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PREDICI’INGTSUNAMIAWUTUXS ALONGTHE NORTHAMERICANCOASTFROM
TSUNAMISGENERATEDIN THE NO~ PACIFIC~AN DURINGTSUNAMI

WARNINGS

PaulM Whitmoread ThomasJ. SokolowBki
NOAA/National WeatherService
AlaskaTsunamiWarningCenter

910 SouthFeltonStreet
Palmer, Alaska9%45

“MsIEAsI

This study desdk a beginning method to provide emergency mmagers along the Pacific
coasts of Mask BritishColumbia Washington Oregon ami Californiaa reasomble range of
expwled waveheightsduringa tsunamiwarningfortmmamisgeneratedin thenorthwestPacific
Ocean. Expec@d amplituck at 80 sit- for 15 hypothetkalemthcpk in thenorthwestPacific
rangingfrom Mw 73 to Mw9.0 are shown. Historicbmnamisgeneratai in the subductionzone
eastofnorthernHonshu theI&U Islands,and Kanwhatkaare mmieledusingtheshallowwater
equationsto vaMate thisapproach Thesesimulationsshow thiittsunamiamplitudesnear the
North Amerkan coast can be predkted prior to impact given the emthqdds moment
magnitude amitwoor more tide gagereadings ouMdethesource zmewhtchare usedto
calibratethepm-computedmodels. Onemethodofdistributingtheseresuh wouldbeto release
them as a range of expected valw which take into account UncerWntks in the method. As
more accumte modelingtdudques and water leveldata LKcomeavailable,they can be used to
improve this method-
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Pn?sdly, tsunamiWarniqpintheunitedstates andcana&areissued givingtheRecipients
information-such as edquake Io@ion ami magnitude, tsunami arrival time, warning
boundaries,and generalinformationon lsunamk No informationis providedon the expectd
wave height. TheOctober4, 1994 KurilIslamIstsunamiand sukquent Padlk-wide warning,
in whichmany fadlitiesalongtheUS. coastwereneedlesslyevacuatd highlightedthedemand
for a reasomble estimateof expected tsunamtamplitudein additionto the arrival time

An approachisdescriki heretoprovideemergencyoffkialsinAlaska,BritishColumt&
Washingtm Oregm and CaHforniajwhich is the Alaska TaunarniWarning Center area of
responsibilityor ATWC AOR a range of expeckd tsunami wave heights n- the coast for
edquaks which occur along the trench from northernHonshu, Japan to the Comrnander
Islands,Russia (the study ad. The estimateswill only be made after the tsunami has been
recorded on two or more tide gages away horn the some zone. Data from tide gages near the
source are not consideredreHabledue to large amplifimtionsof the wave that often occur near
the mum. Tide gage data at hxations such as Mid-y Island Shemya,or Adak Alaskacan
be used to caHbrateprecomputed models in lime to give offkials in the ATWC AOR useful
informationon expected tsunamisize Thisapproachis a fimtstep in the estimationof tsunami
amplitudesduring tsunamiwarnings. Puturemkwements to the techniquecan be added to
improveaccura .

To_qtsunami amplitudes,a serk ofmodelsforhypothetld earthquakesinthestudy
area are generatedusing a techniquedesmikd by Kowalikand Whitmore (1991). The study
area is divkkl into the followingsubsebxnorthernHonshu, southernKuril Islands,northern
KurilIslands/southernKamchatka,Kamchatka,and theCommander Islands. Threemodelsare
computed h each subset for earthquakesof moment rnagnitud- 7.5, 82, and 9.0. Tsunami
amplitudesat 80 sites along the North Amertmn coast and Midway Island are saved in each
model. Historic earthquakesineachzoneare alsomodeledand comparedwithactual tidegage
arnplituck to determtneuncertaintyin the results. Duringa tsunamiwarnin~ the resultsfrom
the most appropriate model (lmiwdon loation and moment magnitude) will be smled by a
factordeterminedfrom the obsemedamplitudeat tidegages such as thoseHatedaboveand the
modeledampHtudeatthosetide gages. Thescale factoris appliedtoprecomputedamplitudes
to give the expectedamplitudeat 80 locationsalong thecoast fromthe westernAleutianIslands
throughsouthernCaHfornia.Mmieluncertaintyand a safetyfactor are takeninto account and
a mnge of expected wave heightscould thenbe providedto the emergerq ofkials.

Thisrnetld canalsobe extendedto otherareasofthePacificOceanwhicharepotentiaHy
dangerous to the ATWC AOR outside of the soume zone. 13gure 1 displays kxations of
~ wfich have producedrecorded~ amplitudesor runupsgreaterthan &m
outsidethe sourcezone and wtth.inthe ATWC AOR(Landerand Luckridge,1989, Lander efal.,
1993). These figuresshow that the arees of concernare CNe, lilasb, Hawaii,and the area of
this study.

TsurumigenemtionisaxmmpW byupHftofthesea-floorduringan eartkpk Okada’s
(1985) static dskation formulaeare usd to compute the amount of verticalupHftgiven the
~S s-t ~Pl SHPI~~ W*, depth moment,~~0~ and ~e’s COmtantsfor
the mrmudng rocks. The sea-floor is instantaneouslyupHftedat the beginnhg of the
mmputatio~ The shallowwater equationsof motionand the continuityquation solved over
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a sphericalgrid (Kwvalikand Murty, 1993) are then used to propagate the tsunanu“across the
ocean tothe North Amerkan coast. Theseqllations m

(1)

jl_v . 4L=X2L-=
%aglaA J@ql R atp (2)at

1 pc+lih)) + W{+H7DC=?) . ~ - ~ ,
RI=Q a~ w

(31

whenz u is the east-westprticle velocUy,v is the nmlh-th @de velo&y, ~ denotes the
vadation of sea-levelfrom eqdltbdum, t is time,g is gravitationalaccekation (g=9.81m/&), R
is the earth radius (R=63701cm),q is latitude,k is longitude,q is bottom displacement,r is the
coefficknt of bottom frictiomand H is water depth prior to source displacement. The bottom
frictioncoefWenL r, is set to 0.005 over the continentalshelfand 0.01 in the near shoreshallow
water as h M&i (190. The coriolisterm along with bottom *n and non-linearterms in
coarse grid computationsare omittedbased on Wting by Kowalik and Whitmore (1991).

Equations1 through3 are solvedby a finitedifferencetechniquedkussedindetdlin
Kowalikand Whitmore(1991). Thekhnique allowsfor finegridswithintheoverallcoarsegrid
and for very-finegrids withinthe fine grids. The grids dynamicallyinteract That is, actions
within the 5ne qids affect computationswithinthe coarse grid. Sea-levelsand velocitiesare
computed at ~ery time step for points in all grids, thoughCPU time is saved by not starting
computationswithina fineor very-finegriduntilthetsunamihas arrived Aversion ofNOAA’s
E10P05 grid whtchhasbeeneditednearthe NorthAmericancoast is used for thenorthPacifk-
widecoarsegrid Thisgridhas a5minutespacing. l%efinegrids havealm.inute gridpoint
spacing. ~wmed~~m titti~10 ti~@pohb~~wv%@
over the continentalshelf as was shown necessary by Shuto d uf (W85). With a I minute
inmernent, wave amplitudesfor the llsted sites in fine grids are modeledbetween500m and
900m offshore=Thisdistancetakesintoamounttkt waveheightsare computedbetweenvelocity
points, and smaller east-ret spacing with increasinglatitude. Coastal areas with complex
bathyrnetriesor shorelineconfigurationwere gridded with a very-finegrid inside of the fine
grid. The grid point spacingwithinthe very-finegrids mnge from 6.6 seconds to 12 ~nds.
In the very-fine grids modeled amplitudes for the listed sites are between lWrn and 200m
OffShO~ Fine and Ve@il’K2 grid bOthymetI’iC data Were edited With N@ hydrographicmaps.
In total, 56 sub-gridswere set-up along the North Americancoast and MidwayIsland.

Theopoceanand coidnebmmdaryconditknsaredekmfned asfollows.velocitiesare
set b O at the coastline. No inundationeffects are taken into accounL At the open ocean
boundariesthe radiationconditionsfromReid and Bodine(1968),

d
u=i(((~qmd

P

(4)
v = i(@ ,

amused.
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The models are computed for 7 hours after the tsunami arrives at the fine grids. For
example,the total model mn time for a tsunamigeneratedin the KurtlIslandsto the U.S. west
coast is about 15 houm. Themodelsare performedon a 90 MHzPentiumPC runningthe 0S/2
operatingsystem. Due to memory limitations,each model is @mrned in four sections. The
~ ~ fit propagatedfrom the some kto the CalifOti fineand very-finegrids. Then
themodelis repated i%omthesoumeto the@ds inOregomWashington,and BritishColumbia.
Thenagain to the grids in south Alaski and lastlyto the AleutianIslands. Brealdngthe models

- up in thismannerp=rves thedynamicinteractionbetweengrids of differentspacin~ though
it is time consumtng. A completemodel for each hypotheticalearthquaketakes about 8 days
to complete.

COMPARISONTO HISTORICTSUNAMIS

Themodekg technique’svalidityistestedbycomparingmodeledresultswithfiveofthe
largesttsmumis generzkl in thestudyarea. Theonlyr=orded tsunanu“generatedin the study
area-which produced a sizeabletsunamiin the AIWC AOR which is not modeled here is the
1896 Sanrikutsunami. Maximumobservedwave amplitudesin this event were 1.5m at Santa
Cruz and I.Omat Mendocino(Landereful.,1993). Thistsunamicould not be modeledas there
is no reliableinformationon the -quake source.

Table1 liststhesourceparametemforthefivesimulated-quakes. Figures2 through4
compare modeled versus reconkd tsunami- amplitudesfor the 1952, 1968, and 1994 tmnamis.
Table2 lists the comparisonfor the 1958 and 1963 tsunamiswhichwere not recorded on many
tide ga~. Theamplitudesgivenare-to-peak inmeters. Theresultsshowthat themtieled
amplitudesreprawnt the rworded data reasonablywelL Consideringnxorded tmnanus“ over
20un, the modeledamplitudeshavean averageerrorof36% comparedto the recoded data and
a maximumerror of 127%. Thelargestpercentageerrors occur in the smallertsunamis. For the
larger tsunamk (those over h amphtude), the modeled results were all within 26%.

Manyapproxkmtionsareti inthismodelingtechniqueandarepartlyresponsibleforthe
Mkmnces betweenmodeledand recordedtsunamis. The tsunamisource is greatlysirnpltfied
by assuming a rectangular fault plane with constant slip. The actual fault planes and slip
distriions are more complex. No secondzuysource efkts such as co-seknic landslidesor
sltpalongsecondaryfaultsare takenintoaccount. Simplifimtionsused in the wave propagation
also may influencethemodeledkunamis. Theshallowwater approximationuttlizedhere does
not includedkpemivetermswhichmaybe importantintrans-Pacifkmodels(MaderefuZ.,1993).
Addttionof thefdctioncoefikientand cortolisterm to the equationsof motionin the coarsegrid
may also have a small effmt. Amountingfor inundationalong shoreti will also influence
what is modeled at the tide gage locations. Lastly, it is well known that a tsunami signal
recordedon a tide gage does not exactlyrepmt the tsunami(e.g. Wake, 1987). Theyare the
only records, though, availableto te# this technkpe.

Figure5 compa.m recordedtidegagedata to themodeledsignalfor the 1952Kamchatka
tmmami. The 1952 evmt was the larget tsunamireconled h the ATWCAORgeneratedin the
study area. Figure 5 shows that the chamcter of the first few tsunami cycles is repretwnted
~nably well at most locations. The character differenceat the Midway Island tide gage,
though is very distinct even though the amplitudeis within30% This character differenceat
MidwayIslandheld true for all the models.

The1994tsmaml“wasgcm?mtedbyan oblkpslip edquake Which has two Very different

proposed fault plans Results in Figure 4 are generatedusing the proposed fault plane of
Ktkuchi and Kanamori (1995) which follows the trend of the trench. Tanioka d d. (1995)
proposed that the fault strike is perpendimdarto the trench. To determinethe importanceof
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faultplane orientationfor this study, both sets of source parameterswere used as input to the
modelingprogram. Thedistrhtion of recordedtsunamiamplitude alongthe ATWCAORcan
be explainedby eithermodel. This observationis encouragingin that lmowledgeof the exact
ikdt parameters,at least for eartkpk of this magnitudeand fault length, does not appear
necesmryto produce a reasonableestimateof the expectedtsunamiwave heightsin the ATWC
AOR

TIONTO FUTUREWARNINGS

FM&enhy@h&cal edquaks inthestudyareaare modeledand amplituck recordedat
80 sites along the North American coast and Midway Island- Source parameters for these
hypothetkzdearthquak are llstedin Table3. Parametersare based on historiceart@a& in
the subarea, strike of the sulxhxtion zone, and magnitude/fault area relationshipsgiven in
Kanamori and Aukrson (1975). No large, historic earthquakes have occurred in the
CommanderIslandssection of the Aleutiansubductionzone so a predominantlyright-lateraL
Mke-slip faultwas chosenbasedon premt platemotions(Engebretsonetd., 1985). The study
area is divided into five sukreas northern Honshu, southern Kuril Islands, norLhernKuril
Islands/southernKamchatka,Kamchatka,andtheCommanderIslands. Momentmagnitude7.5,
82-9.0 ~ are simulatedin each subarea. Resultsfrom the 15 simulationsare
ShOWIl in Figures 6 through10.

OnewaytouWzethesemodels duringfuturewarningsfmkunarms“ genemtedm thestudy
area is as follows. Resultsfromthe modeledearhpke whichbestmatch the sizeand location
of theeartkpk whkhtriggemi thetm,mamt wandng preselected. Thissetofexpeckd
amplitudesis then multipliedby a sde factordetermkd from the obsenwdamplitudesat the
first two tide gages which ramrd the tsunami. This saling factor (SF) is figured tn a simple
manner.

g=
3P=

N’

(5)

whereMODis the modeledamplttudeat tidegage L RECis the recordai amplitudeat tide gage
Lard N is the numberoftide gag- averaged- Theseleckl set of precomputed amplitudesare
multipliedby the scaling fktor and releasedas an expded range of tsunami wave heigh~ at
the locationslistedin Figures 6 through 10. As the tsunamttravelsacross the ocean, more tide
gage data can be added in aquatlon 5 to refine the predktions. The scaled amplitude is
convertedto a range,in peak-to-troughwaveheight,basedon theuncertaintyof the methodand
adding a safety factor of approximately40% based on the historicmodels. Resultsare ou~t
as wave heights instead of amplitudes as ernergawy officials are more famihar with this
measurement If,during a tsunamtwarnin~ the recordedtide gage data are much greaterthan
expeckd tim the ~omputed modeling and the predicted values are in doubt, the duty
geophysicistcan issue a warningwith no expeded wave heights.

Uncertdntyinthismethodmbedeterminedby examhdngthe fivetsunamislistti inthe
previoussectionalong with the 1952 Hokkaidotsunad. Each historictsunamiistrated asan
event for which a tsunamt warning has just been issued. The most appropriate set of pre
computed amplituck is chosen based on the earkpk’s location ad moment magnitude.
These ~omputed amplitud- are multiplied by the scahg kctor computed from two
mrded tsunamk at Midway Island, Attw Shemya, or A&k (Table 4). Table 5 lists the
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amplitudes wldch would have * predictsd for the stx tmnamis along with the recoded
amplitudes. Const&ring the comparisoninTable5 and a safetyfactorof at least40%, predicted
valuesare converted to wave hetghtranges as listedin Table6. There is no way to figurethe
~’ unmlainty for pmdkted values over 2.Omgiven the historicaldaia. For now, if
predkted amplttuck are over 2.Om a warningwill be issued with no wave height estimates.
When tMstOchn@e tsextendd for Alaskaneartkpk, uncertaintyfix larger tsumums“can
be determinedand utilhd for northwestPacificsource zone.

Precomputed tsunamimodelsforhypothdiczdedquak alongthetrenchfromnorthern
HonshLLJapan to theCommanderIslands,Russtacan be usd inconjunctionwithobservedtide
gage data to give emergencymanagers in the ATWC AOR a reasonabletsunamtwave height
estimate during tsunami warnings. A scale ktor, determinedfrom the observed tide gage
amplttud= to the expectedamplttude,k appliedto the pre-computedamplttuck Resultsare
then “chssemhted to offidalsalongthecoastas a rangeofpossiblewave hetghtswhichtakeinto
account umertdnty in the method.

~bmahtinakofwa~ tities~dym w~~tib~h~e
ATWCAO~ threeof tke (1952 Kamchatka,1968 HonshLLaml 1994 KurilIslands)were used
forbo*~~Y~ parameters of future events and for determining the
uncertahty of the method. Theuxertahty was alsocheckedby using threeeventswhkh were
not used in the hypotheticaltsunamimodels (1958 Kudl Islands, 1963 Kuril Islands,and 1952
Hokkaido). Table5 showsthatthesethreeeventswouldhavepedicted amplitudeswithsimilar
aauracy as the firstthreeeventR Hedicted ampMudesfromthesouthernKu.rilIslandssub-area
werecheckedwithboththe 1994obliqwsltp eventand the 1963dip-slipewmt. Bothpredictions
would have given reasonableresults, if made during the evenfi, even thoughthey were based
on a precomputed model with obliqu~lip faultmotion.

Real-timesignalfromproposeddeepvater tidegag- (GonzalezandM.Uburn,1995)would
give another means of checkingor scalingthe preamputed amplitudesduring a warning. If
placedappropriately,deep-watergagesalso couldextendthis techniqueto Hawaiifor tsunamk
generatedin the northwestPacific.

Thekhniqueckribed inthisreport must be viewedas astarting point at tsunami
amplitudeesthnationduring tsunamiwarningsin the ATWC AOR As the techniqueis used
and extended to other source areas of the Pacifk refinementscan be added or procedures
changedas necessary. Future modelingpdormed on fastercomputerscan eliminatesome of
the potentialsoumes of error in the wave propagationfonmdas.

We wish to thank Dm Charla Mader, Augustine Furumoto, Tad Murty, Viachdav
Guskkov, and Nubuo Hamada ibr their helpfulreviews of this study, and Dick Hutcheon,
Directorof the AlaskaRegtorLU.S. NattonalWeatherService,for his continuedsupport.
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Table I. Source Parameters of Historic Earthquakes

Date Location Strike Dip

.._-_-_---?::_--:_---!:)------r!--
11-4-52 53.2N 158.5E 214 30
11-6-58 44.4N 148.6E 225
10-13-63 44.8N 149.5E 223 %
5-16-68 41.5N 142.OE 156 20
10-4-94 42.5N 146.lE 54 76

Slip Length
(0) (km)
.--------------
110 650
90’ 150
90 245
38 200
129 185

Width Depth Mu Ref.
(km) (km)
--------------------------
200 103 9.0 1
70 53 8.4 2
150 59 8.6 3,4
100 43 8.2 5,6,7
70 85 8.2 8,9

Note: Depth refers to bottm depth of the fault plane. Location is a point
on the fault plane. .
References: 1 - Kanamcxi (1976); 2 - Fukao and Furumato (1979); 3 - Kanmmri
(1970); 4 - Beck and Ruff (1987); 5 - Kaxmxmri (1971); 6 - Satake (1989); 7
- Kikuchi and Fukao (1985); 8 - Kikuchi and Kananmri (1995); 9 - Japan
Meteorological Agency aftershock locations.

Table II. Modeled Versus Recorded Tsunami Amplitudes

1958 tsunami 1963 taunand
Location Recorded Modeled Recorded Modeled
----------------------------------------------------------------------------
Attu, AK 0.2 0.62 0.4 0.63
Adak, AK 0.1 0.38
Crescent City, CA 0.5 0.41
San Francisco, CA 0.2 0.12 <0.1 0.11
Avila, CA 0.15 0.48 0.3 0.40
Los Angeles, CA <0.1 0.15
La Jolla, CA 0.1 0.28
Midway I., HI 0.2 0.52 0.3 0.54

Note: Values listed are zero-to-peak tsunami amplitude in meters. Recorded
data frcm Lander and Lockridge (1989) and Lender e~ al. (1993).
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Table III. Source Parameters of Hypothetical Earthquakes

Area heat ion Strike Dip Slip

.-_-_-_-__-_-__!:::-_?!:___-!:)_-_-__:?-_-::!-_
Northern 39.5N 143.6E 182 20 90
Honshu 41.5N 142.OE 156 20 38

41.3N 141.8E 182 20 90
S. Kuril 43.3N 147.5E 54 76 129
Islands 42.5N 146.lE 54 76 129

41.7N 144.6E 54 76 129
N. Kuril/ 52.7N 160.6E 214 30 90
s. Kamchatka 52.7N 160.2E 214 30 90

53.2N 158.5E 214 30” 110
Kamchatka 56.lN 164.OE 214 30 90

56.2N 163.6E 214 30 90
56.6N 162.OE 214 30 90

Commander 54.2N 167.5E 300 30 160
Islanda 53.6N 169.OE 300 30 160

52.2N 174.OE 300 30 160

Length
(h)
--------

%0
650
70
185
900

::0
650
60
200
650
70
200
800

Width
(km)
-------
37
100
200

;:
130
37
70
200
37
70
200
30
65
100

Depth Mw
(km)
--------_____-
18 7.5
43 8.2
73
44 ;::
84 8.2
141
21 ;::
38 8.2
103 9.0
21 7.5
38 8.2
103
35 ;:;
69 8.2
104 9.0

Note: Depth refers to bottom depth of the fault plane. Location is the
down-dip inner corner (with respect to the strike vector) of the fault
plane.

Table IV. Scale Factor Computation

Tsunami Tide gage ?unplitudes Scale Factor
----------------------------------------------------------------------------
1952 Attu 0.3/0.30 0.70
Hokkaido Adak 0.1/0.25

1952 Adak 1.3/0.96 1.33
Kamchatka Midway 1.28/0.98

1958 Attu 0.2/0.21 0.75
S. Kuril Midway 0.2/0.36

1963 Attu 0.4/0.21 1.37
S. Kuril Midway 0.3/0.36

1968 Attu 0.2/0.30 0.64
N. Honshu Midway 0.2/0.33

1994 Shemya 0.15/0.20 0.75
S. Kuril Midway 0.27/0.36

Note: Listed tsunamis are recorded/predicted. These are zero-to-peak
amplitude in meters.



Table V. Uncertainty Test Results

3

1952 1952 1950
Locarion

1963 1968
Hokkaido

1994
Kamcilacka S. Kuril 3. FWril N. Hormhu S. Kuril

-----------------------------------------------------------------------------------------------
Adak
Dutch Narbor
Kodiak
Seward
Yakucat
Slcka
I’bfino
;::ay

Pore Angeles
Aacoria
Nawporr
Charleecon
Pore Orford
Crescenc City
?hnnboldcmy
Arena Cove
San Francisco
Ahmeda
Sauaalico
Avila
Pore San Lule
Santa Barbara
Santa Nonica
Loe Angeles
Neuporc
La Jolla
San Diego

0.1/0.04

0.110.07

0.2/0.22

<0.1/0.06
<0.1;0.03
<0.1/0.04

0.110.05

o.6/o.a2
0.2/0.52
0.1/0.25
0.3i0.42
o.3/o.a9
0.3/0.90
0.2/0.42
<0.1;0.13

0.1/0.17

1.0/1.53

0.6f0.72
0.4/0.43

1.4/l,6e

o.5/o.a9
0.3!0.49

0.2;0.70
0.3/0.40

<0.1/0.12

0.5/0.60

0.2/0.07 <0.1/0.12

0.15/0.14 0.3?0.26

<0.1/0.16

0.1/0.30

<0.1/0.16
<0.1/0.04

<0.1/0.06

<0.1/0.06

0.2/0.12

0.6/0.20

<0.1/0.05
<0.1/0.03

<o.l:o.oa

0.2/0.06
<0.110.04
<0.110.04
<0.1/0.07
<0.1/0.07

0.15(’0.12
o.oaio.03

0.04/0.16

0.0410.05

0.06/0.02

o.05fo.19
0.09/0.15
omle/o.34
0.50/0.33
0.10/0.19
0.1410.20

0.04/0.04

o.15fo.14
omoa/o.04
o.09io.09
0.06/0.09

0.03/0.17

Note: Listed values are recorded atqplicude/hindcasc amplitude. Tnese are zero-co-peakceunami
amplitude m mecera.

Table VI. Output Ranges

Predicted Amps. Output Range
-----------------------------------
0.00 - 0.15 Up to 0.6m
0.15 - 0.30 up to 1.2111
0.30 - 0.60 up to 1.710
0.60 - 0.90 Up to 2.5m
0.90 - 1.20 up to 3.4m
1.20 - 1.6.0 Up to 4.5m
1.60 - 2.00 Up to 5.6m

No~e: Predicted amplitudes listed are
zero-to-peak in meters. Any predicted
amplitude within the given interval
would be output as the listed range. The
output range is peak-to-trough wave
height in meters.
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Figure 7.) Modeledtsunamiamplitude for hypothetical~ ofMw 7.5,8.2 and 9.0
along the southernKuril Islandssubductionzone
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DAMAGES TO COASTAL STRUCTURES IN AWAJI AND TOBAN

COASTS DUE TO THE 1995HYOGOKEN NANBU EARTHQUAKE

Shigenobu TANAKA and Shinji SATO

Coastal EngineeringDivision, Public Works Research Institute

1 As&i, Tsukub4 305 JAPAN

ABSTRACI’
This paper reports damages to coastal structurescaused by the 1995 HyogokenNanbu

Earthquake. Althoughno significanttsunamiwasgenerated,thestrongseismicmotionattacked

coastalstructureson Awaji Island, Toban coast and Kobe port, resulting in the collapse of coastaJ

dikes and the failure of water gates in a wide area. Damages in Awaji and Toban coasts are described

in detail. The authors point out that tsunami protection facilities such as coastal dukesand gates can

be damaged by

countermeasure.

be opated even

strong seismic motion so as to make them ineffective for tsunami flood

Especially, damages to gates should not be disregarded because they will fail to

in case of small damage.
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L INTRODUCTION

The Hyogoken NanbuEarthquakeoccumed at5:46 am. on January17, 1995, Japan Standard

Time. The magnitude of the earthquakewas 7.2 on the JMA scale. Since the epicenter was very

close to the highly-populated city of Kobe, more than 6,000 lives were lost by the earthquake.

Catastrophic damages were caused on houses, high-storied buildings, port facilities, railways and

highway bridges.

The epicenter of

the earthquake was in

the middle of the Akashi

Straits (see Fig. 1). The

earthquake was caused

by the sliding motion of

several active faults

extending from the north

of Awaj i Island to the

northern part of Kobe.

Damages were espe-

cially large in a narrow

band along the fault line,

in which the seismic

intensity reached 7 in

JMA scale. Since only

a fraction of the fault

line was under the sea

and the sea depth along

the fault line was shal-

lower than 100 m, no

significant tsunami was

observed. However,

since the ground motion

was tremendously large

and resulted in large

displacements in a wide

area of coastlines, it

caused significant dama-

ges on various coastal

,, J-f$-$-/’

Ji”w’,

11“.O”P

ama’m

Fig. 1 Distribution of Maximum Horizontal Accelerations
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Fig. 2 Distribution of Vertical Displacements of Ground

structures. This report descrks damages of coastal dikes occurred on Awaji and Toban coasts and

those of water gates in pxt of Kotw.
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II. OUTLINE OF THE EARTHQUAKE

MOTION

Figure1 illustrates the distribution of maxi-

mum horizontal accelerations compiled by the

National Research Institute for Earth Science and

Disaster Prevention, Science and Technology

Agency. The mea of large acceleration is lcxated

in an area from the southwest Kobe to the

northeast. The mmimurn horizontal acceleration

exceeded 800 gal (crn/s2) in the north-south

component, which was recorded at the Kobe

Maritime Meteorological Observatory. On

Toban coast, the maximum acceleration was 300 gal at the west end and 600 gal at the east end.

Vertical acceleration was also large in this earthquake. The maximum vertical acceleration of 556

gal was recorded on Port Island, an artificial island located on the south of the central Kobe.

Figure 2 shows the distribution of vertical displacements of ground surveyed by Geographical

Survey Institute after the earthquake. Relative uplift is noticed on the west side of the fault and

settlement is noticed on the east side. The vertical gap at the fault line is about 30 cm. which is

located at Sums coast in this figure. Figure 3 shows the distribution of horizontal displacements.

On the north of the fault line, the ground was moved relatively to the northeast with displacement

of 30 cm. On Awaji Island, the land on the southern side of the fault was moved to the southwest

with displacements larger than 100 cm.

HI. DAMAGES OF COASTAL PROTECTION FACILITIES

TheHyogoken Nanbu Earthquake was reported to have darnaged coastal dikes and sea walls

at 104 sections. The damage was concentrated in the cities of Kobe, Ashiy& Nishinomiya and

Amagasaki, which accounted for 90 sections or 87% of the total.

Coastal dikes and sea walls may be classified from their dynamic properties into earth dikes

(ordinary embankments covered by concrete), gravity-type dike-s(concmxe-type dikes which resist

external forces with their own weight), and dikes with sheet or steel pipe piles (which resist external

forces with stiffness). Damage was observed at 15 points on earth dikes, 52 points on gravity-type

dikes and 37 points on sheet or pile dikes. Broken gravity-type and sheet or pile dikes were all

located in Kobe, Ashiy~ Nishinomiya or Arnagasaki.

Seven coastal protection facilities other than coastal dikes or sea walls were damaged. They

are listed in Table 1.

Coastal protection facilities are under the jurisdiction of four ministries or government agencies,

i.e. the Ministry of Construction, the Ministry of Transport, and the Agricultural Structure

Improvement Bureau and the Fisheries Agency of the Minisuy of Agriculture, Forestry and Fisheries.

Relatively few coastal areas in the southern part of Hyogo Prefecture are managed by the Ministry



170 Table 1 Damage to Coastal Structures otherthanCoastalDikesor Revetments

tdminitnrator

Hyogo

KobeCity

Amagamki No.] lock demrdon of main My of the lock

Nishinomiya

Ahiya * revetmenLsluice gate. 5duicegatead * fxilitis

ship lock

KdEI-Mm t3wda walEr W@ exlbliationandcrackaattigatepitlars
Tsukiahimaw gate exfoliluiottarxlctacksatthegatept“nam
shittzaikeWateJ gate exfoliationad cracksatthegatepillm
NaiuhmM watergefe exfoliationad* ath gtttept“Ilam
Uozttki-No.2pumping Iiisxnmectioit of joints at the dminage sluice gate

station I d inflow of soil

of Construction. Of the 12 coastalprotectionfacilitiesunderthemanagementof theMinistryof

Construction which were damaged by the earthquake, 4 were along the Toban Coast and 8 on

Awaji Island such as those in the Matsuho District. All of these structures were earth dikes. The

damage was relatively sligh~ such as setdement of dike crowns, disconnection of joints, or cracking,

as shown in Table 2. Since there was only slight damage, these facilities were able to maintain

Table 2 Damage to Coastal Dikes and Revetments under the Jurisdiction

of the Ministty of Construction

Futtiage-dm,AkmhIHiguhi. dikc@oraaed
TobanCow Wd aid pk

fwndwon)

I

I
Kumnao Hi.gashiNo 2. 1~

Tmri, .Schn Cam
1~

Nojimn No.L HokutnnGmst I revetmm

-mnximumsetllatmt of 19an
*wi* of 30cm &p

-maximum settlant of 27CM
&bawculpmpun andfitkdmaaid
(4.1 m&epmd5cmwkk)
-cWitiiofsocmckql

-maxmtum~1 of55cm
aAabmvallf mmpmdfilkdlnntainl
(0.6m tkp.sml 10cmw+M

-cnvttkesof20 cm@

-tmtximum dmmttt of 4 cm

-maximumSmklmntoftk fevcllmIttaan
-maximutn htkrowadrbescm 15COI

+W ofjoinu:20-30cm
+aructWOfqlrousmldrkakldkb

-maximumscttl-ntd thefcvctmIIL50cm
-muimum diit0wdthcmm70cm
-slickofdw hinter.gmd
+qx.nIngofjomu

-maximum scalemcntoftheImdwd 5* 20an
-maximum sink towd tbc sem 30 cm

-mnximumaeUlcmcntoftkdk5cm
-maximum di&tovmddtesea4 an
+ing of joints

emthcfwndabll. IWemmutmldttml
fanmiWnUm

&’lqcto mUifcrmbcnwKa

-maximum 6e0kmem of b rmarmlrsan
-maximmn slicbmwdtksem 10 cm

Udsuaml cksmakmofthcpmnp@ wall



most of their functions.

On theother hand,most

of the coastal facilities under

thejurisdictionof theMinistry

of Transport were heavily

damaged and some of them

lost theirfunction, All of them

were of gravity-type or sheet

pile type. Photo 1 shows

damage to a gravity-type dike

at Ashiya Port. The damage

was as follows: The parapets

were settled unequally, The

joint opened up to 68 cm. The

crown was heavily broken.
Photo 1 Damage to Coastal Dike in Ashiya Port

IV. DAMAGES TO COASTAL DIKES AND REVETMENTS

IV- 1. Typical Examples of Damage to Coastal Dikes and Revetments

(1) Awaji coast

Since the horizontal ground displacement was extremely large on Awaji Island, most of the

failures of coastal dikes occurred where land slip or land slide were also observed nearby. Wide

gaps of 30 to 50 cm were found

At the Matsuho District,

located atthenorthend of Awaji

Island,themaximum settlement

of parapets was 40 cm, the

greatest settlement of dike

crown aprons wa~s60 cm, and

the largest slide toward the sea

was 15cm. The joint of thedike

disconnected for about20 cm at

the dike crown and for 30 cm at

the base due to slide along the

dike as shown Photo 2(Sumoto

Construction Office, 1995).

(2) Toban coast

Figure 4 shlowsa location

map of the sites along Toban

at thejoint section of dikes.

Photo 2 Damageto CoastalRevetmentalong theAwaji
Coast (Matsuho)

Thejoints of seaward slope covering opened

for approximately 20 cm at its top.

171



coast on which significant
172 damages to coastal struc-

tures are observed. Com-

pared to the coasts in nor-

thern Awaji IsIan& seismic

motion on Toban coast was

relatively weak (see Fig. 1).

The damage pattern of

Tmlya@ R

Awmni R.

““”- /43 ‘“’
/“1 t’ =Dfmaged site I

Fig. 4 Location Map of Toban Coast

coastal dikes was mostly the settlement of parapet and

lateral spreading of the body to the land Side of the

dike (see Fig. 5). The maximum settlement reached

55 cm at the right bank of Akashi River. On most of

the sites where significant settlements were observed,

the settlement of filled materials was also observed,

leading to the pmence of a cavity beneath the para@.

The presence of the cavity and the lateral spreading to

the land side suggests that the filled materials settled

by the strong seismic motion. It is noticed from Fig. 4

that the failure sites are mostly located near the river

u

Fig. 5 Typical Damages to Coastal Dike

mouthes, where the structures were based on rather soft foundation, the thickness of mud layer is

mom than 15 m. Though the degree of damage in Toban coast was low, the failure of dikes along

Toban coast strongly depends on the soil characteristics of the foundation.

Figure 6 illustrates a cross section of the damagdcoastal dike in Daikan-cho, located at the

left of the river mouth of the Akashi River, on the Toban Coast. Only the filling deformed and

settled due to ean.hquake motion. The coastal dike in Funage-cho, located on the right bank of the

mouth of the Akashi River, was similarly stricken by the earthquake. Although the damage to

Funage<ho dike was worse than of Daikan<ho, the settlement of both dike crowns was slight, i.e.,

5-10% of the bank height of 5 m.

Figu~ 7 shows a geological cross

section of these area. The rigid m.
soil under the dike at Daikan-cho

may have avoided severe dam- M
age(Fig. 7 left). AS shown in the T.P.+2.IXhn “ -

v T.P,t0,@5m
right side of Fig. 7, the lower& -.--”” QmmlWaterLa@
of Funage-cho dike has a pile

foundation because the soil is ~-
T.P.-5.Wn.

relatively weak. As mentioned

above, the damage to Funage-cho Fig. 6 Darnage to a Coastal Dike along the Toban Coast
dike was just worse than that of (Daikan-cho, Akashi)
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Daikan-cho, though the condition of the ground was rather weak. Damage to other sectiorts of

Toban Coast was all related to the dike structure and was not attributable to their foundations. As

these cases show, as to Toban coast, foundations suitable for each type of soil may rather reduce the

damage attributable to the ground characteristics at the foundation of a dike.

IV-2. Characteristics and causes of damage to earth dikes and revetments

IV-2. 1. Classification of damage due to earthquake

The damage to earth dikes by the earthquakes which occurred between Kushin#d Earthquake

in 1993 and the Hyogoken Nanbu Earthquake may be classified into the 4 patterns shown in Table

3. Damage pattern I includes settlement of all or part of a dike or revetment. The Hyogoken Nanbu

Earthquake caused a maximum settlement of 55 cm in a dike along the Toban Coast. HOI1OW

spaces or cavities were created under many other dikes covered with concrete. Damage pattern II

includes disconnection at joints between concrete structures such as parapets, and cracks at

foundations and aroundjoints. This pattern represents typical earthquake darnage, and was frequently

obsmwd in this earthquake. Damagepattern III includes slide of seaward slope covering concrete,

which am caused by cracks or dkconnections of joints. The slide may be accompanied by settlement

of filling and lateral spreading. This earthquake also caused such damage (coastal dikes on Awaji

Island). Damage pattern IV includes sliding collapse of dike and adjacent hinter ground, which

may be accompanied by the setdement of dike, the demruction, cracking, or disconnecting of concrete

structures. This damage is rare, and no such case was obsemed in this earthquake. Figure 8 shows



174 Table3 Classification of Earthquake Damage to Dikes and Revetments

I

II

Ill

Iv

S9tlieman!cd
dikearmtnwnt

Cmckam

-,

alkkdaklpa
Krfelillg
(aatumarlt
lateralSpreamg)

adlemukcuqrarnddmnaga

-----

w

dumtdaadwmga

-t3hf3raBortMddk90f
mwlmenl SetlM.

“Cllaltalrnovemedakocausedadl

“Acaweteshudure broke,
Cmckedoropmdalaphll

“Palq19tabmke,cfackedcWlncmd.
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the frequency of each damage type from 1964 (Niigata Earthquake) to 1995 (Hyogoken Nanbu

Earthquake). Damage patterns I and II were common for dikes and pattern II was most common

for revetments.

These damage patterns are only a simple , t I i
morphological classification. Many damage

ia dikes

? s , k

b) revetmm I I

cases cannot be categorized as one specific 15 15

pattern but show characteristics of two or more

patterns. Causes of damage may be the
@ ~ 10
% z

eathquake inertial force and/or decrease in the : L
5

bearing capacity of the basement ground due
5

to liquefaction. These causes are not directly

connected with damage patterns but act I II III l-v I

complexly. Fig. 8 Patterns of Earthquake Damage to
The main factor for damage pattern I was Coastal Dik= and Revetments



probably a decrease in the bearing capacity of the liquefied ground. Compaction of fill~ materials

by the earthquake motion could also account for slight settlement. Most of damage pattern II was

probably caused by seismic motion. There wem many cases of uneven settlement. Some of them

might suggest a&crease in the bearing capacities of the basement ground due to liquefaction. The

factor for damage pattern III was also probably seismic motion. Some cases of settlements may

have been caused by slide of basement of covering concrete. There were cases accompanied by the

liquefaction of the basement ground. The likely main factor for the damage pattern IV was also

seismic motion. However, many cases of sliding collapse could have been caused by the liquefaction

of the adjacent hinter ground.

Damage by tsunamis, which occurs immediately after earthquake, is mostly attributable to

ovefflow. The Hyogoken Nanbu Earthquake, however, generated only small-scale tsunamis and

caused no such damage.

IV-2.2. Characteristics and causes of damage

1) Characteristics of damage

The number of coastal earth dikes and revetments damaged by the Hyogoken Nanbu

Earthquake was 11facilities on Awaji Island (8 under the jurisdiction of the Ministry of Construction,

1 under the Agricultural Structure Improvement Bureau, and 2 under the Fisheries Agency) and 4

facilities along the Toban CoasL The outlines of the damage have already been &scri&d in previous

sections. Although the dikes and revetments were located near the epicenter, they were just slightly

damaged and could function relatively well after the earthquake, except for one whose joint

disconnected significantly.

The damage distribution did not altogether correspond with the distances from the epicenter.

The degrees of the earthquake motion, i.e. acceleration, on Awaji Island and the Toban Coast,

where relatively many earth dikes and revetments have been built, are not clearly known, but can

be estimated from Fig. 1 to be 2(X)g~ or_morein the horizontal direction and to mrreqond with the

distances fkom the epicenter. The fact -!.hatdamaged facilities wem scattered over a large area and

that the damage was slight suggests the involvement of ground conditions.

With respect to the darnaged section of earth dikes and revetments, sand boils, which are the

traces of ground liquefaction, were observed only in the Kusumoto Higashi District along the. .,
Higashiu”fi Coast of Awaji Island.

2) Cau=- of damage

Eurth @es may not be designed to m.sistearthquakes since they are easy to repair even after
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behy-dmiagedby earthquakes. The sli@ damage to such dikes by ti Hyogokgn Nanbu Earthquake

rna#%e attrib&able to rather go& gr&nd conditions. According to a sumey cmducted after the

earthquake, the ground at the basement of earth dikes and revetments on Awaji Island is composgd

of hard sandy or pebbly soil, and loose sandy layer which is susceptible to liquefaction is rare.

Most”of the ground along the 20 km Toban Coast is either solid rock, hard diluvial pebbly and
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sandy soils, or relatively hard clayey soils. The basement ground along the Toban Coast is solid

rock in the section between Sums-ku of Kobe City and the Fukuda River (Rokko granite and Kobe

layers), and is composed of hard diluvial clayey, sandy and pebbly soils (Osaka layers) west of the

Fukuda River. Alluvial layers, which are distributed along small and medium size rivers running

into Akashi Straits or the Sea of Harima(Harima-nada), are the poor groi.md But the layers exceeding

10 m in ihickness exist only along the Shioyatani, Fukuda, Yamada, Asagiri and Akashi Rivers.

Damage to coastal facilities along the Toban Coast by the earthquake was scattered over the

entire 20 km coast line and was independent of the distance from the epicenter. The relationship

between the damaged earth dike or revetment and its basement ground shows that the damage in

the sections of solid rock or diluvial layers was slight while the damage in alluvial soils was serious.

The alluvial layers along the Shioyatani, Yamada and Akashi Rivers, where damage was serious,

are all 15 m -25 m thick and are composed of loose sand and soft clay. The stability of four

damaged facilities along these rivers was investigated by estimating the intensity of the seismic

motion from F]g. 1. In case of considering inertia forces, it resulted in that three of these facilities

were unstable. The facility along the Akashi River showed an especially low value, much smaller

than 1. Furthermore, a conventional estimation on liquefaction indicates that it may have occurred

at three points, especially at a point along the Akashi River, where the dike subsided for 55 cm

(parapets, however, did not sink much). In other words, the damage was less serious than “expected

because the loose sandy layer, which is susceptible to liquefaction, was only 5 m thick at this point.

Damage to earth dikes and mwetrnentscaused by the Hyogoken Nanbu Earthquake was slight

overall although they were located near the epicenter. This may be attributable to the relatively

good condition of the basement ground, especially to a limited distribution of loose sandy soil,

which is vulnerable to liquefaction. Structures, such as large-scale wave dissipating works and

hard covering works, which resist waves and other external forces, may have potentially enhanced

the resistance against earthquakes.

V. DAMAGES OF WATER

GATES AND OTHER FACIL-

Water gate is a composite

structure usually made of steel and

concrete. On southern coasts of

Hyogo prefecture, many water

gates were installed to protect land

from storm surges. As shown in

Table 1, some of them were dam-

aged. Photo 3 shows the damage

to a pillar of Owada water gate.

The concrete of the gate pillar was



exfoliated. Even if thedamagesof thewater

gates look trivial,they sometimes fails to be

operated since the mechanical portion are

fragile against strong seismic motion.

Electricity shutdown may sometimes be a

crucialproblem inmaintainingtheoperation.

Photo 4 shows rhedamage to a gate in

Kobe Port. The gate inclined 5 degree

landward. Some cracks was made at the

basement of the gate. It made the gate hard

to be operated.

Fortunately in the 1995 Hyogoken

Nanbu Earthquake, no tsunamis were

generatedandno stormsurgesattackedwater

gates damaged by the quake. However. it

should be remindedthatthe functionalityof

water gate and other facilities, which should be operated in case of tsunamior storm surge. may

sometimes be ceased after it experienced strong seismic motion.

VI. CONCLUDING REMARKS

The damages of coastal structurescaused by the 1995 Hyogoken Nanbu Earthquake were

apparentlysmall compared with the tremendous damages occurred in the urbanized area of Kobe

city. However, many coastal structureswere collapsed by the historically strong seismic motions.

Coastal dikes on northern Awaji Island were found to be collapsed owing to large ground

displacements, resultingin a wide gap of 30 to 50 cm atthejoint section. On Toban coasts. where

seismic motion was relatively weak, the settlementof coastal dikes mostly occurred where they

were based on thick mud layers near river mouths. Many water gates also suffered significant

damages.

As to countermeasure againsttsunamis and storm surge-s,the last protective line like castle

continuously consists of coastal dikes, revetments,gates and water gates. T“hedamages described

above suggest a concern about the functionalityof coastal dikes and tsunamigates in case thatthey

are attackedby both strong seismic motion and tsunam]s. Especially, at this earthquakedmster.

dikes and revetmentskept theirfunctions but some of gates lost them. It should be focused on the

facilities thatmust be shut in case of tsunamior storm surge and are usually open. Furthermore,

since Japan is very mountainous,many people live along coastal flat. There are also some such
facilitieseven in thevillage along SanrikuCoas&which was devastatedby Meiji SanrikuEarthquake

Tsunami 100 y-earsago. Therefore, such kind of problem is not only for coast of urbanized cities

but for all coasts in Japan.
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Photo 4 Damage to Gate in Kobe Port
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ABSTRACT

Lixiear Finite-Element models of long waves in shallow watera can be put in such a

form that their solution can be computed by applying a linear operator to the initial

source field: this linear operator was called the ‘%mve propagator” of the problem. The

general formal properties of the wave propagator were proven and illustrated in two

previous papere. Here the representation of the solution in terms of the finit+ekment

grid eigenmodee and grid time constants is explicitly derived and discussed.
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Introduction

Tsunami propagation in the open sea can be described by the shallow-water

approximation, that for may purposes results to be adequate even for near-shore

tsunami evolution. The hydrodynamic equations governing the wave motion for an

ideal inviscid fluid can be written as follows:

{

a( = –a=(k) – a,(hu)
&u= –ga.~ (1)
&V= –g8v<

where ~, u and v are functions of the space coordinates z and y and of the time t, and

respectively denote the sea water elevation above the mea sea level and the horizontal

components of the water veloaty. Furthermore g is the gravity acceleration and the sea

bottom h(z, ~j is assumed to be independent from the time. The space diseretization

of the system (1) over a fit e-element grid consisting of N nodes transforms it to a

system of 3N equationswhere theunknown timefunctionsarethewaterelevation(j(i)

and hotiontalvelocities~j(t)and V2(t) at each grid node j. If we designate by ~(t) the

3N-component vector dhed aa:

{

cj(~) lSj SN :-
~j(~) = u(~)j-~ N + 1< ~ < 2N

~(t)j-2~ 2N + 1< j < 3N

the governing equations, inclusive of the conditions over the

proven to be amenable to the form (Tinti and Piatan6si, 1995):

{
*i(t) ~ Ct(i)
f(o) =(,

(2)

grid bou.ndties, were

(3)

where titdenotesthe totalderivativewith respect to the time. Here the matrix C is

a square 3N by 3N matrix with constant real coficients, whereas to is the 3N vector

representing the known condition at the initial time t = O. The solution to the system

(3) can be found with the method of the spectral decomposition, consisting in factorizing

the operator C in the product:
C = EAE-l (4)

where A is the diagonal matrix composed of the 3N eigenvalues of C and E is the

com”esponding eigenvector matrix, that is a matrix whose ecdumn j is the j-th unit

eigenvector, say Ej, of C assoaated with the eigenvalue Aj; or more formally:

~ = (~11~2, ....gSJV) CEj=AjZj l~jl= 1 (5)



The matrix E-l is the inverse of E and it is conveniently interpreted as being formed 181
of row vectors; more precisely, if we define by fj the vector ~qosed by the m~tients

of the j-th row of I!?-l, we may accordingly write:

~1
.-

()

faE-l = .
.

ii

(6)

The system of iirst-order difkrential equations (3) admits the unique solution:

{(t),= P(t) &l P(t) = EeAtE-l (7)

where P(t) is the wave propagator, i.e. is a linear operator depending only on time t

that reduces identically to the unit matrix I aa t = O and that, likewise C, is expressed

in a factorized form. Importxnt formal properties of the wave propagator have been

already shown and discussed in two previous papers (Tinti and Piatanesi, 1995; Tinti

et al., 1996) to which the reader may refer. Here, it is worthwhile reflecting on the

meaning of the spectral representation of the solution ~(t) that, in agreement with the

expression (7), results to be a linear combination of the eigenmodes of C, each one

evolving according to an exponential law with a specific time constant.

Spectral

The

Representation of the Solution

decomposition of the basic real matrix C given in (4) implies taking into

account a 3N complex vector space, say S, since C admits complex eigenmdues and

eigenvectors. In other words all the matrices E, A and E-l are complex, but in virtue

of the fact that they derive from a real matrix, they have an important property, that will

be illustrated hereafter and that will be used to propose a simple spectral representation

of the solution ~(t).

Before dealing this aspect, however, it is convenient to make some preliminary

considerations. First of all we observe that the basis of the eigenvectors ~j d c is

complete, and consequently that any vector of the complex space S can be written

uniquely as a linear combination of these eigenvectors. In order to prove the above

sentence we will proceed in two steps, by taking however for given on the basis of

fundamental algebra theorems that: 1) a real matrix C of dimension 3N admits exactly

3N eigenvalueB, if the eigenvalue multiplicity is allowed for; and 2) a basis of a 3N vector

space iscomplete if and only if it consists of 3N linearly independent unit vectors. In the

first place it is easy to demonstrate that ddkent eigenvaluesA of C are associatedwith
linearlyindependenteigenvectorsZ. Fromthe hypothesisthat CZI = AI51 CZZ = 2252

with Al # ~2, it follows the thesis that Z2 is linearly independent horn 21, that is 52 is

not proportional to ZI. In fact if we rejected the thesis, we would get the contradiction

that the hypothesis would be false. Therefore, in the special case that all eigenvalues



182 of C are different from each other, the completeness of the eigenvector basis is proven.

For the second part of the demonstration we observe that if there is an eigenvalue J

with multiplicity k, there will exist a subspace of 5 with dimension k, say Sh, with the

property that any vector ~ of Sk is an eigenvector of c: c= = k. ~onsequently it is

possible to fmd k unit vectors of Sk that are independent from each other forming a

basis in Sk and that, being linearly independent from all other eigenvectors with di&rent

eigenvalues, form a distinct sub-basis in S. As a special case of this last category we can

consider the null subspace of C, thatisthespaceformed by allthe vectorsZ satifging

the equality C= = O. They all csm be considered eigenvectors of C corresponding to the

real eigenvalue A = O. Combining the two steps above, we can conclude that the basis

formed by the eigenvectors assoaated with the simple eigenvalues and in addition by

the eigenvectors of the sub-bases msoaated with the multiple eigenvalues are linearly

independent and as many as the eigenvalues, and therefore constitute a complete basis.

An immediate consequence of the basis completeness is that the eigenvector matrix E,

having linearly independent columns, is of rank 3N and hence admits the inverse E–l,

as we had already assumed in the foregoing, though with no speciiic demonstration.

A further consequence is that all the vectors ~ are linearly independent: bearing in

mind the deiin.ition (6), this descends from the fact that the matrix E-l, admitting the

inverse, is thus of rrmk 3N and has linearly independent rows. Notice that the vectors

~ do not constitute a vector basis since in general they are not unit vectors.

The property that any vector of S admits a unique representation over a basis of vectors

that is complete is a fundamental property of a vector linear space and deserves no

demonstration here. What is of interest for us is the form of the linear representation

of the generic vector Z in terms of the eigenvectors & After defining the inner product

between two vectors Z and j of S:

(8)

where z~ denotes the conjugate of the k-th component of i, we observe that any vector

Z can be given the expression:
3N

i = ~(fi,Z)Ej (9)
j= 1

Here the inner products (~!~,Z) are the coefficients of the linear superposition and can be

accordingly interpreted as the components of 5 on the basis of the eigenvectors ~j.The

demonstration of the expression (9) is straightforward. From the equality E-l E = I,

and the definitions (5) and

7 and Z have the values:

(6), it follows that the inner products between the vectors

(fi,~~)=~j~ 1 <j, k<3N (10)



where 6jk is the Kronecker delta. In terms of vector algebra, this expression (10) states 183
that any vector ~~ hsa a unitq component over the basis vector Ejandis orthogonal to

all the other basis vectors, namely it is orthogonal to the 31V– l-dimensional subspace

described by the enmmble of vectors Ek,k #j. Now, after writing

j=l

(which is possible in virtue of the completeness of the eigenvectors basis), and after

inner-multiplying both membprs of the above equality by ~J~,it can be shown with the

aid of the eqs (10) that the complex coefkients Aj have just the form given in the

expression (9).

The above premises having been posed, we can focus on the properties specifically

related to the fact that the matrix C is real. A real matrix admits both real and

complex eigenvalues, but if _it admits the complex eigenm.lue J, it admits even the

conjugate eigenvalue A“; moreover if Eis the eigenvector corresponding to ~, hence that

one corresponding to ~= is E“. This follows immediately horn the equality Ciii = X,

since, after taking the conjugate of both members, the result is CZ” = ~“ I?. As a

consequence the complex eigenvalues and eigenvectors of C can be grouped in pairs of

conjugate values, each pti describing a 2-dimensional subspace of S. Now, there is no

loss of generality in assuming-that Ej and

subspace Si, that is let us suppose thati

-*
Zj+l = e,

iEj+l fo~ one of SUCh ptis, describtig the

Applying the eqs (10) to our case, we find that:

(11)

(12)

By taking the conjugate of all the above equalities we obtain that

(fj,~)=1, (J~Ej)= 0s (f+;zi)=0 k#jandj+l (13)

which shows that the vector ~j haa a unitary Componmt over the eig~vector ~j+l= ~~
and is orthogonsd to all other eigenvectors E of C and enables us to write:

(14)

Hence likewise A and Z even the vectors ~ can be grouped in pairs of conjugate values.

Now, let us turn our attention to the solution of the wave propagation problem and let us

examine the umsequences of the above stated properties on the spectral representation

given in (7). The first observation is that the wave propagator P(t) is a real matrix that

admits exactly the same eigenvectors as C and that has the eigermalues ~(~j~).Mwe
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IZj+l, the real vector describing the initial condition fO can be given the representation:

where 32{.} denotes the real part of the complex number between braces. Herafter 3{.}

will be mmlogously used to designate the imaginary part. After introducing the real

vectors:

and the real coefliaents:

the representat.ion(15) of ~. wmunes the simple form:

(17)

If we apply P(t) to such an initial condition we obtain the solution (fij atthe time t,

that is:

(F)J = (~-, ~o)zj~”” + (~~.+~, ~o)Ej+~~A’+l’)

After calling ct and ti the real and imaginary part.

is:

Aj = aJ + idj

of the eigenvalue respectively,that

(18)

where i is here the imaginary unit, and after some calculations, the solution can be put

in the form:

(t)~ = ~~a’tn{(i~, & )Ejeitii’] (19)

With the aid of the positions:

~j = 2~{(jj,go)~j} = ajfij + bj~J = (~o)j (20a)

51 = –2~{(iJ, iO)Ej} = b)+] — Qj ~j (20b)

the expression (19) can be further simplified to:

(~)j = 15aJ*(@jCOSdj’t + &j sinidji!) (21)

which is the representation we were looking for.

Let us now consider the case where the initial condition FOhas a nonvanishing

component over the eigenvect or Ek whose associated real eigenvalue is Ah. First of all,

it is convenient to demonstrate that the eigenvector Ek can be assumed to be a real

vector. Let us suppose that Ek is complex. Hence horn the equality CEk = A~ IEk,we

deduce that both R{Ek} and S{Ek} satis~ the eigenvector equation associated with the

same eigenvalue ~k and consequently, if ~h is a simple real eigenvalue, they have to be



linearly dependent. Accordingly, after posing ~{~k} = fk cos 8 and ~{;~} = & sin 6,
185

where 0 = arct an( 9{ ~k} /!f?{;k }), we conclude that the eigenvector can be written in

the form ~k = ~kexp(ie). Here ~k is a real vector satisfying the condition ]~k] = 1

in force o! the normalization condition ]~kI = 1. Moreover, we notice that all the

unit vectors we obtain from the above expression by taking an arbitrary value of 0,

satisfythe eigenvalue equation and are therefore eigenvectors corresponding to ~k. This

ambiguity is not a problem and we will see that it is not peculiar of the eigenvectors

associated with real eigenvalues, but regards all the eigenvectors, and will be dealt with

at the end of this section. What matters hereis that with no loss of generality we can

assume d = O, implying that the eigenvector ~k corresponding to ~k is real. Strictly

speaking, the above demonstration has been performed under the hypothesis that ~k is

a simple eigenvidue, but it could be easily extended to covering the case of multiple real

eigenvalues.

So far we hlaveseen that the eigenvectors of C are either real or grouped in pairs of

conjugate values. In the following we will thus assume that C admits p real eigenvect ors

and g pairs of conjugate eigenvectors, defining q 2D subspaces of the complex 3N-

dlmensional space S, with the trivial condition that p+2q = 3N. As an immediate result

of this propert~y,it can be stated that the vector basis formed by the conjugate vectors

E“ coincides with the eigenvector basis 6, apart from the irrelevant vector numbering:

indeed the conjugation does not change the p real eigenvect ors, while simply interchanges

the eigenvectors of the q pairs of conjugate values, mapping each of the q 2D subspaces

onto itself. A further relevant point is that from ;k being real descends that even ~k

must be real. This can be proven by assuming first that ~k is complex. In light of the

equations (10), taking the conjugate of both members, we deduce that (~k, ~k) = 1 and

that (Fk,s; ) = Owhen (~ # k). This means that the vector ~~ has a unitary component
over gk and is orthogonal to all vectors ~~ (j # k). But in virtue of the above stated

identity of the vector bases Z and ;“, the vector ~~ results to be normal even to all the

eigenvectors ~j (j # k). Therefore the eqs. (10) hold for both ~~ and ~k, which implies

that ~~ = ~k, an equation that can be fulfilled only if ~~ is a real vector.

After the :previous considerations, we are able to write the image ({0 )k of the initial

condition to over the real eigenvector ~k, namely:

(&)k = ck~k Ck = (;k, &) (22)

where c~ is a real coefficient, resulting from the inner product of two real vectors. And

if we pose:

& = ck~lc= (&)k ~k = ~k (23)

it is straightforward to infer that the expression of the corresponding solution at the

time t is:

(~)k D I#kt $k (24)
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eigenvectors pairs and to the real eigenvectors, we can deduce the general form for the

solution of the tsunami propagation problem:

(25)
j=l k=l

that at the time t = O reduces correctly to the initial condition:

‘g(o)=~pj +~~k=~o (26)
j=l k==l .:

,,,.

the last equality descending from the positions (20) and (23). The solving expression

(25) is the explicit translation of the formula (7) and proves that the solution can be

computed in terms of exponential and circular time functions, as will be discussed later

on.

Before concluding the present section, we will address the problem of the

nonuniqueness of the eigenvectors in the complex space S, that we have only grazed

in the above treatment. We observe that, given an eigenvector Gj, all the vectors

resulting from multiplying Zj by a complex constant of unitary norm are eigen=ctors

corresponding to the same eigenvalue Ai since theysatisfyboth theeigenvalueequation

and the normalizationconditiongivenin (5). This ambiguity can be formulated by

saying that any eigenvect or ;j is uniquely determined apart horn an arbitrary complex

constant/6j = exp(i8j ). It is important to emphasize that the choice of these arbitrary

constants has no effect on the final solution (25). Indeed, let us consider the new

eigenvector basis Zt, where ;; = pj ~j. Firstly, from the eqs (10) it is easy to deduce

that (fit)” = Pj~’.. Hence the component z~ of the generic vector ii over the eigenvector

;; is given by z: = (~*,~) = P~($j,;) = ~~xj, If we apply the above findings to the

equations (22) and (23) concerning the real eigenvalues, we obtain first that CL = P; Ck

and then that & = ~h, which entails that the eq (24) holds regardless the choice of the
constant p. Less immediate is to reach the same conclusion for the nonreal eigenvalues )

since the choice of the constants Pj and Pj+l can break the conjugation relationship

between the j-th and the j + l-th eigenvectors. Let us then suppose that:

and let us write the expression corresponding to the equation

eigenvectors:

(fo)j= (?j”l~o)zj+ (f’*j+l, Fo)E$i-l

= 1 (27a)

(27b)

(15) in terms of the new

(28)



The relation between the eigenvector ~~+1and z;” can be found to be: 187

(29)

where the first and the third equalities derive from the eqs .(27a), whereas the second

equality is a ccmsequence of the relations (11). Analogously, it can be proven that the

relationships between ~’+1 * and ~$ is:

(30)

In the above chain of equalities, the first and the third ones can be justified basing on

the relationships (27b), whale the second results from the equations (14). If we make

use of the equations (29) and (30), the expression (28) can be rewritten as:

(31)

that is formally equal to the expression (15), though in terms of the new primed vectors.

If we introduce definitions for the vectors ij~ and ~~ and for the coefficients a; and $

that are analogous to those given in (16a) and (16b), that is:

4; = ~{~;} 2; = $V>}

a; = 2 (~{?’’ }lfo)l b; = –z (~{;; }#II)

After recalling that (~” ~,<O ) = p“(ff, ~. ), we can easily obtain

between the vectors:

ij~ = ~j cos Oj – gjsin ej ~>=*jsin@j+~jCosOj

and bet ween the coefficients:

I

aj= (Lj cos Oj – bj sin Oj b; = aj sinOj + bj cos Oj

(32a)

(32b)

the relationships

(33)

(34)

where we have posed that cos Ojand sin Oj are respectivelythe realand theirnagin=y

part of the complex unit-norm coefficient pj. Repeating the steps that led us to the

expression (19 ) for the solution (~j ), we can now write the analogous formuIa:

(t)j = zea” Y?{(.f’*j,&) Z; e“’+’}

Since, with the aid of the relationships (33) and (34), it is easy to verify that

a~~~+ b~~~.= ajijj + bjfj b;f; — a~fj. = bj~j — ajfj

(35)

we come to the important conclusion that the representation (21) does not depend upon

the arbitrary constants pj and pj+l. The extension of this invariance property to the

general representation (25) is the trivial further step that concludes our demonstration.
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respectively as the one concerning the complex conjugate eigenvectors and the real

eigenvectors of C, though we know that the former may be not conjugate and the latter

may be not real.

Discussion and Conclusions

The general representation (25) of the solution to the tsunami propagation problem

espresses the vectorfieldf[tj at the time f as thelinearcombinationor superposition

oftime-independentreal~~ectms(narlely@j and a-?.j = 1,...,q,and #~, ~ = 1,....~]

weightedby simplerealtimefunctionsfexponentialand circularfunctions)determined

by realconstantswith dimensionl~t:Oj and ~Sj,j = 1,....q.and fik,k = 1,....p. In

light of the definitions (20a), (20b) and (23), the real ~~ectorsdepend in turn m the red

coefficients Q~~ h] and ck as well as on the real and imaginary parts of the conjugate

eigenvectors ijj and ,~j~ and on the reaI eigem~ectors =~. Notice that the vectors ~j

and ~j, being independent linear superpositions of the eigermectors Ej and Ej+I, belong

erLt&l~ to the 2D subspace .$j. Observe further that the initial condition & influences

solely the 3N coefficients aj ~bj and cks but it has no effect either on the above quoted

vectors or on the parameters in the time functions, for they are uniquely determined by

the spectral decomposition of the matrix C: this means that they convey information on

the basic governing equations and on the geometrical features of the grid (hereincluding

both triangdation and basin bathymetry).

Let us now consider separately the behaviour of the components corresponding

to a real eigenmode and to a pair of conjugate eigemnodes. In the former case the

element ary-representation (24) says that the solution persists over the initial vector ok,

that is proportional to the eigenmode Ek, with an amplitude changing exponentially

with time according to the characteristic time Tk = 1j I,dk1. The mode either decays

(flk < 0] or grows (~k > 0) indefinitely, tending asymptotically either to be ranishing

or to diverge. Since this component is constrained to remain in the same eigenmode,
as a matter of fact it represents a stationary wave for the grid: crests and troughs

cannot move staying in their respective initial positions, zero-elevation nodes and zero-

veIocity nodes rest in their null State at any time! and the global field pattern remains

unchanged, while the wave amplitude becomes larger or smaller. Tile above observation

regarding a single component does not imply that e~=ena linear combination of vectors

of this type is a stationary wave. In fact the total wave pattern is determined by

the mut ua.1weights of the single interfering components, that in turn depend on time

according to the related exponential exp(,dkt). For example, let us suppose that at a

certain time t’ two components k and 1 are exactly in balance over a given grid node

m-~that is C&(~k)m exp(fl~t’)+ c@)m e.xp{d#]= O. ~-OVV’,if .fik + fii, it follows that at

any time t # t’,the interference between the tw’o considered components differsfrom
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valued and negative-valued regions are not stable field features of the real eigenmode

represent ation. A special corn~ent deserves the case of ~~ = O, c&responding to the

CW3e of a nd eigeIIIV&e ~k = O. This entails that the solution persists on the eigenmode

~k with magnitude ck, so that the component reduces to the steady state ~k. It is easy

to see that if ~k = O is an eigenvalue with multiplicity n, the superposition of the n

components corresponding to the n distinct null eigenmodes turns out to be a steady

state absolutely independent from time.

Let us turn our attention to the behaviour of the components corresponding to the

pairs of conjugate eigenmodes,, a behaviour which is the result of a periodic evolution

with circular frequency ~ j and period Tj = 2~/wj, and of an exponential that describes a

time decay or grcrwthdepending on the constant ~j being negative or positive. The main

difference from the previous case is that the solution passes continuously from the initial

state ~j to the linearly independent state ~j, and then to the respective opposite states

–~j and m~j that are attained,, each fourth of period Tj. At any cycle the component

repeats its state, but with different. amplitude according to the exponential law, and in

the special case ‘where ~k = O, the motion is purely periodic. It is clear that the wave

pattern cannot be stationary, since it transforms cyclically from that pertaining to the

state ~j to that associated with ~j: therefore these components of the solution, being

intrinsically evoiutive, are particularly suited to describe traveling waves.

The representation (25) can be interpreted as the spectral decomposition of the

solution, for it is a linear superposition of vectors that are either eigenvectors or simply

related to the eigenvectors. Since the eigenvectors and all the par~eters in the time

laws in the expression (25) depend on the grid geometry and on the space discretization

technique used for the hydrodynamic equations (1), it would be quite important to

understand the nature of such a dependence. In fact, for example, if we knew something

more about the influence of the grid on the eigenmodes of C, we would use this

knowledge as a guidance to devise an optimal gridding algorithm, providing that mesh

that is best suited to the problem. In a previous paper (Tinti et al., 1996) some general

properties of invariance under some classes of transformations such as variable scaling

and grid rotation were shown to hold for the eigenvalues and the eigenvectors of the

matrix C. But this is still insufficient to provide a good criterion for the grid selection.

More useful in this respect is the observation that the shortest of the eigenmode periods

Tj is found to be comparable with the shortest crossing time of the grid elements, which

poses a strict r~elationshipsbetween the highest frequency compatible with the system,

that is the timle resolution, and the size of the smallest grid element, that is the space

resolution. It i{sclear, however, that more research is needed in order to have a better

insight on the relationships between the grid characteristics (i.e. element type, number

of nodes, heterogeneityy) and the hydrodynamic equations (for instante the boundary

conditions) on one side and the resulting eigenmodes and eigenvalues of the spectral

decomposition on the other side, which will be the object of future investigations.
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PROPAGATION AND RUNUP OF TSUNAMI
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ABSTRACT

The ~lption of Mt. St. Augustine Volcano, Alaska, in 1883 resultedin a landslide
whichproducedtsunamiof about 6 m high at EnglishBay, 85 km east of AugustineIsland.
This study uses numericalmodelingto forec~t the tsunami waveswhichmaybe generated
by futureeruptions. The numericalmodel is basedon the nonlinearshallow-waterequations
which are solved by a finite-differencemethod. The simulationyields runup heights and
inundationpatterns. Two landslidesare consideredfor investigationof how d&rent source
parametersinfluencetsunamitraveltimesand runup heights. This study uses four embedded
interactive numerical grids for Lower Cook Inlet to propagate a tsunami signal from Mt. St.
Augustine Volcmo to the shores and to compute the runupheightsfor Homer and English
Bay. The results of numericalmodeling allow evaluationof the potential tsunami hazard
for LowerCook Inlet.
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10 INTRODUCTION.

Tsunamis of volcanic origin are rarely observed but are known to be violent and
destructive (Lander and Lockridge, 1989). The area examined in this study includes Cook
Inlet, a 300 km long, 30-100 km wide estuary in southern Alaska. A number of communities
is located along the eastern shore of Cook Inlet. There are five active volcanoes on its
western, mostly uninhabited, shore. Two of them have generated debris flows, that reached
the sea: Redoubt, 3 times in Holocene time (Beg6t and Nye, 1994), and Augustine, 12 times
in the past 2000 years (E&% and Kienle, 1992). The last Augustine debris avalanche, on
Cktober 6, 1883 generated tsunami of about 6 m high at English Bay, 85 km to the east of
the volcano across the Inlet (Kienle et al., 1987).

This work is an extensionof a previousstudy dealingwith tsunami generatedby

edificecxilapseof lilt.St.Augustinevolcano (~ienleet al., 1987). The authors developed
the numerical model to include Lower Cook Inlet from 59°N to about 60°N (Figure 1).
‘TIE model did not simulate runup which locally could amplify wave height because the
variable depth and shoreline generate local differences in amplitude and velocity of the wave
that cannot be resolved by the numerical grid used for the wave propagation. To properly
model all these phenomena, the described Mt. St. Augustine tsunami model is improved
by introducing four embedded grids for Lower Cook Inlet (!lkoshina, 1996). This approach
allows a tsunami wave to propagate from Augustine Island to the Cook Inlet shorelines with
ever-increasing resolution (from 926 m grid spacing to 20.6 m grid spacing) as the wave
approaches the coast. The domain with the shortest grid spacing includes both sea bottom
and land topography allowing a smooth propagation of the tsunami wave from wet to dry
U? ions..!$

11. MODEL.

TIM following set of shallow-water equations of motion and continuity is used in this
study (Kowalik and Murty, 1993]:

87.4 Oc rWu
-’@ug+v~-fv=-gz -T,

ay
(1)

au au au . W rWv .—.

59[ ~q 8(Du) i3(Dv)—=——
Otatax-ay.

(2)

(3)

(z) and north-south (y) components of velocity, respectively,Here u and w are the east-west
g is gravity, ~ is the Cku-ioIis&rameter, ~ is the’ displacement of the free surface horn
the equilibrium level, q is the bottom displacement, B(z, y) is the water depth in the
equilibrium state$ D = .H(z, y) + ~ is the total depth, W = ~q, and r k the bottom
friction Coefliciellt.

At W shores, except for two small regions chosen for the runup calculations, the
normal velocity cm.npcment is assumed to be zero. As for the open boundary conditions, it is
assumed that the wave processes occurring inside the numerical domain are not influenced
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by the processes from outside, therefore the radiation condition given by Reid and Bodlne
(1968) is used.

To construct a numerical scheme, a space staggered grid is applied which requires
either sea level or velocity as a boundary condition. The first order scheme is applied in
time and in space. Integration is performed along the x and y directions separately. For
this purpose the set (l)–(3) is split in time into two subsets. Denoting m as an index of
numerical integration in time, the method can be explained through the following difference-
differential equations.

,,

First, these equations are solve’d along the x direction,

(4a)

y-(m ~(D%m~l)

2 0.5!2’ = – ax
(4b)

and next, along the y direction,

(5a)

~ fp+l
- r = _ O(D%P+l)

2 0.5T ay
(5b)

In this algorithm the calculation of the sea level starts horn time step m, and along the x
direction a preliminary value ~“ is obtained. Afterwards, this value is carried over to the ~
direction to derive the sea level at the m + 1 time step.

j–2 j-l /’j j+l—+–+–+”+
\ bottom

water land

Fig. 2
Grid distribution for the run-up problem. Crosses denote sea level

grid points and dashes are velocity grid points.

To apply the boundary conditions at the water–land boundary, first, the boundary
must be located at each time step. This is done by a simple algorithm proposed by Flather
and Heaps (1975) for the tide computations and explained in Figure 2 for the z direction



only.To ascertainwhether ~j isa dry orwet point(seeFigure2),the

thispoint;

{

‘Uj is wet point if 0.5(llj-l + Dj) z O
I&jis dry point if 0.5(Dj–l + Dj) <0

It is obvious that the total depth is positive at the wet points and is
boundary because ‘here ~ = –H. The small negative value of the total
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sea level is tested at ‘

(6)

equal to zero at the
depth set at the dry

points allows to identify the location of all dry regions in the computatiomd process. Next,
Sielecki and Wimtele’s (1970) extrapolation of the sea level to the first dry point is used.
The velocity in the first dry point is extrapolated linearly from the two last points.

Realistic motion often takes place over discontinuous bathymetry where above sim-
ple extrapolation scheme for the moving boundary fails to reproduce the right answer. To
account for the various cases of overtopped, submerged or exposed barriers, special boundary
condition have been introduced based on the formulas for a submerged weir given by Reid
and Bodine (1968). The above finite-difference runup numerical scheme is a modification
of the scheme constructed by Kowalik and Murt y (1993). The movement of the boundary
follows fkom the equation of continuity, written for the upwind-downwind form, suggested
by Ma&r (1988).

Two possible scenarios are modeled: 1) a landslide entering the sea at the northern
shore of Augustine Island as in 1883 and 2) a landslide entering the sea at the volcano7s
eastern shore that faces Homer. One of the goals of this study is to evaluate the potential
tsunami risk for the Homer Spit. For model cfllbration, the tsunami runup at English
Bay is simulated for the czwe of the 1883 northern impact and computed wave heights are
compared with available historical data. Afterwards, the runup heights are computed at
the Homer Spit for both possible cases of landslide. Tsunamis generated in Cook Inlet
propagate through a body of water that is already oscillating due to tides. In this study,
tsunami waves arriving at coastal locations are considered at both low and high tides. This
provides a more realistic assessment of the inundation which could be caused by tsunamis.

111. SOURCE MECHANISM.

The volctic tsunamis can occur by submarine explosive activity, but more com-
monly they occur due to the entrance of debris avalanches or debris flows (landslides) into
the sea. Numerous historical records gathered by Lander and Lockridge (1989) demonstrate
the generation of very large water waves by landslides. Various mechanisms of transferring
energy from the landslide into a tsunami have been tested through analytical solutions as
well as through hydraulic and numerical modeling (Aida, 1969; Imamura and Imteaz, 1995;
Kajiura, 1963; LeBlond and Jones, 1995; Noda, 1970; Wiegel, 1955).

The Augustine tsunami source model is constructed using the technique of the
moving rigid bottom deformation. This motion is transmitted into the water column through
the continuity of volume. Two scenarios of debris avakmche generation are studied. In the
first, the landslide is assumed to enter the sea at Burr Point at the northern shore of
Augustine Island, as in 1883. The area of the 1883 slide is computed to be 25 km2 from
a bathymetric map. The advance of the avalanche along the sea floor is simulated as a
progressive 25-m high uplift of the sea floor, propagating horn the shore to the open sea
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Figure 5. Tsurmmi inundation areas at English Bay for high tide conditions. Grey represents
dry land at high tide, the hatched regions indicate areas inundated at high tide
by tsunami generated at the eastern shore of Augustine Island.
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at a speed of 50 ]m/s (Kienle et al., 1987). In the second scenario, the debris avalanche is
assumed to enter the sea at the eadern shore of the island where several prehistoric debris
avalanches have been mapped offshore (Beg6t and Kienle, 1992). ‘lMs model uses two main
parameters of the landslide: its volume and its velocity.

IV. NUMERICAL GRIDS.

The regicm examined in this study extends from 59°50’N to 60° 16’N and from 151°W
to 154° 18’W in south-central Alaska (Figure 1). This area, Lower Cook Inlet, includes all
the coastal communities that might be threatened by a tsunami from Mt. St. Augustine.
This research focuses on the village of English Bay, which was afFected by the historic
tsunami of 1883, and on the port of Homer, a location of interest to the fishing and tourist
industry. The largest grid (Figure 1), with a resolution of 927 meters, covers Lower Cook
Inlet. This coarse grid has a spacing of 1 minute in the longitudinal direction and 0.5
minute in the latitudinal direction. The coarse grid is coupled with a finer grid that covers
the shallow coastal arezis of Kachemak Bay from 59° 16’N to 59°48’N and from 151°W to
152°04’W (Figures 1,3). The. fine grid’s resolution is one third that of the coarse grid, i. e.,
309 meters. Two finer grids, of 61.8 meters resolution, are embedded into the Kachemak
Bay grid (Figure 3). Each of them includes a final grid, with a horizontal space resolution
of 20.6 meters, ‘where the tsunami signal is finally resolved with a superfine runup model.
Two regions of interest are: .

1) English Bay (now Nanwalek).’ Here the grid of 61.8 meters resolution covers the shallow
water of ablout 20 meters depth. The area chosen for runup calculations is shown in
Figure 4. The superfine grid with 20.6 meters spacing covers about 1 square mile, half
of which is covered with water. Coastal waters are very shallow including an intertidal
lagoon adjacent to the village.

!.

2) The Homer Spit in Kachemak Bay. Here again t~e grid of 61.8 meters resolution is used
first. The superfine grid of 20.6 meters resolution, which covers the tip of the Homer
Spit, serves for runup calculations (Figure 6). It includes the entrance to the Homer
Harbor thah would be exposed to potential tsunami waves.

Interactive connections are used between all pairs of grids which means that the wave passes
through the boundary not only from the coarse-grid domain to the fine-grid domain but in
the opposite direction as well. Such a detailed approach is important at English Bay and
at the Homer Spit, both areas of complex bathymetry with entrances connecting local bays
and harbors to the open waters.

v.

1.

RESULTS OF RUNUP COMPUTATIONS.

Bnglish Bay.
The village of English Bay on the southern Kenai Peninsula faces Cook Inlet and

Mt. St. Augustine Volcano (Figures 1 and 4). The average elevation of the village is about
15 meters above mean sea level, and the elevation of the sand spit is about 5 meters. All
houses are located at the foot of a 560-meter-high hall. The part of the village adjacent to
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Figure 7. Tsunami inundation areas of the Homer Spit for high tide conditions. Grey
represents dry land at high tide, the hatched regions indicate areas inundated at
high tide by tsunami generated at the eastern shore of Augustine Island.
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the entrance to the sand spit has the lowest elevation. For simulation of the 1883 event at
English Bay, a very detailed grid is constructed to take into account the shoaling of the sea
floor adjacent to the village, where the wavelength of the tsunami becomes shorter. Two
bathymetric charts are generated for the runup calculations: one of them is for low tide,
which corresponds to the 1883 event conditions, the other is for high tide. The average tidal
range at English Bay is about 4.4 meters. Figure 4 shows the water depth and surrounding
land elevations for the mean high water.

At time t = t* a tsunami wave with an amplitude of A = A* enters the western

boundary of the superfine grid. Time t“ and amplitude A* depend on the direction of the
landslide (northern/eastern) and on the tide conditions (high water/low water); the average
values are t* = 45 rnin and A* = 1.5 m. The period of the incoming wave is about 20
minutes. Calculations of runup are performed for both landslide scenarios as well as for two
different stages of the tide, i.e. mean low water and mean high water.

Figure 5 represents tsunami inundation areas for an eastern landslide at high tide,
which is the worst possible scenario. The area shown in gray is dry land at high tide; the
hatched regions indicate areas flooded by tsunami waves. There are no dry spots on the
spit when the waves are generated by the eastern landslide. At the spit, maximum runup
heights at high water are 7.4 meters for the northern landslide and 9.4 meters for the eastern
landslide with respect to mean low water level.

2. The Homer Spit. ..
The Homer Spit is a narrow glacial feature extending approximately 7.2 km from

the town of Homer into Kachemak Bay (Figures 1 and 3). Homer (population 4,000) is the
largest of the Lower Cook Inlet coastal communities; its low-lying glacial spit enjoys heavy
summer recreational use and is especially vulnerable to large sea waves. The Port of Homer
is located at the southeastern end of the spit. The Homer small boat harbor is home to
400 vessels; however, that number increases to 2,000 during the summer. The harbor basin
depth varies from 4-6 meters at the southeast end to 3–5 meters at the northwest end.
There is a single roadway on the Homer Spit that follows the crest of the spit, the average
elevation of the road is about 9 meters with respect to mean low water.

The site chosen for runup calculations includes the very tip of the Homer Spit,
where the Port of Homer is located. The area covered by the superfine runup grid of 20.6
m resolution (Figure 6) is about 3.8 square km. The dotted region in Figure 6 represents
dry land at low tide, while the thick contour is the approximated shoreline for high tide
condition. The mean tidal range is about 4.8 meters at the Homer Spit. Bathymetry
contours radiate from the tip of the Homer Spit which results in strong wave refraction
around it. Figure 7 shows inundation areas computed for the tip of the spit in the superfine
grid with runup boundary conditions for an eastern landslide at high water. The area shown
in gray represents dry land at high tide; the hatched regions are tsunami inundated areas.
The area at the entrance to the harbor and the region adjacent to the southwest end of the
harbor are completely flooded. Maximum runup heights occurring at high tide are 5.5 m for
the northern landslide and 5.8 m for the eastern landslide with respect to mean low water
level.

The plot in Figure 8 show sea level at location “P” in the Homer Harbor (Figure 6),
computed for the eastern landslide at mean high water. At this place tsunami overtopped the
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northern shore of the harbor. The short-wave oscillations observed in the plot represent the
harbor seiches which are superimposed on long tsunami waves of 25 min period. The figure
shows the amplification of the wave signal at time t = 120 min. The amplification is due to
the energy flow from the main tsunami wave to the short period hmbor oscillations. The
period of the harbor oscillations can be estimated from horizontal and vertical dimensions
of the harbor. The length of the harbor is L m 500 w, the average depth is h & 6 m.
The water depth divided by the length of the harbor is less than 0.1, therefore waves in
the harbor can be considered to behave as shallow water waves, and the period of seiche
oscillations is determined by the length of the basin and the water depth:

(7)

VI. DISCUSSION AND CONCLUSIONS.

Rigid bottom deformation, conservation of the landslide volume and continuity of
the movement between the landslide and the fluid are important assumptions for the theories
of the wave generation by a landslide. As LeBlond and Jones (1995) pointed out, these
assumptions probably generate an overestimated source function. Typically, a landslide is
composed of unconsolidated sediments which move downslope and are accumulated at anew
location. The interaction of the unconsolidated sediments is not always a volume conserving
process. /

Wiegel’s [1955) experiments also show that the waves produced by sliding de-
formable material are smaller than those produced by u,ndeformable materials. Therefore,
the calculations performed in this study, which take instantaneous uplifts of the sea floor
for initial conditions, must be upper bounds on the size of the tsunami waves generated by
an Augustine landslide source.

The presently used Augustine source model is limited by the use of vertically inte-
grated shallow-water equations which cannot model the vertical component of the landslide
motion when it enters the sea. More parameters of the landslide have to be considered to
adequately model the tsunami generation, and a more sophisticated physical model must be
developed for this process. However, some source parameters that have a strong influence
on the wave field can be considered within a shallow water model.

The dependence of the tsunami wave amplitude on the velocity-time history of the
landslide, V(t), is studied at three points: in the shallow water near Augustine Island about
6 km from the ishmd (the generation phase of tsunami evolution), in the middle region
of Cook Inlet (the propagation phase) and close to English Bay (the runup phase). The
strongest amplitude dependence on the lanckdide velocity occurs at the near-source region
(Figure 9). The most =ective transfer of energy from the moving landslide to the water
takes place when the landslide velocity matches the long wave propagation velocity. In
the vicinity of Augustine Island, where the water depth is about 50 meters, the strongest
tsunami amplitude is generated by a landslide velocity of 20 m/s. In the far field (distance
greater than 20 km fkom St. Augustine), wave amplitude is practically unafected by the
velocity-time history of the landslide. Because the advance of the avalanche along the sea
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floor is simulated as a progressive bottom uplift propagating into the open sea,the initial

wave heightisequal to the thicknessof the landslide.A strongcorrelationisobtained
between theheightofthelandslideand therunup amplitude,which seems t~be reasonable

forthe sourcemodel used inthisnumericalstudy.

Runup heig~htsat EnglishBay are calculatedfordifferentconditionsincludingthe

conditionsof the 1883 event (northernimpact,low tide).Historicalrecordsgiveseveral

valuesforthe wave heightat EnglishBay: 6.1m (AlaskaCommercizd Company Records,
1883), 7.6 m and 9.1 m (Davidson, 1884). It is known that the spit separating the English
Bay lagoon from Cook Inlet was not floodid in 1883, because no flooding of the spit was
reported in the Alaska Commercial Company Records. However, the spit would have’ been
flooded if the 1883 tsunami had occurred at high tide (Davidson, 1884). The computed
runup heights at the English Bay spit are 3 m for low tide and 7.4 m for high tide (with
respect to the mean low waterlevel);thetidalrangeis4.4m. Because thehighestelevation

of the spitisabout 7 meters,with respectto mean low water level,the runup occurring

at high tidecausesthe spitto be flooded.The resultsof the runup computationsconfirm

the historicobservationsratherwell,suggestingthatthe numericalmodel presentedhere

describesthe runup processadequately.

Runup calculationsperformedforthe Homer Spitshow thatthereissome riskfor

localfloodingaround the harbor only when the tsunami wave originatingat Augustine

Islandarrivesathightide.Itisfound that the interaction of the tsunami wave with natural

harboroscillationsresultedinWplificationofthewave insidetheharbor,causingthesmall

areaaround the harborto be flooded.

The numericalmodel forvolcanigenictsunamisinCook Inletpresentedherecan be

appliedeasilyto any coastal regionnear a volcanowhere a tsunami hazard exists,to help

providean effectivewarning system. However, futureresearchisneeded to createbetter

physicaland numerical models for the process of tsunami generation by landslides of volcanic
origin.
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