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Abstract. A numerical model of the wave dynamics tsunami, caused by ocean floor displacement, local tsunamis
in Passage Canal, Alaska during thé, 9.2 megathrust were generated by landslides in coastal Alask@dgon and
earthquake is presented. During the earthquake, several typd®wrum 1968. The port of Whittier was affected by the
of waves were identified at the city of Whittier, located at combined effects of locally-generated waves and the tectonic
the head of Passage Canal. The first wave is thought tesunami.

have been a seiche, while the other two waves were probably The port was built in 19421943 to provide an all-weather
triggered by submarine landslides. We model the seich@erminal for the Alaska Railroad and to safeguard supplies
wave, landslide-generated tsunami, and tectonic tsunami ignd equipment from tidewater. The locations of the railroad
Passage Canal and compute inundation by each type afepot, local airport, and harbor are shown in Fig At the
wave during the 1964 event. Modeled results are compareg@me of earthquake, seventy people lived in Whittier, thirteen
with eyewitness reports and an observed inundation lineof whom perished during the tsunariigchadoorian1965.
Results of the numerical experiments let us identify whereThe loss of a major port facility after the earthquake impeded
the submarine landslides might have occurred during thesupply distribution to other earthquake-affected areas such
1964 event. We identify regions at the head and along theys Anchorage and Fairbanks. Relative to its population
northern shore of Passage Canal, where landslides triggereshd size, Whittier sustained the heaviest damage of all
a wave that caused most of the damage in Whittier. AnAlaska communities during the earthquake. Because the
explanation of the fact that the 1964 tectonic tsunami intsunami was responsib|e for most of the damage in Passage
Whittier was unnoticed is presented as well. The simulatedCanal, a detailed understanding of the 1964 tsunami in
inundation by the seiche, landslide-generated tsunami, angvhittier must be achieved for comprehensive inundation
tectonic tsunami can help to mitigate tsunami hazards angnapping and for development of tsunami evacuation maps
prepare Whittier for a potential tsunami. of Whittier. The work presented in this paper is a part
of the effort to improve tsunami hazard assessment and
mitigation in Whittier, Alaska with scientifically solid and
tested methodology.

A previous investigation and analysis of the 1964 tsunami
On 27 March 1964, the Prince William Sound area of in Whittier was completed byKachadoorian(1963 and
Alaska was struck by the, 9.2 megathrust earthquake Wilsonand Terun{1968. Based on eyewitness reports and
with a rupture area shown in Fid. (Plafker 1965. This observations, the authors tried to reconstruct the sequence
earthquake generated the most destructive tsunami in Alask@f events in Passage Canal during the disaster and classified
history and, farther south, impacted the west coast of theeach observed wave by its nature. Two types of waves

United States and Canada. In addition to the major tectonigvere identified: a seiche wave and a landslide-generated
wave. Wilson and Tgrum(1968 considered a resonance

trinodal seiche caused by an inertial effect of the water as
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Fig. 1. Map of southcentral Alaska with rupture zone of the
1964 Great Alaska Earthquake and segments of the Alaska-Aleutian
megathrust: the Prince William Sound (PWS), Kodiak Island (KI)

and Yakataga-Yakutat (YY) segments.
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Fig. 2. (A) A drawing of the Passage Canal coastline and locations
generating this seiche needs rather complicated dynamicst major glacial creeks flowing into the canal. The city of
matching particular resonance frequencid¥ilg§on and  Whittier is located on the southern coast of Passage Canal within
Tegrum 1968. Shortly after the earthquak&achadoorian an area outlined by a red rectangle. The red arrow shows a
(1965 tried to localize submarine slope failures by direction of the 8.2 m land displacement during the 1964 earthquake
exploiting pre- and post-earthquake bathymetry profiles andKachadoorian1963. (B) Digitally edited 15-m resolution DEM
presented a conceptual understanding of the water dynamic%f the region shown within the red rectangle. The elevation is
caused by a submarine landslide. However, the presentelf Meters above the pre-earthquake MLLW level. The dashed

. _ . ellow line represent the shoreline just before the earthquake. Two
explanation of the secondary wave — that it was generate%Iack contour lines mark 5 and 10 m elevations above the MLLW

when a !andsllde came to rest in the middle of _Passag(?evel_ The present day wave breaker and cruise ship terminal
Cana_l -5 _arguable b_ecau_se of _the assumed vertical Watefie removed from the DEM to model the 1964 bathymetry and
velocity. Finally, previous investigators concluded that an topography. The green lines show locations of along which the
obstacle to the understanding of the observed sequence @hathymetry was measured before and after the 1964 earthquake
waves was that local residents did not notice a tectoniqPlate 3 Kachadoorian1969. Yellow rectangles marked by letters
tsunami in Passage Canal. We hypothesize that the tectoni), b) and c) show locations of the airport, harbor facilities, and

tsunami wave was not noticed because its maximum heighthe railroad depot, respectively. Red-yellow rectangles, marked by
was within the tidal range of Whittier. numbers 1-5, show locations at which the modeled wave height is

. - . . compared to eyewitness observations.
The previous researchers could qualitatively identify the P Y

nature of observed waves, but could not quantitatively
compare a simulated runup to collected observations. In this
article, we present a numerical modeling of the seiche and
the landslide-generated and tectonic waves in Passage Canal
during the 1964 event and compare our modeling results with

an observed inundation line and local runup values. distinctions and similarities between them. Section 4 deals

The structure of this article is as follows. Based with a brief description of numerical models utilized to
on eyewitness repots and interpretationskachadoorian  simulate the seiche wave, landslide-generated tsunami, and
(1965, in Sect. 2, we describe a sequence of tsunamithe tectonic tsunami as well. In the same section, we provide
waves and their local runup values. We state a heightdetails on development of a digital elevation model of the
of each observed wave, time intervals between the wavebathymetry and topography in Passage Canal. Results of
and the nature of each observed wave. In Sect. 3, weéhe numerical modeling and their comparison to eyewitness
characterize various tsunami-related hazards in Whittierobservations are given in Sect. 5. In Sect. 6, we consider
We describe sources of the submarine landslides durindimitations of the numerical modeling, and then in Sect. 7 we
the 1964 event by specifying the location and volume ofdiscuss how the results presented in this article can help to
slides. We additionally present two models of the coseismicmitigate the tsunami hazard in Whittier. Finally, in Sect. 8,
displacement of the 1964 earthquake, and then highlightve state the conclusions of this study.
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2 Tsunami waves in Passage Canal, on 27 March 1964 of the damage resulting from waves generated by submarine
landslide at the port of Whittier is provided Kachadoorian

The city of Whittier was founded on a shore of Passage(1965.

Canal - a steep-walled U-shaped fjord carved by glaciers. Unlike residents of Valdez and Cordova who observed
The canal is about 100m deep at 150 m from shore at ithigh waves late in the evening, Whittier residences noticed
western part and is approximately 200 m deep within 500 mno “strange” waves in Passage Canal other than the two that
of its northern shore. The maximum depth of the canal isstruck during the earthquake. The tectonic tsunami should
more than 250m. The harbor and port facilities lie on ahave arrived in Whittier no later than one hour after the

fan-shaped delta formed by Whittier Creek at the southernearthquake, but was not observed and its damage to the port
shore of Passage Canal. A digital elevation model (DEM)remains unknown.

of Passage Canal and major creeks flowing into the ocean is
shown in Fig.2. 3 Tsunami hazards in Passage Canal

The My 9.2 Alaska earthquake of 27 March 1964 at
Whittier was characterized by a strong ground motionTypical tsunami hazards to Alaska coastal communities
generally in east-west directiokgchadoorian1969. The  originate from a coseismic displacement in the Gulf of
seismic motion accelerated to its maximum intensity in aboutAlaska, failing unconsolidated material, and a seiche wave
one-half minute, maintained its strength for one minute and(e.g.Wilson and Terum1968 Plafker et al, 1969. During
a half, and then gradually subsided. The post-earthquakeéne 1964 event, all of these hazards became active and created
studies by United States Geological Survey determined thaan emergency situation in the city of Whittiétachadoorian
the land subsided in Whittier by 1.6 m, and the land shifted(1965 and Wilson and Tgrum(1968 argue that lateral
laterally by about 8.2 m almost transverse to Passage Canakctonic movement of the land produced a seiche wave that
in a southeast direction. might account for the observed “glassy hump” of water,

Whittier, unlike many coastal communities damaged bywhile the second and third waves were landslide-generated.
the 1964 earthquake, has a record of tsunami waves o this section, we list sources of the tsunami emergency in
a marigram, but the data is limited. The sequence ofwhittier during the 1964 event.
waves in Passage Canal was reconstructed from eyewitnesses
observations. For these reasons, there are inherite@.1 Seiche wave hazard
uncertainties in estimates of wave time arrivals and wave
heights. At least three waves were observed during thé/Vhen an earthquake occurs in a region with lateral variations
earthquake or immediately after it. A minute after the inthe bathymetry, there are two components of water motion:
shaking began, a glassy wave rose to the altitude ofvertical and horizontal displacement of water due to the
7.6ma.s.l. which at that time was 0.3m above the Meanocean bottom displacement. An experimental study by
Lower Low Water (MLLW) level. The wave rose rapidly |wasaki(1982 shows that if the slope of the ocean bottom
and immediately receded. Then, 60 to 90s later, a muddys less than 1/3, the tsunami is primarily generated by the
12.2-m-high breaking wave inundated the port facilities andvertical displacement of water and a wave produced by the
ran-up to an elevation of 10.7 m, approximately 3 m abovehorizontal displacement can be considered negligibly small.
the ground at the Alaska Railroad depot. A third wave, Applicability of this result to tsunamis in Indonesia and the
similar in nature to the second wave, but with less height,Philippines was investigated Byanioka and Satakg996.
hit the town approximately 45s after the second wave andn glacial fjords such as Passage Canal, the slope can exceed
reached an elevation of 9.2m near the depot. There are n&/3, and hence the horizontal land motion can generate a
eyewitnesses to waves that struck the shore at other locatiorigcal tsunami.
along Passage Canal. However, the inundation line was In addition to generation of gravity waves in the ocean,
clearly evident from scattered debris and marks on freshearthquakes can produce elastic oscillations of the water
snow. The most elevated area inundated by waves wasolumn due to benthic vibrations and the low compressibility
32 m above the pre-earthquake Mean Low Water (MLW) andof water (Miyoshi, 1954. Such elastic oscillations are
located along the northern shore of Passage Canal. Nedypically characterized by a set of resonance frequencies,
the airstrip, the wave altitude topped 6.1 m, while 400 m which can be presentin a spectrum of the seismic waves. The
north, the inundation line was at 25m altitude. Unless1964 Alaska earthquake, with the epicenter near Whittier,
otherwise noted, altitudes and elevations are based on a preroduced a broad spectrum of seismic waves, and thus could
earthquake Mean Sea Level (MSL) datum and do not reflechave triggered elastic oscillations in Passage Canal. In this
the 1.6 m regional subsidence of the Whittier area duringsub-section, we consider a hypothetical hazard associated
the earthquake. In Whittier, the maximum altitude reachedwith elastic oscillations of the water.
by the wave was 13 m at the small boat harbor northeast of In the case of a horizontal rigid bottom, resonance
the Alaska Railroad depot. On the waterfront area, wavedrequencies of the elastic oscillations age=c(1+2k)/4H,
reached an altitude of 8 m. A further description and analysisvherek =0,1,2,..., ¢ is the speed of sound in water, and

www.nat-hazards-earth-syst-sci.net/10/2489/2010/ Nat. Hazards Earth Syst. Sci., 1@504832610



2492 D. J. Nicolsky et al.: Numerical modeling of the 1964 tsunami at Whittier

H is the ocean depthNpsov and Kolesav2007). In the 25

case of Passage Canal, ~200m, ¢ =1600ms?!, and S
the lowest resonance frequency of the elastic oscillations is 5l Case 3|
vo~ 2Hz. Since there are no seismic records of the 1964
event near Whittier, it is impossible to reconstruct a vibration
of the ocean bottom beneath Passage Canal. Therefore, we
simulate the amplitude of the elastic waves generated in
a 200-m-thick inviscid water column, initially at rest, and
whose bottom starts to oscillate with 0.001 m amplitude and
frequency 2Hz. One way to estimate the elastic waves in
water is to solve the potential flow equation for an inviscid

compressible watel.émb, 191§. We employ an implicit _./a//,/ \;\\s\“
"5 10 T,

, m/s.

g

1.5f

Lateral land velocity u

finite difference method that is third-order accurate in time 0, ==
and fourth-order accurate in space. Time, s.
Our modeling results show that the water column can
absorb an unlimited amount of energy from the bottom Fig. 3. Assu_med_ Iatt_aral veloc_ity qf the land motion traverse the
oscillations. For example, after 60s of the forced bottomcgnal. The direction is shoyvn in Fig.by the red arrow. The total
oscillations, a wave generated on the water surface isdISpIaCement forall cases is 8.2m.
approximately 0.48m high. We note that a computed
amplitude of the surface wave at the timés almost exactly ~ sediments at the head of Passage Canal, in delta sediments
equal to the total variation of the bottom oscillation with and fill at Whittier waterfront, and possibly in a submarine
frequencyvg over the time interval0, T]. At a certain time, lateral moraine along the northern shore of Passage Canal. It
the small amplitude assumptions used to derive the flowis still unknown whether landslides occurred in central and
equation can be violated, and the inviscid water column careastern parts of Passage Canal. It is highly probable that
rupture. Voids filled with air may appear in water (M. Nosov, these landslides did not occur simultaneously, but rather at
personal communication, 2010). For example, the “boiling” different moments during the earthquake.
water effect observed during the 1964 event within one of Based on the pre- and post-earthquake bathymetry
the glacial fjords in Alaskaliemke 1967 may be attributed  profiles, we approximate an initial distribution of the slide as
to the air bubbles surfacing to the top of the water column.follows. We digitize the post- and pre-earthquake bathymetry
Further investigation is required. We emphasize that allalong AA, BB’, and CC profile lines in Plate 3 by
oscillations of the sea bottom with frequencies vg cannot ~ Kachadoorian(1965. Locations of these profile lines are
generate elastic waves in the wave, but can contribute tehown by green lines in Fig®2z. The digitized pre- and
formation of gravity wavesl{evin and Nosoy2008. post-earthquake bathymetry along the profiles is plotted in
In this article, we model a seiche wave in Passage Canalfig. 4, by lines with hollow square and circle symbols,
while time averaging all high frequency oscillations and respectively. We also plot the present day bathymetry along
assuming that the land shifted laterally by 8.2 m. Since therghe lines AX, BB', and CCin Fig. 4 by a line marked with
is no reliable seismic data to estimate dynamics of the lateragolid circles. Note that we edited the DEM to remove post-
and vertical ground motion, we approximate an averagedarthquake constructions such as the wave breaker, the cruise
lateral velocityuq of land displacement by a gaussian-shapedship terminal, and some parts of the small boat harbor. The
profile, similar to (e.g.Olsen and Archuletal99§. The comparison of the post-earthquake bathymetry to the present
time during which the displacement took place is unknown,day bathymetry along the shown profiles reveals that there
and we thus consider three cases. In these cases, moate several discrepancies between these two profiles. The
of the displacement takes place within 10, 20, and 30 sdifferences can be explained by digitizing, surveying, and
respectively. The lateral land velocity, for these cases is Mmeasuring errors. Nevertheless, the present day bathymetry

shown in Fig.3. profiles quantitatively match the post-earthquake profiles in
the area of landslide.
3.2 Landslide-generated tsunami hazard We digitally add some material above the present day

bathymetry to match the pre-earthquake 'ABB’, and
Kachadoorian(1965 shows convincing evidence that mas- CC profiles. The modeled landslide thicknesses are shown
sive submarine landslides were triggered by the earthquakeay lines marked with solid triangles in Figl. Figure5
Pre- and post-earthquake bathymetric data and sub-bottoshows locations and thicknesses of three complexes: namely,
profiles of the western part of Passage Canal are showthe Harbor, Airport, and Glacier (HAG) landslides. The
in Plate 3 byKachadoorian(1965. The landslides in the Harbor and Airport landslide profiles fit the pre-earthquake
western part of Passage Canal occurred on slopes rangirgathymetry profiles, while there is little or no constraint on
from 20 to 3C¢°. The slope failures occurred in delta the Glacier landslide, whose existence is clearly marked in
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Q) - Table 1. Considered landslide locations.
o), S —=— pre—earthquake, (Kachadoorian, 1965)
\;\f. E'*C:;\\A —o&— post-earthquake, (Kachadoorian, 1965)
AN —e— present day, (Caldwell and others, 2009) . . .
50 LGN s+ modeled Scenario Landslide location \olume,
£ e SR 06 3
e <e ~ 10°m
% -100 - -
a 1 Harbor-Airport-Glacier (HAG) 15
-150 2 Northern shore 10
AN 3 Billings Creek delta 10
-200 4 All locations 35

—e=— pre—earthquake, (Kachadoorian, 1965) |
—&— post-earthquake, (Kachadoorian, 1965)
—e— present day, (Caldwell and others, 2009)

—+—modeled il

Even though the residents of Whittier did not notice the

€ . . . . .
< tectonic tsunami wave, we model its impact on the city
g7 infrastructure.  In the next section, we briefly describe
1500 available coseismic deformation models of the 1964 event.
BB’ Bei—a—t—s
200 3.3 Tectonic tsunami hazard
©

= pre-earthquake, (Kachadoorian, 1965) | Passage Canal is located near a plate boundary, where
)" —6— t—earthquake, (Kachadoorian, 1965 HH H
. gfjseﬁfdaj,”f‘cjldﬁv;f;d‘ﬁﬂz?& 200g) the Ramﬁc and North American plates converge along the
i Aleutian MegathrusteMets et al.199(Q Page et a).1997).

—4—modeled

IS
£ o0 According to the segmentation modelNdishenko and Jacob
a (1990, southcentral Alaska includes three segments of the
-150} megathrust: the Yakataga-Yakutat (YY), Prince William
cc Sound (PWS), and Kodiak Island (KI) segments, shown in

200 Fig. 1. Using seismic wavefront dat&hristensen and Beck
Fig. 4. Pre- and post-earthquake bathymetry profiles are shown by(1994 show that there were two areas of high moment
solid lines. The present day bathymetry profiles are shown by bluerelease, representing the two major asperities of the 1964
dotted lines. The modeled pre-1964 bathymetry profiles are showrrupture zone: the PWS asperity with an average slip of 18 m,
by red dotted lines. The profile locations correspond to the transectgnd the Kl asperity with an average slip of 10m. The YY
AA’, BB', and CC shown in Fig2. area at the eastern end of the megathrust did not rupture

during the 1964 event. We note that the interaction between
. the Yakutat block and the Pacific and North America plates
Plate 3 byKachadoorlar'(1963. We assume that the Pre- s complex and poorly understood, an interested reader can
earthquake bathymetry in the region occupied by the Glacie ind further information in (e.gNishenko and Jaco99Q
landslide had the same slope as the bathymetry in place Oé:arver and Plafke2008
the Harbor and Airport landslides. Additionally, we assume The 1964 tsunami Was enerated in the trench. upper
that the volume of the Glacier landslide is half the volume g » upp

of the Airport landslide. Based on these assumptions, w late fold, and thrust belt area of PWS and KI segments
. b : mptions, Plafker 1965 Wilson and Tegrum 1968. Holdahl and
estimate that the total volume of these landslides is abou

15% 10" me. aube(1994) applied Plafker’s description of the megathrust

Kachadoorian(1965 provides a description of landslides displacement and implemented an inversion of geodetic d_ata
to construct a model of the coseismic displacement during

at the hgad of Pas;age Canal .during the 1964 eve.n.t e 1964 event as well as the motion of the Patton Bay
hypothesizes regarding a landslide offshorg of the B'"'ngsfault located along Montague Islandohnson et ak1996

Creek delta. Kachadoorian(1969 alsp mentions that the refined results of Holdahl and Sauber and accomplished a
waves that struck the west coastline of Passage Cana

originated along the north coastline of the canal and traveledomt inversion of geodetic and tsunami data to reconstruct a
9 9 coseismic deformation model of the 1964 earthqu&kgto

south\{vest. C_onsequently, we consider another pOSSIbIend Freymuelleg2009 found that they could not fit collected

landslide location at the northern shore of Passage Cana lobal o d | |

Unfortunately, there is no bathymetry data to adequately oba Positioning System (GPS) data accurately unless
' they increase the mapped extent of the fault. In the same

constrain locations and thicknesses of underwater slidesr:e ort, Suito and Freymuellef2009 develop a coseismic
anywhere in Passage Canal, except at its head. In Table bort, Y P

: . : . . deformation model of the 1964 earthquake based on a 3-D
list all considered landslides with the corresponding volume . . Lo L
- viscoelastic model, which implements a realistic geometry
of the sliding ground. ; . . o )
with an elastic slab. This coseismic model is not based
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Fig. 5. The initial thickness of landslides. The upper plot shows the Harbor-Airport-Glacier (HAG) landslide compex 1 m3in

volume. The bottom plot shows locations and thicknesses of the North shore and Billings Creek landslides. Each lan@stid@fs.

The location of bathymetry profiles used to constrain the HAG landslide are shown by green lines. The modeled MLLW shoreline before the
earthquake is shown by a dashed yellow line.

on an inversion of tsunami data, but resembles a recentlyhe rupture in the SDM is assumed to occur deeper than it

published inversion modeldhinose et al.2007) as well as  is in the JDM. The deeper subfaults in the SDM produce

some previously proposed models (é-pldahl and Sauber  smoother variation of the sea floor deformation than in the

1994 Johnson et 11996 Santini et al.2003. JDM. An interested reader can find further comparison of
In this study, we use two coseismic deformation models ofthe JDM and SDM in$uleimani et al.2010.

the 1964 earthquake, namely thehnson et al(1996 and

the Suito and Freymuellg2009 models to simulate vertical 4 Description of models and computational grids

displacements of the sea floor during the earthquake. The )
following abbreviations will be referenced throughout this 1 1€ observed water waves during and shortly after the 1964

report: JDM for the former and SDM for the latter. The main €a/thquake were generated by different physical mechanisms

difference between JDM and SDM is that the latter finds21d have to be separately modeled. In this section, we
slightly higher slip near the down-dip end of the rupture, in Priefly describe models for propagation and runup of the

order to explain the horizontal displacements. Additionally, {€ctonic and landslide-generated tsunamis as well as the
gravity seiche wave.
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4.1 A tectonic tsunami model 4.2 A landslide-generated tsunami model

Currently, there is a series of approaches suitable for

: : : : : ber of studies of landslide-generated tsunamis
simulation of tsunami wave propagation and runup, rangmgf‘ num , ) )
from application of primitive threshold-type models (e.g. employ depth-integrated numerical modekarbitz (1992

Shutg 1997 to computation of the water dynamics by the simulated tsunamis generated by Storegga slides using linear
3-D Navier-Stokes equations (e.Dalrymple and Rogers shallow water equationsliang and LeBlond1992 1994);
2006. Simulation of the entire tsunami wave from its Fine et ql.(1998, Thomson et al(2003); 'm?‘m”ra et al.
generation by an earthquake to runup by solving the 3_D(200]); Titov and Gonzale£2001) used non-linear shallow

Navier-Stokes equations is impractical due to limitations in \Vater approximation to model Fhe sI|de—water system as
& two-layer flow. Lynett and Liu (20029 discussed the

modern computational resources. However, the classicaI ot f the depth-int ted del th d
non-linear shallow water equations — an approximation to'mitations ot the depin-integrated -modeis with  regar

the 3-D Navier-Stokes equations — is widely and successfulb{_0 Iandshdﬁ-gg_nerate_d wavdesl, fand t;:leve_lope(?_ dfuII){hnto_n-
exploited to simulate propagation of tsunami wavesu ( Inéar weakly dispersive model for submarine siides that 1S

etal, 1991 Yeh et al, 1994 Titov and Synolakis1999 capable of simulating waves from relatively deep water to
Tr;e water depthy :emd the horizontal water velocity in shallow water. The model was later extended to employ

the ocean are described in the spherical coordinates by th@e multilayer approa_lch LW_‘G“ and L'L.‘ 20(_)4ab) that
mass conservation principle allowed for accurate simulation of landslides in shallow and

intermediate waterlynett and Liy 2005. Grilli and Watts
3_n+v.(nv) -0 (1) (2005 derived and validated a two-dimensional fully non-
ot ’ linear dispersive model that does not have any restrictions
on tsunami amplitude, wavelength, or landslide depth, and

and the linear momentum conservation law - ) . .
describes the motion of the landslide by that of its center of

9(v) + V- (vnv) =—gnVi — fnler x v)+nt. (2) ~ mass.. _ .
ot To simulate tsunamis produced by multiple underwater
Here, slope failures in Passage Canal on 27 March 1964, we used a
three-dimensional numerical model of a viscous underwater
{=h+n 3) slide that is coupled with shallow water Eq4)+(2) by

is the water level is the bathymetryg is the acceleration substituting Eq.&) with

of gravity, f is the Coriolis parametee; is the outward unit
normal vector on the sphere, and the termepresents the f=h+ts+n, )
bottom friction. wheres > 0 is the landslide thickness. The thicknass

The shallow water approximations have proven to becomputed exploiting assumptions regarding a rheology of
robust enough not only to simulate propagation of thethe landslide and the water pressure (i.e. the total water
tsunami but also to predict runup of both non-breaking anddepth 5 and bathymetryz). This coupling was initially
mildly breaking waves&ynolakis 1988. This property of  proposed byliang and LeBlond1992, improved byFine
the shallow water equations is useful in modeling of tsunamiet al. (1999 and successfully used b uleimani et al.
in most geophysical conditions. (2009 to model landslide-generated tsunami in Resurrection

Due to non-linearity, shallow water equations do not Bay, a glacial fjord similar to Passage Canal. The model
have an analytical solution for an arbitrary initial and yses a long-wave approximation to water waves and the
boundary conditions, and its solution is typically computed deforming slide, which means that the wavelength is much
by numerical methodsT{tov and Synolakis1995 Imamura  greater than the local water depth, and that the slide
1995 Liu et al, 1998; an interested reader is referred thickness is much smaller than the characteristic length
to (Kowalik and Murty, 1993a Imamura 1999 where a  of the slide along the slopeliang and LeBlond1994).
detailed review of finite difference schemes is given. In Assier-Rzadkiewicz et a{1997 argued that the long-wave
total, more than ten numerical methods includiMgaflerand  approximation could be inaccurate for slopes exceedifig 10
Lukas 1984 Kowalik and Murty, 19930 Kirby et al, 1998  Rabinovich et al.(2003 studied the validity of the long-
Lynett and Liy 2002 George and LeVeque2006 Zhang  wave approximation for slopes greater thart #@d found
and Baptista2008 Nicolsky et al, 20103 for the simulation  that for a slope of 1§ the possible error was 8%, and for
of tsunamis have developed in the last twenty years. Tothe maximum slope in their study of 23the possible error
simulate propagation and runup of the tectonic tsunami inwas 15%. Since the pre-earthquake offshore slopes average
Whittier, we use a verified numerical model that exploits of 10° to 30 in the vicinity of Whittier, the possible error
a domain decomposition technique and allows for efficientintroduced by a slide moving down these steeper slopes
parallelization of the runup algorithm; consuli€olsky  could be around 20%-30%. We note that the advantage
etal, 20103 for further details. of this vertically integrated model, which includes two
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horizontal dimension effects, is its ability to simulate real where ho(x, y) is the pre-earthquake bathymetry. Equa-
landslide tsunami events using high-resolution numericaltions (1)—(2) and 6) are discretized in Cartesian coordinates

grids. by finite differences on Arakawa C-grié\{akawa and Lamp
1977. The spatial derivatives are discretized by central
4.3 A seiche wave model difference and upwind difference schemetefcher 1991).

The runup of seiche waves is modeled by the same method
Early studies of the gravity surface seiche waves wereas the one utilized to simulate the runup of tectonic waves
undertaken byLamb (1919; Kvale (1953; Proudman (Nicolsky et al, 20103.
(1953; andMcGarr (1969. An interested reader is referred  Besides selection of the appropriate wave model and its
to (Barberopoulou et 312009 and references therein for numerical implementation, it is also necessary to construct a
a brief review of the seiche modeling studies. Typically it bathymetry/topography DEM of Passage Canal and nearby
is assumed that the shallow water Eq§—(2) are suitable areas. In the next subsection, we describe development of
to model a gravity seiche wave in a channel or in a lakecertain DEMs used in simulating the tectonic, landslide-
(e.g. Kowalik and Murty, 1993k Synolakis 2003. For  generated and seiche waves in Passage Canal.
example, to model a seiche wave in a chanM¢Garr
(1969 proposes to use a non-inertial reference frame as; 4  Grid development and vertical datums
follows. An accelerated coordinate system is replaced by a
non-accelerated system with an induced fictitious horizontalTo compute inundation caused by a tectonic tsunami, we
force f (Arnold, 1989. Consequently, the momentum employ a series of nested computational grids. The
conservation principle?) is augmented by the forcing term bathymetric and topographic relief in each nested grid is
f ~dug/dt, whereuq is the velocity of land, and/dt isthe  based on DEMs developed at the National Geophysical Data
time derivative. This approach is successfully implementedCenter, National Oceanic and Atmospheric Administration
by Gardarssor{1997) to model shallow water sloshing in a (NOAA), in Boulder, Colorado. The coarsest grid, with the
laboratory tank and barberopoulou et a(2006 to model  resolution of 2-arc-min, spans central and northern Pacific
seiche waves in a certain lake. Ocean, while the highest resolution grid, with the resolution
We emphasize that adding the fictitious for¢eto the  of approximately 15m, is localized near Passage Canal,
right hand side of2) leads to an instantaneous water motion including Shotgun Cove. All developed DEMs have the
in an entire water reservoir when the reservoir boundariecommon Mean Higher High Water (MHHW) vertical datum.
were displaced. This physical behavior can model the seiché detailed description of the data sources and methodology
wave in the reservoir only if the time, wheuy significantly ~ used to develop high resolution, 8/3-, 8-, and 24-arc-s DEMs
varies, t, is greater than the longest natural peri@d,for is described in great detail iyaldwell et al (2009 andLim
a seiche in the reservoir. Otherwise, a lateral displacemengt al.(2009.
of reservoir boundaries does not have enough time to cause We conducted a high resolution differential GPS survey
displacement of water in the entire reservoir. In the caseg(real time kinematic) within the Whittier harbor and adjacent
of Passage Canal, we approximdteéy the longest natural areas. Taking into account that GPS measurements are taken
period Tp for a seiche in an enclosed rectangular body ofwith respect to the World Geodetic System 1984 (WGS84)
water. This approximation is made according to Merian’s ellipsoid, elevation heights need to be adjusted to the MHHW
formula (Merian, 1828 datum as follows. During the survey, dynamics of the sea
surface height, denoted bi> in Fig. 6, was measured by
To= 2_L the GPS several times during a high tide as well as at some
VeH levels between MHHW and MLLW. Since the sea surface
. . height measurement&,(t) are taken with respect to the
Where; and H are the width and depth of the basin, WGS84 ellipsoid and tide levets(r) is known at any time
respectively. We assume that for Passage Cdrnad7 ,00 m during the survey (predictions by NOAA Tides and Currents,
and.H ~200m, and hence %30. S: Therefore, using the' http://tidesandcurrents.noaa.gpvit is easy to estimate a
forcing t.e”“' /> _to model a sel_che In Passage C?‘”a' Svertical shift between the MHHW and WGS84 geodetic
not applicable since the land displacement, described b’fjatum by fitting the measured sea heights to the predicted
Cases _1’ 2and 3, Fig, ta_kes bet_ween 10 a_nd 20s. ones shown in Figéb. Once this correction is made, we
In this work, we consider a fixed coordinate system and.qnvert the collected GPS measurements to the MHHW
model the motion of the reservoir during an earthquakey,,m . since the real-time kinematic correction was used
by solving Egs. 1)—(2) while taking into account that = ,1ing the survey, the error of collected points with respect to
h(xy,1). Since the lateral land velocityg is known, we o501k other is within several centimete@Gepsystem2002):

find that the error of converting the observations to the MHHW datum
9h does not exceed one meter. We interpolate between the
5 =UgVh, h(xy.00=ho(X.y), (5)  collected measurements in certain areas of flat topography
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Fig. 6. (A) Measurement of sea level in the WGS84 datum and the relation of the WGS84 datum to the MHHW/(8atBredicted water
level dynamics in Whittier and the fitted GPS measurements of the water level in the MHHW datum.

such as the railroad tracks, harbor parking area, and ferryevel. We note that all post-1964 constructions such as the
terminal, taking into account relatively sparse distribution terminal for cruise ships and harbor are digitally removed
of the GPS measurements. In Fij.we show the adjusted from the DEM.
DEM within the Whittier downtown area. The 0-, 5-, and 10-
m elevation contours are marked by solid lines. As the resul  Numerical modeling of the 1964 tsunami
of incorporating the GPS data, the parking area, railroad in Passage Canal
depot, and tracks have a more uniform horizontal level (City
Manager M. Earnest, personal communications the during dn this section, we compare inundation modeling results
visit to Whittier, 2009) than without incorporating the GPS of the 1964 tsunami in Passage Canal with eyewitness
measurements. observations.

Before proceeding to modeling the tsunami waves, we
recall that at the time of the main shock the water level wasd-1 Modeling of the seiche wave
0.3m above the MLLW Kachadoorian1965. A sketch of ] . ]
the water level in Passage Canal just before the earthquake jh€ first observed wave in Passage Canal was considered
shown in Fig.7a. During the earthquake, the Whittier area {0 be a seiche wave caused by the 8.2m land displacement
subsided by = 1.6 m. It is not known when chronologically ~ransverse Passage Carléia¢hadoorian1965 Wilson and
the subsidence occurred, i.e. before, during, or after thel 2'Um 1968. The direction of displacement is shown by
landslide-generated tsunami. In this report, we assume that reéd arrow in Fig.2.  Numerical modeling shows that
the subsidence occurred within seconds after the main shock€ land displacement causes a drawdown of water at the
A sketch of the Whittier harbor and Iandslide-generatedharbor and wave formation along the northern shore. This
tsunami is shown in FigZb. In order to reconstruct the sea Wave propagates transverse to Passage Canal and, from the
level at Whittier after the earthquake, but before arrival of thePOInt of view of an observer in downtown Whittier, might
tectonic tsunami, we first convert the DEM from the post- fésemble a “glassy hump” of water. The height of the
earthquake MHHW datum to the pre-earthquake MHHW simulated wave, whl!e it propagates across the canal towarpls
datum by adding the subsiden§gFig. 7c. Then, we lower the southern shore, is approximately 5-10 m and agrees with

the sea level in the edited DEM to 0.3 m above the MLLW €yewitness observations. In Fi§, we plot the modeled
sea level dynamics near the Whittier harbor and note that
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(A) (©)

D+S

\ MHHW

Benchmark

MLLW

Fig. 7. A schematic drawing of the city harbor before the earthquaieafter the earthquake during the landslide-generated tsui@mi
and the present dq{Z).

5.2 Modeling of two landslide-generated waves

According to Kachadoorian(1965, between 60 and 90s
2 after subsidence of the glassy hump of water, a muddy bore
of water inundated the downtown area of Whittier. This
wave has been attributed to the landslide-generated tsunami
and is modeled in this report. We model the seiche and
landslide-generated waves separately, since the landslide-
generated wave inundated the city at least 60 s after the seiche
‘ ‘ wave. By this time, the seiche wave has already scattered
0 60 Tmes 20 180 and can be considered small with respect to the landslide-
generated waves, e.g. the amplitude of the modeled seiche

Fig. 8. Modeled height of the seiche wave near the Whittier harbor, wave decreased almost twice in 60s after it hit the Whittier
Case 1. The drawdown of water occurs after 10 s, at the moment of

the maximum lateral land velocityy, see Fig3 waterfront, see Figs.
9 9 We assume that the slide-prone unconsolidated deposits

are initially at rest and are triggered into sliding by ground

the simulated wave height near the Whittier waterfront isshaking. The slide material moves thereafter only under
about 4 m. However, in other locations along the southernthe force of gravity. Shannon and Hilt§1973 conducted
shoreline, the runup in numerical experiments can be as sub-surface geotechnical investigation of materials that
high as 10ma.s.l. Since the modeled seiche wave has failed in settings similar to Passage Canal, finding that
short wavelength, it breaks near the coastline and does nahe density of the slide material ranged from 2000 kgfm
significantly penetrate inland. This might explain why there to 2110kgnT3. There are no measurements of the slide
are no observations of runup from the first wave in Passageiscosity, but sensitivity studies gabinovich et al(2003
Canal. demonstrate that the influence of kinematic viscosity on

The computed inundation in all three cases of the landtsunami height is not significant. We assume slide density
displacement are shown in Fig. The simulated inundation 2000kgnT3 and slide viscosity of 0.05nTé. The slide
zones are almost identical. In the third case, the land shiftedhickness is shown in Figh. At the open boundary of the
in 10s, and the inundation zone is slightly larger than in numerical grid, we specify the radiation boundary condition
the other two cases. These numerical experiments let ufor the water waves. We numerically model triggering of the
conclude that the duration when the displacement took placéandslide and simulate the landslide-generated tsunamis in
does not notably affect the inundation, and the inundationPassage Canal for 5 min with a 0.01 s time step.
primarily depends on the amount of the lateral displacement Figure 10 shows modeled inundation by tsunamis gener-
of land. The observed inundation, marked by a yellow lineated by ground failures according to scenarios 1, 2, and 3
in Fig. 9, is much further inland than any inundation line of Table 1. The observed extent of inundation after the
due to the modeled seiche wave. We conclude that the othet964 earthquake is shown by the solid yellow line. Before
locally generated waves penetrated further inland and causegroceeding to analyze the modeling results, we emphasize
the significant destruction in Whittier during the 1964 event. an interesting fact: there was no observed inundation behind

Water level near the Whittier harbor, m.
o
.

At i
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60 47" 30 . = Case 1, 10 second shift

= Case 2, 15 second shift

=== Case 3, 20 second shift
Modeled 1964 coastline
Observed 1964 inundation

60°47' 00"

60° 46’ 30"

148°43' 148°42' 148°41' 148°40'

Fig. 9. Maximum computed runup by seiche waves in Passage Canal during the 1964 event. The yellow line represents the observed
inundation after the 1964 tsunami. The modeled MLLW shoreline before the earthquake is shown by a dashed yellow line.

e Scenario 2, North shore slide
Scenario 3, Billings Creek slide

o
60 47" 30" - 2 s Scenario 1, HAG slides
= Scenario 4, Combined slide

Observed 1964 inundation
Modeled 1964 coastline

60°47' 00"

Location of the demolished
railroad depot

60° 46’ 30"

211°17' 211°18' 211719’ 211°20°

Fig. 10. Maximum computed runup by landslide-generated tsunami waves in Passage Canal during the 1964 event. The yellow line represents
the observed inundation after the 1964 tsunami. The modeled MLLW shoreline before the earthquake is shown by a dashed yellow line.

the reinforced concrete building of the railroad depot (shown In Fig. 10, the modeling results show a directivity pattern
by a red rectangle in Fid.0) during the 1964 event. This fact of the inundation corresponding to each landslide-generated
reveals that the tsunami that hit the depot was traveling in theésunami. The landsliding at the harbor, airport and glacier,
southwest direction. We also recall tiaichadooriarf1965 i.e. the HAG slide, triggers a tsunami, causesing significant
mentions that the waves originated along the north coastlinénundation (blue line) at the head of Passage Canal and
of the canal and traveled in the southwest direction. Since thevestern side of downtown Whittier, whereas the inundation
current version of the DEM lacks the recently demolished(green line) by North shore landslide-generated tsunami is
railroad building, which protected an area behind it from localized at the eastern part of the town, particularly near the
a tsunami attack, the modeled runup should significantlyrailroad depot. The energy of the Billings Creek landslide-
extend inland and “fill the gap” behind the depot. generated tsunami is primarily directed towards the south
coast. It quickly dissipates in the direction of the harbor area
and causes an insignificant inundation (cyan line) beyond the
coastline (dashed yellow line).
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Figure 10 shows that the model captures an extreme

Point 1, Elevation 7.4 met: .
of e Polnt 3, Eievation 7.4 meters | runup at the northern shore of Passage Canal. The highest
8l —=—Point 4, Elevation 8.1 meters | | modeled value of runup at the northern shore is about 24 m
—&—Point 5, Elevation 6.4 meters

above the pre-earthquake MSL, whereas the inundation at
approximately 32 m was observed at the same point after the
1964 event. Figur&l shows water level dynamics at several
locations along the Whittier waterfront. The highest wave,
with an altitude of 13 m with respect to the pre-earthquake
MSL, was recorded at the small boat harbor (Point 5, Big.
Our numerical modeling reveals that the wave reached 6.5m
above ground at this area, which is approximately 6.4 ma.s.l.
- at the onset of the earthquake, or approximately 4.8 m above
Time after the earthauake. minutes. the pre-earthquake MSL. Therefore, the computed maximum
wave height of 6.5+4.8=11.3m at Point 5 quantitatively
Fig. 11. Landslide-generated wave level above ground at certainagrees with the observed 13 m wave at this point. According
locations near the Whittier water front. Location of Points 1, 3, 4 tg eyewitnesses, a wave rose to a 12m altitude at the
and 5 are shown in Fig. The elevation of each pointis with respect 5iiroad depot near Point 4. The numerical calculations at
tq the pre-earthquake sea level that was Q.3maboye the MLLW. Th?his point show that the wave height was 6m above the
difference between the MSL and MLLW is approximately 1.7 m. ground at this point, that is 6.4 m above the pre-earthquake
MSL. Consequently, our computations show that the wave

Taking into account that the HAG landslide configuration '¢ached a 12.4m altitude. Even though the model captures
is roughly approximated by the bathymetry difference the observed wave heights at the eastern part of Whittier

profiles, the modeling results show a good comparison With_(POintS 4 and 5), the modeled extent of inundation is further
observations in the western part of the downtown. On thelnland than the observed one along Depot Rd. At the location

other side of the downtown, the simulated tsunami generate@ the completely destroyed Columbia Lumber Co. (Point 1,
by the North shore slide captures the observed southwesf-!9- 2) On the right bank of Whittier Creek, the modeled

traveling wave and inundates the area behind the depof{"ave reached 9m above ground, sufficient to disintegrate
However. the modeled inundation extent is less than thé'ndustrial buildings and scatter debris, shown in an aerial

observed one. In scenario 4, we simulate tsunami wave®notography after the 1964 eveitechadoorian1969.

when all landslides occur simultaneously. Although it is Although the model captures the south-southwest-
likely that individual slides were triggered at different times traveling waves that struck the southern shore of Passage

during or after the ground shaking, there is neither evidencé-anal about 1000 m west of Whittier Creek with tremendous
to support nor to reject this hypothesis. force Kachadoorian1965, the modeled wave heights are

In scenario 4, we assume that all slides are initially less than the observed ones. The reported runup in this area
at rest and are simultaneously triggered into motion byWas approximately 15m, whereas the numerically modeled
ground shaking. The resultant modeled inundation (red linefUnup is only 7m. The disparity between modeling results
significantly extends inland particularly within the entire @nd observations suggests that multiple landslides likely

downtown area. The discrepancy between the modele@ccurred at the northern shore of Passage Canal. Without
and observed inundation in the western part of Whittier 2@dequate bathymetry, it is difficult to constrain their locations

can be explained by presence of a significant flat aretnd thicknesses.
in the present DEM (the parking lot, constructed after ) i , )
the 1964 event, altered the topography). Within this flat>-3 Modeling the unnoticed tectonic tsunami

area, the waves triggered by the HAG and North slides = . i ) _
arrive almost at the same time and collide with each other.Prm'mm"“ry computations show that it takes approximately

Note that a small temporal delay in landslide failures can30—60min for a tsunami generated in the Gulf of Alaska to
change arrival time of these waves and modify their non_travel into Passage Canal. By this time, locally generated

linear interference. Regrettably, the information regarding\’"a\’es cease and thus the Iandslide-ge_nerated Qnd tectonic
the timing of landslide failure remains unknown. The tsunamis in Passage Canal can be considered as independent

information regarding the 45s time delay between arrivalsevems'_ To model propagatlon and runup of the tectonic
of two landslide-generated waves is not sufficient, since ittSunami, we use a series of nested grids. Recall that the

is unclear whetheKachadooriar(1965 refers to a certain OWest resolution 2-arc-min grid spans the Gulf of Alaska,
location or to different parts of the town. while the finest resolution 15-m grid covers Passage Canal,

Alaska. In this article, we use the JDM and SDM of the
coseismic deformation for the 1964 event. Even though
these models differ significantly in the Gulf of Alaska, the

Water level above ground, meters.
(&
T
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T T T T T T
—&— The JDM of the 1964 rupture
ﬁ —~— The SDM of the 1964 rupture

Water level, meters.

Time after the earthquake, hours.

Fig. 12. Modeled water level dynamics at Point 2 (F&).in the Whittier harbor during the 1964 tectonic tsunami, based on the SDM and
JDM. A change in the sea level due to tides is not modeled. Elevation in meters with respect to the post-earthquake MLLW datum.

The 1964 earthquake SDM
Landslide, Scenario 4
Observed 1964 inundation

60°47’ 30" ’“ > The 1964 earthquake JDM
Modeled MLLW 1964 coastline

0.5 km

60°47" 00"

60°46’ 30"

-148° 43’ -148° 42’ -148° 41’ ~148° 40’

Fig. 13. Observed and modeled 1964 inundation caused by tectonic and landslide-generated waves. The yellow line represents the observe
inundation after the 1964 tsunami. The modeled MLLW shoreline before the earthquake is shown by a dashed yellow line. The DEM height
corresponds to the pre-earthquake sea level datum.

simulated water level dynamics in the Whittier harbor matchrange for the community and does not produce flooding. This
each other rather well, as shown in FI2. We conclude partially explains the reason that the residents of Whittier did
that the major tectonic tsunami in Whittier, 60 min after not observe the arrival of tectonic waves after the earthquake.
the earthquake, is primarily determined by the sea levelThe modeled wave action in Passage Canal continues at least
deformation inside Prince William Sound relative to the Gulf for 24 h, but the simulated tectonic tsunami rarely reaches
of Alaska. Waves triggered by coseismic displacement at thex height above 2 m, and since the harbor parking lot at the
Patton Bay fault arrive later and do not significantly changeelevation of approximately 2 to 3 m above the MHHW water
the wave dynamics. We conclude that the displacement at thievel is not flooded later during a high tide.
Patton Bay fault is not relevant to the tectonic tsunami hazard Finally, we show the computed inundations by tsunami
in Whittier. waves generated by the JDM, SDM, landslides as well as the
The 1964 earthquake occurred at 5:30 pm LT in Whittier observed 1964 inundation zone in Whittier in Figg. The
when tides were 0.3 m above the MLLW. We note that thebroken yellow line represents the 0 m elevation with respect
difference between the MHHW and MLLW in Whittier is to the sea level in Whittier at the time of the earthquake.
3.7 m. Figurel2shows the simulated water level dynamics in The modeled inundation by JDM and SDM almost coincide
the Whittier harbor and reveals that the maximum wave thawith the shore line, except for low lying areas at the head of
hit Whittier was about 3.5 m (if the local 1.6 m subsidence is Passage Canal.
accounted for) at the MLW tide. This wave is within the tidal
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6 Sources of errors and uncertainties 7 Mitigation of the tsunami hazard

The hydrodynamic model used to calculate tsunami propagaAlthough, the 1964 Alaska Tsunami was the most destructive
tion and runup is a non-linear flux-formulated shallow water event experienced in the instrumentally recorded history
model (Nicolsky et al, 20103. It was verified and validated of Alaska, it is believed that the tectonic wave did not
according to tests for models used in production of tsunamicause much damage in Whittier. The earthquake-induced
inundation maps§ynolakis et al.2007). seiche and landslide-generated waves were responsible for
In a series of papers, several numerical methods, basethe heavy damage to the near-shore infrastructure and the
on Boussinesqg-type approximation, were developed (e.ghuman death toll.
Madsen et a).1991 Nwogu 1993 Wei and Kirby, 1995 Engineering studies conducted after the 1964 earthquake
Kirby et al, 1998 Lynett and Liy 200). However, in Seward, Valdez and Whittier concluded that underwater
despite resolving the wave dispersion, the models that utilizes|ope failures have not improved slope stabili§athadoo-
the Boussinesq approximation might not have appreciablgian, 1965 Coulter and Migliaccip1966 Lemke 1967), and
advantage over classical shallow water methods in matchinghat the same slopes can fail again during the next large
field observations of runufhynett et al, 2003 Synolakisand  earthquake Hampton et al(2002 note that the stability of
Bernard 2006. Moreover, when a tsunami is generated in athe sediments can be also decreased by extreme low tides
steep-walled glacial fiord such as Passage Canal, the effeeind construction activities in ports and harbors. This makes
of wave dispersion on tsunami dynamics can be considereg landslide-generated tsunami a persistent threat for the city
small, because the distance from a landslide location toqf Whittier.
the shore is probably too small for the waves to disperse \\e note that the 1964 earthquake occurred almost at the
(E. Pelinovsky and C. Harbitz, personal communication,vLLW level, otherwise the damage and death toll could have
2010). An interested reader can conshilabitz et al, 200§~ peen more severe. Therefore, modeling and understanding of
for a discussion of dispersive effects in modeling landslidesthe |andslide-generated waves during the 1964 event helps to
within glacial fiords. We note that the displacement of the estimate tsunami inundation at other stages of the ocean tide,
ocean bottom and landslide configuration have the largesind hence to mitigate tsunami hazard in Whittier.
uncertainties in tsunami modeling. A recent paleoseismic studgiiennan et 312009 showed
While analyzing numerical modeling of the tectonic wave, tnat earthquakes about 1500 and 900years BP ruptured a
we assumed that the tectonic tsunami does not interact witlyrger area than that of the 1964 earthquake. Itis possible that
ocean tides. The action of the tectonic tsunami lasted througlhe worst-case tsunami scenario for Whittier could exceed
out the entire tidal cycle and could have been amplified by &he 1964 event, however analysis of such an event is beyond
local bathymetry. For example, the highest wave in Cordovathe scope of this article. The analysis of hypothetical

which is located amidst several islands and shallow areagsynamigenic earthquakes affecting the city of Whittier is
arrived at the high tide almost 6-7h after the earthquakeyrovided in (icolsky et al, 20100).

(Wilson and Tarum1968. Since Whittier is connected to

Prince William Sound by a deep U-shaped channel, the non-

linear interaction of the tsunami and tides could be assume®@ Conclusions

small in Passage Canal. An interesting reader is referred to

Kowalik et al.(2006; Kowalik and Proshutinsky2010 for ~ We numerically model a seiche wave, landslide-generated

a fruitful discussion of the tsunami-tide interaction. tsunami and tectonic tsunami in Whittier during the 1964

We finally mention that the resolution of the grid used event. Results of our numerical simulation are consistent

for inundation modeling is approximately 15m.  This with most of the eyewitness observations and interpretations

resolution satisfies recommendations by Nation Tsunampy (Kachadoorian1965. We show that the city of Whittier

Hazard Mitigation Program in US to model tsunami was inundated shortly after the beginning of the ground

inundation and to describe major relief features. Howevershaking by local waves, triggered by the land displacement

this scale is limited by the resolution of the topographic and multiple submarine slope failures.

and bathymetric data used for the grid construction and The computed inundation from the simulated seiche

cannot be used to model small topographic features includingvave is primarily located along the shoreline and does not

buildings, narrow jetties, etc. significantly depend on the duration of the displacement.
The computed inundations caused by the landslide-generated
tsunami closely match the observations within the downtown
and depend on the landslide configuration and volume. The
thicknesses and distribution of underwater slides are derived
from the analysis of data inK@chadoorian1965. We
found that landslide complexes at the head and along the
northern shore of the canal triggered the major tsunami with
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devastating runup at Whittier. Due to the lack of geotechnicalCarver, G. and Plafker, G.: Paloseismicity and neotectonics of the
surveys in Passage Canal, it is hard to restrict locations Aleutian subduction zone — an overview, in: Acive tectonics
of the northern slide complex. Moreover, while analyzing and seismic potential of Alaska, edited by: Freymueller, J.,
the tsunami observations, we assumed that the first wave Haeussler, b., Wesson, R., and Eéstr G., Washington, DC,
was the seiche. It could be that the first observed wave ACY: Geophysical Monograph Series 179 43-63, 2008. _
was triggered by a landslide whose location is not well- Christensen, D. and Beck, S.. The rupture process and tectonic
established. Further geotechnical investigations are required implications of the great 1964 Prince William Sound earthquake,

. . . Pure Appl. Geophys., 142, 29-53, 1994.
to map Passage Canal and establish previous slide areaéoulter, H. and Migliaccio, R.: Effects of the Earthquake of March

The presented modeling results will be useful for locating 27, 1964, at Valdez, Alaska, US Geol. Surv. Prof. Paper 542-C,
potential areas of future geotechnical surveys in Passage 1966.

Canal. Dalrymple, R. and Rogers, B.: Numerical modeling of water waves
According to the modeling results, the tectonic tsunami  with the SPH method, Coast. Eng., 53, 141-147, 2006.

wave arrived at Whittier about an hour after the earthquakePeMets, C., Gordon, R., Argus, D., and Stein, S.: Current plate

The height of the simulated tectonic tsunami was within the motions, Geophys. J. Int., 101, 425-478, 1990.

tidal range in Passage Canal. This explains the reason th&ne, I, Rabinovich, A., Kulikov, E., Thomson, R., and Bornhold,
tectonic wave was unnoticed by local residents. B.: Numerical modelling of landslide-generated tsunamis with

. . . . . icati i of N ber 3
Finally, we model inundation corresponding to the seiche, application to the Skagway Harbor tsunami of November 3,

. . .. L 1994, in: Proceedings International Conference on Tsunamis,
and landslide-generated and tectonic tsunamis in Whittier 211-223, Paris, 1998,

during the 1964 event. The results presented in this articlg-jeicher, c.: Computational Techniques for Fluid Dynamics 1,
will help to mitigate hazards and prepare this community for  gpringer-Verlag, 401 pp., 1991.

a potential future tsunami. Gardarsson, S.: Shallow water sloshing, Ph.D. thesis, University of
Washington, 1997.
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