsunaml was assumed to have 1 0; in the

version II it was assumed 121,
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Table 3

Velocity of Currents, m/s, on Different Water Depth, H, m, for
Different Initial Water elevation, Ay, m, on the Depth H = 6000 m

Ag, M 0.5 1 2 A 8
H, m :
6000 0.13 0.25 0.51 1.01 2.03
5000 0.15 0.29 0.58 1.16 2.33
4000 0.17 0.34 0.69 1.38 2.75
3000 0.21 0.43 0.85 1.71 3.42
2000 0.29 0.58 1.15 2.32 4.63
1000 0.50 0.97 1.95 3.90 7.79
500 0.82 1.64 3.28 6.55 13.10
200 1.63 3.26 6.51 13.02 26.05
100 2.74 5.48 10.95 21.90 A3.81
50 A.61 9.21 18.42 36.85 73.69
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Table 4

Mean Intensitles 1 and Dispersions J°{ of Hormal Tsunamis
Distributions Corresponding to Different Local Seismlc Intensitles I

I 1 i Quantity of Data, n
3 -1.5 3.0 18
4,5-5 -1.0 1.8 16
5.5-6 0.1 1.4 21
6.5-7 2.0 1.9 A6
7.5 1.9 0.9 16
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Table

5

Probability of Tsunami Occurrence p(I) After

Earthquake Felt With Intensity I

1 p(1) I p(I)
3 0.00019 6-7 0.62930
3-4 0.00135 7 0.81327
4 0.00734 7-8 0.92507
4-5 0.02938 8 0.97725
5 0.09176 8-9 0.99477
5-6 0.21770 9 0.99906
6 0.41294 9-10 0.99988
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Captions to Flgures

Figure
1

Sources of the largest known tsunamis in the world ocean.
Circles - tsunamis of sgseismic origin. Squares - tsunamis,
generated by ocean bottom relief changos due to volcanic
eruptions. Triangles - tsunamis of velcanic origin. Big
circlea and gquares - tsunamis with intensity I = 3-4, smaller
ones - with intensity I = 2-3. Zones of small tsunanmis
generation are hachured. (Soloviev, 1981).

Amplitude curves for surface waves., 1-3 - curves for
earthquakes of the Kurllo-Kamchatskaya zone calculated on the
basis of the Far Bastern station data; 1-2 - experimental curve
and area of standard errors; 3 - curve, smoothened by the
expression 1g(A/T)*aconst -~ klg A; 4 - standard curve for
continental earthquakes and continental stations (results by
S.L. Soloviev and 0.N. Solovieva).

Amplitude curves for P and S waves of earthquakes in the
Kurilo-Kamchatskaya zone according to the Far EBastern stations
observations (results by S.L. Soloviev and 0.N. Solovieva).

Scheme of earthquakes recurrence in the Pacific. 1-11 -

quantity of earthquakes with M=7.5%0.15 during 100 years in

the zone with length equal to 1000 ¥m (A): 1 - A>12; 2 - 122
A>8; 3 - 8ZA>5.7; A - 5.712A>4.0; 5 - 4.0=A>2.7; 6 - 2.12A>
1.9; 7 - 1.92A>1.4; 8 - 1,424>0.9; 9 - A=0.8-0.9; 10 - A =
0.6-0.7; 11 - A<0.5; 12-15 - range of sources depths: 12 -

0-60 km; 13 - 70-150 km; 14 - 160-320 lan; 15 - >330km (Soloviev,
1972).

Scheme of tsunamis recurrence in the Pacific. 1-7 quantlity of
tsunamis with I = 0.010.5 during 100 years in the zone equa)

to 1000 km (a): 1 - a25.0; 2 - a = 4,0-4,9; 3 - a = 3,0-3,.9; 4
-a=22,0-2.9; 5~-a=1.0-1.9; 6 - a = 0.5-0,9; 7 = a$0.5; 8 ~
the maximal tsunaml intensity observed in the zone; 9-11 - the
tsunamigenity factor of zones T: 9 - T<1l; 10 - T>1;

11 - TZ1 (8oloviev, 1972).

Dependence of tsunamigenity of earthquake on its magnitude ¥ and
source depth H. 1-3 - tsunamigenic earthquakes: 1 - in the
youth part of Kurile Islaids; 2 - in other zones of Western
Pacific; 3 - tsunaml of intensity I 20.5; 4 - non-tsunamigenic
earthquakes. a - proposed boundary dividing tsunamigenic and
non-tsunamigenic earthquakes; b - bounéary, proposed by K. Iida
in 1963; ¢ - boundary, proposed by A.I. Ivashchenko and Ch.N. Go
in 1973 (Soloviev, Tulupov, 1981).
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Records of the longitudinal waves of earthquakes, which
generated tsunamis (on the left) and which did not cause them

"(on the right) obtained with the help of the long-period

seismograph of observatory “Obiinsk." Onsets of P-waves are
shown by arrows. Magnitude of all the earthquakes is
approximately the same and equal to M = 7.0 - 7.2. The
longitudinal waves of tsunamigenic earthquakes have larger
period. Besides they have the first peak smaller than the
second one and the second smaller than the third cne. For
non-tsunamigenic earthquakes maximal oscillations coincides with
the first or the second peak, according to R.N. Burymskaya
(Soloviev, 1981).

Some results of remote registration of hydrophysical fields near
the Shikotan Island in 1969-1970. The direction of registratlion
is shown by horizontal arrows. a,b - pressure variations on
120m depth, caused by tidal changes of water level, swells and
solitary waves of tsunaml type (marked by the vertical arrows);
¢ - time derivative of hydrostatic pressure on 60 m depth; the
passage of small tsunami was recorded, accompanied by
intensification of swell and appearance of a typlical trend of
the instruments record caused by temperature step-like chsnge
and subsequent recovery of temperature balance; d ~ current
velocity varlations on 60 m depth; at the bottom of figure -
temperature jump caused by the passage of small tsunaml type
wave. (Zhak, Soloviev, 1971).

Source of earthquake of Februsry 23, 1980, 1 - earthquake
eplcenter; 2 - preliminary cutline of the earthquakes source
according to the eplicenters of first aftershocks; 3 - bottom
tide-gauge (Dykhan et al, 1981).

Records of tsunaml of February 23, 1980: a - obtained with the
help of bottom tide gauge; b - with the help of coastal tide
gauge in Yuzhno-Xurilek; ¢ - with the help of the tide gauge in
Halokurilskaya Bay. Arrows mark proposed arcivals of tsunami.
Tide oscillations are removed (Dykhan et al, 1981).

Spectrum of tsunaml of February 23, 1980 and its
interpretation. a - time viariations of the energy spectrum of
water level oscillations on the shelf during tsunami: 1 -
maximum of spectrum, 2 - intensity from 0 to -10 dB, 3 - from
~10 to -20 dB; 4 - less than - 20 dB; b - smplification factor
(§) of the Shikotan Island's shelf for the wave, propegating
from the ocean normully to the shore (Dykhan et al, 1981).

Probability p of teunsal with intensity i to appear after felt

earthquake with different strength (earthquake intensity is
shown by numerals near curves) (Soloviev, Poplavskaya, 1982).
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