Tsunami warning: beating the waves
to death and destruction

Emile A. Okal

Tsunamis — the massive oceanic oscillations that commonly follow earthquakes and other major
disturbances in the carth’s crust — can cause scvere coastal damage and loss of life. This article reviews
the way in which they develop and current techniques for predicting their onset within the relatively
short space of time needed to warn coastal arcas at risk.

Figure 1

View of the small town of Aonae, on the sland of Okushir

Japan

n the aftermath of the Japan Sea tsunami of 12 July

1993 Nate the devastation wrought on the Island by the tsunami wave: all housing in the laft part of the photograph has baen

destroyed
nexi-day photograph. (Countesy of Y

Tsuji.)

Over a pernod of a little over 10 months,
from 2 Septgmber 1992 w0 12 July 1993,
more than 2500 lives were Jost to three

chsastroas sumanes, in Nicasagua, Indonesia,
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and Japan (figure 1), Tsunamis are gravi
tional oscillations of seas or ocean basins,

set up by major geophysical events sach as

carthquakes, landslides, amd volcanic
eruptions.*
While the cumulative death toll of

tsunamis over the past few decades remains
relatively minor as compared o that of
carthquakes, typhoons, or volcanic crep
tions, their impact is particularly striking
due to the large peographic areas involved

*Im many lsaguages, they have often been called
‘Odal waves' (Fresch: ruz-de-marde; German
Flwrwelle), which is improper simoe they are not
relmed to tides, and thus scromtests the world over
we the Japanese words tsu-nany, meanng literally
‘harbour waves

and the rubble washed out in the harbour, note also the fshing boats camed inland and the fires, still burnéng in this

gigantic carthquakes are capable of setting
in motion the entire water body of the Pacific
Ocean, bringing death and destruction to
faraway shores. For example, the tsunami
from the great Chilean carthquake of 22
May 1960 killed 200 people in Japan,
| 7,000 km away from its source, having left
in its wake many island shores ravaged,
including the city of Hilo, Hawaii, which
suffered $20 million in damage and 61
deaths, In this respect, tsunamis come
second only to major meteorological events
{enther cyclical such as El Nifio, or triggered
by volcanic eruptions) in the size of their
potential area of disaster. The tsunami
potential for dastruction is illustrated by the
fact that 62 per cent of all earthquake-relaex]
deaths in the Unned States over the past 50
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years were caused by tsunamis, principally
«*  the 1946 Aleutian and 1960 Chilean events
s In very simple terms, & tsursim is & long-

22 MAY 1960

CHILE

.

wavelength oscillation of the mass of the
7 to 30 min. [ts size and effect on a
shoceline, especially & distances of more
than a few hundred kilometres (the so-called
seleseismic distances), are often decomposed
into two fectors: the amplitude of the wave
on the high scas, which Is primarily
controlied by the size and geometry of the
parent earthquake, and the response of the
shoceline 1o the wave. The former is now
relatively well understood in the framework
of the lincar theory of clasticky. The latter
is a much more difficult problem, which
must involve bath the response of coastal
features such as bays and harbours (which
are capable of resonance, therehy amplifying
schected wave frequencies), and the non-
linear hydrodynamics of the breaking wave
as it climbs up the shoreline (the so-called
run-up’ effect). For this reason, and since
the high-seas amplitude is obviously an
mitial boundary condition in any competa-
tional scheme of ren-wp, we will discuss
separately the theoretical tools availsble to
each part.

.ucrun wilh typical periods in the range of

Modelling the high-seas amplitude
of a tsunami
The simplest, and historscally first, model
of a tsunami {or long wave) is that of an
uncompressible Nuad of depth H overlying
a perfectly rigid subsirstum wilh perfect
ranslational symmetry. In the long
wavelength limit, the phase velocity of the
wave 15 found to be C = gH, where g 15
the acceleration of gravity [1]. Since C s
mdepeadent of frequency, it is ako the
group velocity Uat which the energy of the
wave propagates. For a 5 km deep occan,
C is about 220 ms ™' or 800 kmh =", This,
the appeoximate vedocity of a petliner, 5 dow
by sewsmic standards: it takes a (sunami
about 22 h to cross the Pacific from Chile
w0 Japaa (figure 2) and even 3 h for the much
shorter run from the Aleutians o Hawall,
Sound waves in the water, on the other hand,
would be about seven tmes faster; 1ypical
seismic surface waves, wravelling aroend the
Earth, about 18 times faster. This remark
sets the stage foc the possibility of distant
tsunamié warning by exploiting the time
interval which separstes seismic and tsunami
Waves

A much more powerful approach now-
adays consists of regarding tsunami waves
as a particular family of the free oscillabons
of the planet, taken s a whole, and featuring
of course an appropriate occan layer at its
top. This method, initially introdeced by S
N. Ward [2], allows a more detailed repre
sentation of the elastic properties of the
source region, including the presence of any

mber of crustal or sedimentary layers.
Classical techniques of scismogram
synthesis are easily adapted to coastruct
‘marigrams’; that is time series of the
oscillation of the height of the sea surface.
The fundamental resulis, as summarized for
example by E. A. Okal [3), are

PAPEETE (TAHITI) RECIPROCAL DIAGRAM

S———
{ ( -

Figure 2(a)

Tsunami paths vraced in the Paciic Ocean from the egicantre of the 1960

Chilean earthquake. Shallow structures roduce the velccity of the wave ard tend 1o
focus its enargy. in the same way as a lens focuses light, while deep, fast basing
defocus the wave. The figure is obtained by shooting rays in 1° azimuth increments at
the epicentre, and propagating them through the variable-velecity medium. Tick marks
are group times in incremants of one hour, with travel time (in hours} printed al

selected coasthnes

(b} Reciprocal diagram for Papeete, Tahdi.

Tick marks show Enes of egual travel-time

1o Papeete (in increments of one hour and with selected valuas printad), while the
arcas of focusing irdicate enhanced amplitudes in Tahiti for tsunamis criginaling in

those regions.

(1) the most imporant parameter coptrol-
ling tsunami gencration is the seismic
momentt of the parent carthquake;

tThe seasmic moment My, of an carthquake is a
measure in units of torque (dym-cmn or N.m) of
the stremgth of a system of foroes known as a
doubie-couple, equvalest 1o the dadocation in the

(2) o makes a very large earthquake indeed
10 generate @ transoceanic sunami of
any consequence {in practice, M, =

rupturing maserial. My has largely rephiced the
empirical concept of magnitude as the preferred
descoptor of carthquake size,
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10" dyn-cm (or a tradstional magni-
tude of eight) will generate a S em
tsunami (peak4o-peak) on the bagh sess
at a distance of 4000 km). This ampli-
tude, which would be greaster by about
an order of magniile for a local
tsuparmi, cxplains the relative rarty of
the phenomenon,

(3) focal geometry and depth of source
play only & minor role as long as the
latter is no greater than 70 km;

(4) e presence of stractures with deficiest
rigidity (sach as sedimems) between
ocean and basement rock can affect
their coupling and, if involved in the
rupture, boost tsunami excitation by an
order of magnitude;

(5) directivity (that is the direction m whach
rupture propagates along the fault)
leads to interference patterns focusing
tsunami energy perpendicular to the
direction of rupture; meaning, in most
geometries, towards the centre of the
ooean,;

(6) Propagation o the high scas is affecial
by the vanation m the depth # of the
ocean. The ensuing refraction by velo-
city gradiemts leads 1o focusing and
defocusing [figure 2(2)), which can add
or sublract sbout half an order of
magnitede to the beight of the tsunami
wave, This figure is an exercise
geometnical optics, and as such lends
itsedf 1o the principle of recaprocal path,
One can thus prepare ‘reciprocal
charts' [figure 2(b) is an example at
Papeese] predicting the travel times and
focusing of tsunamis orignating at a
variety of epicenters

Coastal response and run-up
We refer for example to [1] foc a il

treatment of this difficult problem, and wall
simply attenpt to describe it in very general
terms. There are fundamentally three length
scales in the problem: the local value of the
depth of the oczan H, the wavelength L of
the tsupami, and the amplitude z of the
vertical displacement at the surface of the
ocean; the Ursell parameter, U = ' /H’
controds the vallity ol vanious appeoxs-
mations, When U 15 very small, the linear
long-wavelength spproximation (descnbed
above), is valikl, whea U becomes of order
1, the effect of finite amplitude becomes
significant and the so-called Boussinesg
equations are appropriate. This is typically
the regime of the continental shelf; the
problem remains linear and has a number
of solutions known as ‘solitary” and
‘concidal” waves, which can be derived
analyvticaly with the help of elliptic func-
tions. When U becomes very large, that is,
in very shallow waters such as inside bays
and harbours and during bore formation, the
problem becomes non-lmear becuuse the
surface boundary comdition must be
expressed at the true location of the ocean
surface, which itself depends on z. The
problem c¢an be solved only by finale
difference techniques, with the particular
geometry of the coastline handled on a case-
by-case basis

In practice, coastal response and run-up
can typically add up to one, and excep-
tionally two, orders of magninde to the
high-seas amplitude of the wave. As a rule
of thamb, a tsunami will be destructive if
its amplitude, including local and run-up
cffects, reaches a few metres. Thas, & distant
tsunami will have & potential for disaster if
its amplicude oa the high seas reaches a few
tens of centimetres, which according to our
carlier remark, requires — in principle
a moment greater than 107 dyn-cm.

Hazard mitigation

A significant component of hazand reduction
cin be achieved through adequate prepara-
tion. The latter can take several forms:

Relocation 1s probably the most drastic
aspect of sunami hazard matigation. After
being destroyed twice in 14 years, the
waterfront business district of the city of
Hilo, Hawail was simply rebullt further
inland and the food-prone area converted
im0 a park — inchuding a tsunami memorial
Similarly, crivcal arcas of the city of
Petropavlovsk, Kamchatka were displaced
to higher clevations. Such procedures are
oaly available when real estate is plentiful,
and the political system has the strength ©
overcome the leniency of the population
towards a relatively rarely recurrmg form
of nasurul hezard, Building codes and proper
zoning are 2 milder form of mitigation, and
over a period of years, can change
significantly the impoct of destruction in a
coastal area

Walls and levees and similar waterfromt
structures are used extensively in areas such
as Japan where land §s at a premium and the
hinterland inhospitable: it is obviously im-
practical to move several kilometres inland
cotire villages whose living is derived
primarily from fishing. Such structures are
claborate in their design, which can be
tested, both with computer models asd in
scaled-down laborutories, in order 0

minimize run-up, and to provide nmximun'

obstruction to the debns (baats, trees, elc.
carmied by the second and subsequent waves
in the tsunami. A very large fraction of the
Jepusese coastline is prescatly lined with
tsunami walls (figure 3).

Education remains a fundamenmal aspect of
tsunami hazard mitigation. Thousands of

Figure 3 Example of tsunami wall in a typical fishing village (Ryoshi| along the Sannku coast of Japan. Nole the two groups of
gates which allow trallic (vehicular — open at left; boat — closed at rght), and which can be closed in case of a tsunami warning
The car nasr (he laft gate gives the scale: the wall is approximately 6 m tall
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lives were lost m the past whea coastal
fishermen, bewildered by & fast recess of the
sea, rushed to collect shells and crabs from
the exposed beaches, only to be swept away
5 min. later by the positive half of the
oscillation . .. In this respect, landmark
programmes have been introduced in grade
schools, notably in Japan and Chile [£),
complemented by evacuation plans, of
which a remarkable example s the yearly
drill conducted in the port city of Callao,
Peru, a suburb of Lima, in which more than
100,000 persons regularly parnticipate [5).

Inthe United States, while the awareness
of tsunami danger is rightly perceived
Govermment Jevel, it is clear that furthor
education of the general public and of the
media is pecessary, as demonstrated for
example by the episode of the May 1986
Alestian carthquake. A tsunami warmning
was issued for the Hawallan Islands, with
the result that balfl of the population left the
low-lying beaches of Waikiki for the heights
of the Pali hills (2 mere 200 m away from
the beach would in all cases have been
enough), while the other half drove down
to the beach to watch the show, with traffic
totally gridiocked for the entire afternoon.
At the same time, journalists in Oregon
chartered helicopters to fly out at sea to
‘meet the wave', disregarding repeated
statements by scientists that the swell on the
surface of the sea would be at most 25 cm,
spread over a wavelength of 300 km! [n the
e, there was no perceptible tsunami, in

ither Hawaii or Oregon.

Teleseismic tsunaml warning
This episode brings us to the question of
dastunt tsunami warning. s fundamental
goal is to use the significant time delay
between the arrival of seismic and tsunami
waves to evaluate the parent carthgaake and
assess 1S tsunamigense potential . The main
challenge of tsunams warning stems from the
fact that measuring the seismic moment M,
of an earthquake (which controls the size of
i3 tsunami) &s a relatvely difficult ask. The
moment is the amplitude of the deviatone
stress tensor, a mathemanical object of
dimension 5, whose full resoletion peces-
sitates the inversion of a large amount of
seismic data. Thus individual observatories
still rely largely on magnitude readings
("quick and dirty’) measurements taken at
single stations) 1w quaniify eanthquakes in
the immediate afiermath of the event
The problem is that magnioude scales, tied
to a particular reference period of seismac
waves (20 s for the surface-wave magnitude,
M) saturate for very karge events, when
the duration of the source becomes com
parable to the reference penod (figure 4)
In practice, M, saturstes around 8.2, whach
mounts 10 saying that a magnitude M, =
.0 % not a reliable descriptor of the true
size of the evenl: the seismic moment M,
could vary from 107 o more than 10*
dyn-cm. The former would be benign in
terms of tsunama danger, the latter cata-
strophic; the exclusive use of traditional

Moment vs magaitede
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Fgure 4  This figure illustrates the
saturation of the conventional (Richter')
magnitude, My for very large
eanhquakes, afer R. J. Geller [18). The
seismic moment My, which controls the
exciation of tsunamis kKeeps increasing
aven for the largest saismic avents, while
Mz doas not grow beyond 8.2. The scale
8t tha right sketches quaMalively the level
of 1sunami ganger at large distances from
the sarthquake. Clearly, the conventional
magnituge cannot be usad 10 8556585
tsunami danger.

magnitudes for tsunami waming is thus
dangerous, if not outright criminal.

When considering the case of distant
islands isolated in the middle of a large
ocean, sell-relsance is important and even
in these days of supposedly instant world-
wikle telecoemunications, It Is necessary 10
develop a method allowing for the real-time
ooe-station estimate of the seismic moment
of a distant eanhguake. Following the
development of broad-band seismometers,
capable of a reliable rendition of the Earth's
motion throughout the full spectrum of
seismic waves from 1-300 s, and in
collaboration with Dr J. Talandier {former
Director of the Geophysical Laboratory in
Papeete, Tahiti), we have introduced the
concept of a mantle magnitade M, [6]. It
retains the philosophy of 2 magnitude (a one
station, simple measurement) while at the
same time avoiding the effects of saturation
by considering all frequencies in the surface
wave trains, mcleding the longer waves,
sampling deep into the mante of the Earth
(hence the name ‘mantle” magnitnde), and
providing an cstimale of the very-low
frequency bebaviour of the source. Specific-
ally, M_ s computed from the spectral
amplitude of the Earth’s ground motion,
X(w), measured in pm-s through:

0.90,
(1

M, = logoX(w) + C5 + C,

where Cg amd Cpy are appropoiate frequency
and dissance corrections, and the constant
0.90 ensures that M_ will be an estimate of
the quantity log,, M, — 20. Having veri-
fied on extensive datasets that the mantle

magnitude docs not saturate, even for the
largest evenss ever recorded, it then became
feasible to derive a self-contained, auto-
mated algorithm for the evaluation of distant
tsunami risk [7].

This system, known & TREMORS, is
built around 2 3-componest broad-band
seismic station and is composed of a
telesersmic event detector, an event locator,
and a software algorithm providing in real-
time an assessment of the moment M. The
event detector and locaor use scandard
sesmological practice, based on the recogni-
tion and interpretation of the body wave
phases P and § of the sessmogram. The
distance information 5 used to obiain the
window of arrival times of the mantle
Rayleigh waves, which are then dumped into
the computer and the calculation (1)
performed; the combinstion of M, and
distance can in turn be used to estimate the
high seas amplitude (A, in cm, peak-to-peak)
of the tsunami wave upon reaching
Polynesia throsgh

log,, A = logg My — 0.5log,, (A sind)
- 26.4,

(2)

a formula derived from the theoretical
investigation of tsunami excitstion (A 1S
expressed in degrees along the great circle
route: 1* = 111.2Kkm). the algorithm
outputs automatically the estimates ol
location, seismic moment, and Sunams
ampltude for Papeete, 2 locason where
harbour response and run-up are usually
negligible. Additional corrections can be
included for other Polynestan sites. A
goophysicist, on call 24 hours a day, is
automatically alerted, and has the wltimase
respansibility of recommending to civilian
authorities either a tsunami watch, or a
tsunami waming, or no action, Values of
M, are also transmisted in real time to
international  organizations, such as the
Pacific Tsunami Waming Center in Ewa
Beach, Hawaii, and the National Earthquake
Information Center in Golden, Colorado

A flow chart of the algorithm, and aa
example of the processing of an earthquake
are given om figare 5. Ever since the system
was implemented n 1987, more than 500
carthquakes have been processed.
performance can be measured by the
average valve (F = 0.07 units of magnitude)
and standard deviation (0 = 0.22) of the
residual between our real-tine measure-
ments at Papeete, and values subsequently
published after a full investigation. While
00 tsanami warning has been isseed for
Polynesia during this period, a number of
false alarms have been avoided — including
for the 1986 Aleutian event mentionad above
(8, 9]

ns

Warning at short distances

A number of tests have shown tha
TREMORS can be applied to epiceatral
distances as short as 150 km, before 2t
becomes unrelishle due 1o the breakdown of
a number of theoretical approximations. In
addition, at those short distances, it becomes
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Figure 8 View of the southern tip of Okushiri sland at Aonae, showing lotal destruction ol the residential area 10 the South of
figure 1. Note that tha 4.5 m 12l tsunami wall was overrun, and some of its sections even complataly destroyed
{Courtasy of Y. Tsuji.)
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inappropriate to separate the generation of
“v the tsunami wave on the high seas from the

response of the coast line, Finally, the
question of sunaml warning meess (he
ndamental difficulty of the reduced timo
delay between seismic and tsunam: waves.
For an epicentral distance of 100 ke, and
assuming an average susami velocity of 200
ms ', only 8 ma will scparate the first
seismic wave (either felt or recorded) from
the tsumamd. Is there enough time 1o properly
record the event, assess the hazard, order
and above all, carry out an evecuation?
While this may seem like an extremely short
time, it is clear that some level of mitigation
can be achieved, for example by closiag the
harbour doors on figure 3. It is also obvious
that in such cases, education of the popu-
lston becomes cntical, with the only form
of practical tsunami warning ot very short
distances being ‘If ot shakes really strongly,
waste no time and ran for the hills'.
This, however, is not always possible. In
the case of the tsunami of 12 July 1993 in
the Sea of Japan, more than 100 people died
in the town of Acnae, on Okushin Island;
the high death toll was a combination of the
size of carthquake (6 x 107" dyn-cm), the
proximity of the epicenter (80 km), the
geometry of the island which focused the
wave on to Aonse, and finally the time of
the day (10:30 p.m. local time), which
caught the population resting &t home and
in the dark, The breakwater walls did reduce
he runwp, but enfortunaely they were
mselves overren {figure 6).

“Tsunami Earthquakes’

Enter the ominous “tsunami carthquakes’

This term, coined by H. Kanamori [10],
describes seismic events whose tsunami is
significantly larger than would be expected
from its seismic waves. Examples include
the great 1896 Saariku evest ia Japan, the
1946 Alcutian carthquake, and more
recestly the 2 September 1992 event in
Nicaragua, in which 160 fatalities were
reported locally. The katter & an cxample
of a “slow’ earthguake, whose energy took
a long ume (180 s) 1o build up, with the
resuk that its body-wave magnitude m,
{measured at a | s period and characteristic
of the social effects of the event) was only
5.3, while its scismic moment reached
3 x 107 dyn<m. Consequently, in certsin
sections of the Nicaraguan coast, the evemt
was not even felt by part of the population,
who were then swept away by the tsunami
a few manutes later. The seismic moment
was correctly assessed ut Papeese, but by the
time the Rayleigh waves had reachad Poly-
nesia, the tsunami had already devastated the
Nicaraguan coast.

While local tsumami warning of slow
events remains a challesge, the adopeion of
modern seismological techniques based on
the processing of the ultro-low frequency
part of the seismic spectram [6, 11) should
solve the peoblem of recognizing in real time
their true potential both at regionsl and
tedeseismic distances,

More complex are those events for which
no level of investigation of thewr seismic
records has managed 1o explain the excep-
tional size of their tsunamis. Examples
include the 20 October 1963 Kuriles eveat,
and the 1 Apnl 1946 Aleutian earthquake,
the latter is generally consilered to have
undeashed the most powerful tsunami of the
cenary (173 deaths in Hawaii) despite a
relatively low magnatude of 7.2. A number
of investigators has proposed to invoke the
role of sediments in order o explain them
This caa take the form of seismic rupturing
through the sedimentary structure (Kuriles
(12]) or more bwponamly, of the massive
slumping of aa unstable sedimentary struc-
tare on the ocean floor, caused by the
carthquake. The laiter can enhance the
tsunami excitation, since it exchanges large
masses of water and sedimeats; however the
modelling becomes very difficult since the
cobesiveness of the material at the bottom
of the sen is destroyed during the source
process, Several sechnigues are available to
recognize landshide components in the
sessmic signature of earthquakes, but their
application remaias difficult [13, 14) and in
the case of the 1946 event, neither the quan-
tity nor the quality of the seismic data are
sufficiest to allow an appropriate modelling

Local underwater slumping has also besn
invoked in the case of the 12 December 1992
tsunam in the Sea of Flores, Indonesia, in
which more than 2000 people were killed.
It would explain excessive run-up (up to 27
m) & Kroko, at the eastern end of Flores
Island, while the remainder of the cosstline
posted run-up heights of only 58 m [15).
Underwater slumping has also been
recognized as responsible for local surnanss,
which even if spatially constraaned, can sull
be hazardous. sech as the eveat on 16
October 1979 near Nice, France (three
futalities).

Such observations give rise to shivering
thoughts when conssdering what must have
been the grand-daddy of all underwaser
slides: the gigantic slumps recently docu-
memed along the flanks of the Hawaikan
Ridge, which ook place during the past few
million years, and involved as much as S000
km” of displaced material [16]. While no
precise modelling of such events s avail-
able, run-up heights of up 10 325 m have
been suggested for some Hawaii slumps,

based on gravel deposits on Lanm Island
[17]. It 15 clear that similar landslides may
have caused the eradication of civilizations
on occanic islands, evem at teleseismic
distances; their tsunamis must have been
catastrophic on a scale beyond anything
documentexd in the historical record. Despite
2 very low rate of recurrence, they will
eventually occur i the geological future, as
a part of the slow process of birth, life, and
death of oceanic hotsspot islands, and some
Jevel of hazard evaluation and mitigation for
these mega-tsunamis is clearly warmnted
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