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LITUYA BAY CASE: ROCKSLIDE IMPACT AND WAVE RUN-UP

Hermann M. Fritz, Willi H. Hager* and Hans-Erwin Minor”

Laboratory of Hydraulics, Hydrology and Glaciology (VAW)
Swiss Federd Ingtitute of Technology (ETH)
CH-8092 Zurich, Switzerland

ABSTRACT

On July 8, 1958, an 8.3 magnitude earthquake along the Fairweather fault triggered a major subaeria
rockdide into Gilbert Inlet a the head of Lituya Bay on the South coast of Alaska The rockdide impacted
the water at high speed creating a giant nonlinear wave and the highest wave run-up in recorded history. The
soliton like wave ran up to an altitude of 524 m causing forest destruction and erosion down to bedrock on a
spur ridge in direct prolongation of the dide axis. Total area between trimline of forest destruction on shores
of Lituya Bay and high-tide shoreline covered about 10 km®. A cross-section of Gilbert Inlet was rebuilt at
1:675 scale in a two-dimensiona physical laboratory model a VAW. The subaerid rockdide impact into
Gilbert Inlet, wave generation, propagation and run-up on headland slope were considered in a geometrically
undistorted Froude similarity model. A novel pneumatic landslide generator was used to generate a
high-speed granular slide with controlled impact characteristics. State-of-the-art laser measurement
techniques such as particle image velocimetry (PIV) and laser distance sensors (LDS) were gpplied to the
decisve initial phase with rockdide impact and wave generation. PIV-measurements of wave run-up on
headland dope were conducted to complement wave and run-up gage records. PIV provided instantaneous
velocity vector fields in a large area of interest and gave insight into kinematics of wave generation and
run-up. The whole process of a high speed granular dide impact may be subdivided into two main stages: @)
Rockdlide impact and penetration with flow separation, cavity formation and wave generation, and b) ar
cavity collapse with rockdide run-out and debris detrainment causing massive phase mixing. Impact stages
overlap and their trangition from wave generation to propagation and run-up is fluent. Formation of a large
air cavity — similar to an asteroid impact - in the back of the rockslide is highlighted. The laboratory
experiments confirm that the 1958 trimline of forest destruction on Lituya Bay shores was carved by a giant
rockslide generated impulse wave. The measured wave run-up perfectly matches the trimline of forest
destruction on the spur ridge at Gilbert Inlet. Back-calculation of wave height from observed trimline of
forest destruction using Hall and Watts (1953) run-up formula equals measured wave height in Gilbert Inlet.
PI'V-measurements of wave run-up indicate that enough water ran up the headland slope to cause the
flooding observed in Lituya Bay as estimated by Mader (1999) with numerical smulations of the whole
Lituya Bay.

' Research Engineer, VAW, ETH-Zentrum, CH-8092, Switzerland
* Professor, VAW, ETH-Zentrum, CH-8092, Switzerland
* Professor, Director of VAW, ETH-Zentrum, CH-8092, Switzerland
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INTRODUCTION

Lituya Bay is a T-shaped tidal inlet that cuts through the coastal lowlands and the foothills flanking the
Fairweather Range of the St. Elias Mountains on the south coast of Alaska, Figs.1 and 2. The stem
corresponding to the main part of the T-shaped bay is 12 km long and extends northeastward from the bay
entrance. The width of the stem ranges from 1.2 to 3.3 km except at the entrance, which is only 300 m wide.
The bay fills and dightly overflows a depression carved by a valey glacier of which Lituya, North Crillonl
and Cascade glaciers are remnants. Submarine contours show a pronounced U-shaped trench with steep
walls and a broad flat floor sloping gently downward from the head of the bay to a maximum depth of
220 m. Minimum depth at the entrance of the bay is 10 m. At the head of the bay the walls are fjord-like
glacially over-steeped. The walls have been buttressed by glaciers until recently. Radiocarbon dates on high
moraines suggest retreat of glaciers only in the last millennium (Slingerland and Voight, 1979). The two
ams a the head of the bay are part of a great trench that extends tens of kilometers to the northwest and
southeast as a topographic expression of a mgjor transform fault, named Fairweather fault, as shown in
Fig. 2.

Mt. Crillon
3879m

il o N

T

e I

Pacific Ocean

Fig. 1 Lituya Bay overview in August 1958 (Miller, 1960). Forest destroyed to a maximum elevation
of 524 m and a maximum distance of 1100 m from high-tide shoreline at Fish Lake due to a giant
wave generated on July 9% 1958 by arockdide at the head of the bay.

Giant waves have occurred in Lituya Bay at least four and probably five times during the last two
centuries emphasizing the unique geologic and tectonic setting of the bay. Frequent occurrence of giant
waves in Lituya Bay, as compared to other smilar bays, is attributed to the combined effect of recently
glaciated steep dopes, highly fractured rocks and deep water in an active fault zone, heavy rainfall, frequent
freezing and thawing (Miller, 1960). Three extreme wave run-ups in 1853 or 1854, 1936 and 1958 carved
sharp trimlines of chopped trees to elevations beyond 100 m on to the dopes of Lituya Bay.
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EXPLANATION
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Fig. 2 Lituya Bay map showing topographic and bathymetric contours, trace of Fairweather fault., 1958
rockdide and trimlinel of giant wave run-up (Miller, 1960). Forests destroyed to maximum
elevations of 524 m and 208 m on north and south shores, respectively.

In 1853 or 1854 a giant wave caused forest destruction on Lituya Bay shores to a maximum elevation of
120 m (Miller, 1960). A rockdide from the steep wall on the south shore of Lituya Bay near Mudslide Creek
would best account for the maximum height of destruction directly opposite on the north shore of the bay.
The trimlinel of the 1936 waves reaches a maximum height of 150 m above sea level on the northeast wall of
Crillon Inlet and indicates a wave generation near the head of Crillon Inlet. Miller (1960) suggests a
rockdide or rock avdanche from the southwest wal of Crillon Inlet, opposite the high point on the trimline.
Eyewitness accounts question this hypothesis to some extent especidly regarding time scae of the observed
three waves of increasing height (Miller, 1960). In 1958 the hugest wave run-up of 524 m in recorded
history was observed on a spur ridge on the southwest wall of Gilbert Inlet. Only the 1958 event is further
considered here since the causes of the earlier events remain unconfirmed.
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1958 ROCKSLIDE IMPACT AND WAVE RUN-UP

Beginning 10:16 p.m. loca time, July 9, 1958, the southwest sides and bottoms of Gilbert and Crillon
Inlets moved northwestward and up relative to the northeast shore at the head of the bay, on the opposite
Sde of the Fairweather fault. Total movement as much as 6.4 m horizontally and 1 m verticaly was noted
(Tocher] and Miller, 1959). Intense shaking in Lituya Bay continued for 1 to 4 minutes, the range of
estimates of two eyewitnesses that anchored in the bay. The earthquake had a magnitude of 8.3 on Richter
Scale. Nor less than 1 minute nor more than 2% minutes after the earthquake was first felt a large mass of
rock did from the northeast wall of Gilbert Inlet (Figs. 2 and 3).

Fig. 3 Gilbert Inlet illustration showing rockslide dimensions, impact Site and wave run-up to 524 m
on spur ridge directly opposite to rockdide impact. Direction of view is North and the front of
Lituya Glacier is set to 1958 post dide position. lllustration background is synthesized from two
oblique images taken in 1997 (Photos: courtesy of Charles L. Mader).

The rockdide was triggered impulsively by fault movement and intense earthquake vibrations giving a
sharp locdization on time axis. It is highly probable that the entire mass plunged into Gilbert Inlet as a unit
at the time of the earthquake. Pararas-Carayannis (1999) classified the mass movement as subaeria rockfalll
to distinguish from gradua processes of ordinary landdides whereas Miller (1960) judged it to be near the
borderline between rockdide and rockfall as defined by Sharpe (1938) and Vames (1958). The rockdide
occurred in an area of previoudy active diding to an dtitude of 915 m on a dope averaging 40°. The rocks
are mainly amphibole and biotite schists with an assumed density of 2.7 m’| The dimensions of the dlide on
the slope as mapped by Miller (1960) are accurate, but the thickness of dide mass normal to the slope could
be estimated only roughly (Miller, 1960). The main mass of the dide presumably involved a prism of rock
roughly triangular in cross-section, with width dimensions from 732 m to 915 m (Miller, 1960 and
Singerland and Voight, 1979), length measured down the dope of 970 m (Slingerland and Voight, 1979)]
maximum thickness of about 92 m normal to the slope, and a center of gravity at about 610 m altitude
(Miller, 1960). Dimensions are illustrated in Fig. 3. Miller estimated the volume from these as
30.6 x 10% m’]

Prior to the rockdide low deltas of gravel had built out into Gilbert Inlet a the southeast and northwest
margins of the Lituya Glacier front. Part of the dide must have hit the Lituya Glacier and glacia gravel
deltas due to the pre-dide situation of dide mass, deltas and glacier front as illustrated in Fig. 2. A detailed
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pre and post dide situation of Gilbert Inlet was indicated in Miller (1960). The Lituya Glacier front was a
nearly straight vertical wall amost normal to the axis of Gilbert Inlet after the rockdide, shown in Fig. 4b).

Fig. 4 Trimlines carved by giant wave in 1958: @) NE-view of Lituya Bay from Cenotaph Island to
Gilbert Inlet with rockdlide scar at the head of the bay, trimlines of destructed forest with spur
ridge where the wave ran up to 524 m and partially overtopped. b) NW-view of Gilbert Inlet with
landdide scar, new front of Lituya Glacier and effect of wave run-up to 524 m on the spur ridge
wiping out al trees and eroding the soil down to the bedrock. (Photos: courtesy of USGS).

During the event as much as 400 m of ice had been sheared off on parts of the glacier front and the gravel
deltas were pushed or washed away. The rockdide impact crested a giant gravity wave smilar to a solitary
wave with a maximum wave run-up of 524 m in straight prolongation of the dlide axis on a spur ridge on the
southwest shore of Gilbert Inlet (Figs. 4 to 5a).

Fig.5 Highest marks ontrimlines carved by giant wave in 1958: a) N-view of spur ridge cleared from
trees and soil down to bare rock up to a maximum altitude of 524 m. b) S-view of trimline in the
Mudslidel Creek area on the south shore of Lituya Bay with wiped out trees to an dtitude of
208 m. (Photos: courtesy of USGS).

The maximum wave run-up of the 1958 event was incomparable at the time to any other event. The run-
up of 524 m is seven times higher than the highest wave run-up observed 1936 in Norwegian Lake Loenl
with 75 m (Jerstad| 1968) and roughly doubles wave run-ups in Vaont reservoir, Italy (Miiller| 1964) and
Spirit Lake, USA (Voight et a., 1983). On October 9, 1963 the southern flank of Vgont reservoir collapsed
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on a length of 2 km. Collapse occurred during reservoir draw down in an attempt to reduce flank creeping
and the reservoir was only about two-thirds full. The partially submerged rockslide with a volume of
0.24 km penetrated like a piston dmost horizontally into the reservoir at velocities up to 30 m/s. Wave run-
up in dide axis reached the lowest houses of Casso 270 m above reservoir level before impact or 245 m
above dam crest. On May 18/ 198 1 a lobe from the rockdide-avalanche off Mount St. Helens rammed into
Spirit Lake at an assumed velocity of 70 to 80 m/s. The impact caused a wave run-up to 260 m above
origind lake level and raised the mean lake level by 60 m.

A smplified 3D physical modd of Lituya Bay a a 1:1 ‘000 scale was constructed at the University of
Cdlifornia, Berkeley (R.L. Wiegel in Miller, 1960, pp. 65-66). Wiegel concluded from physical model
observations, that a sheet of water washed up the sope opposite to the landdide to an elevation of a least
three times the water depth for a dide impacting Gilbert Inlet as a unit and very rapidly. At the same time a
large wave, severd hundred feet high, moved in the southerly direction, causing a pesk rise to occur in the
vicinity of Mudslide Creek. The highest mark of chopped trees at an dtitude of 208 m on the south shore
trimlinel is shown in Fig: 5b). Wiegel(1964) estimated the hydrodynamic forces exerted on the trees by the
wave as roughly ten times greater than the force necessary to snap or uproot trees. The wave then swung
around into the main portion of Lituya Bay, due to refraction and diffraction. The movements of the
main wave and the tail were complicated within the bay by reflections and bathymetric effects, but
scale modeling apparently produced a good approximation to the Lituya Bay event. Unfortunately
no measured data are available from these 3D experiments.

PHYSICAL MODEL

The subaerial rockslide that impacted into Lituya Bay at high velocity was considered in a
geometricaly undistorted Froude similarity model (Hughes, 1993). A cross section of Gilbert Inlet, in dide
axis, was modeled at a1:675 scde in a rectangular prismatic water wave channel (L x W x H: 11 m, 0.5 m
and 1 m). The cross section modeled of Gilbert Inlet is shown in Fig. 6 and its NE-SW orientation in Fig. 2.

915 m P

Gilbert Inlet

610l m

wave gage
atx=8851n

3
! 1342 m N

Fig. 6 Cross section of Gilbert Inlet dong dide axis in NE to SW orientation, indicated in Fig. 2.
Geometry corresponds to physical model assumptions and simplifications.
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The dice rebuilt in the moded is shown in Fig. 3 with dashed lines. The width of 338 m represented in the
2D model corresponds to 40 % of the mean slide width of 823 m (Slingerland and Voight, 1979). The
volume per unit width V,] = 37.2 x 101 m*m’ was estimated by equal distribution of the total dide volume
V, = 30.6 x 10* m’ over an averaged dlide width of 823 m. This is a conservative assumption neglecting the
volume concentration in the dide center due to roughly triangular dide cross sections adong the dope. The
indicated geometry corresponds to physical mode assumptions with a hill angle a and headland angle g of
45”. Smplified Gilbert Inlet bathymetry roughly corresponds to bedrock of the glacidly carved U-shaped
trench. Pre-dide gravel deltas dong parts of the glacier front shown in Fig. 2 were neglected. The assumed
stillwater depth h = 122 m matches the maximum water depth in Gilbert Inlet. Modeled Inlet width of
1342 m equals 11 times dtillwater depth and 1.6 times mean dide width. Fig. 7 defines the notation for
rockslide impact, wave propagation and wave run-up.

nR(x, t) 7~
7

Fig. 7 Notation for rockdide impact, wave propagation and wave run-up.

In a 2D-model radid or lateral wave spreading is neglected. From the impact site in Gilbert Inlet lateral
spreading only occurred in southern direction. In northern direction the impact area is confined to the Lituya
Glacier front. Pre-dide position of the glacier front and gravel deltas reached into rockdide path. Both dide
and wave must have been partially deflected in southern direction. This deflection possibly caused a
focusing of wave run-up on a small area on the headland confirmed by extreme dtitude gradients aong the
trimlinel on spur ridge (Figs. 4b and 53). In this specific topographic situation wave height reduction due to
3D effects is further limited by the small ratio of 1.6 between propagation distance and slide width.
Therefore it is expected that the present 2D-model can give a good estimate of wave and run-up heights in
Gilbert Inlet. Landdides were moddled with an artificid granular materia (PP-BaSO,) with a mean grain
diameter of 4 mm. The granular material consisted of 87 % Barium-Sulphate compounded with 13 %
Polypropylene. Its density of 2.64 t/m perfectly matches the assumed schist density of py = 2.7 Um’ and
resulted in a dide mass per unit width of M =985 x 10" t/m’. Mean rockdide impact velocity vy of 110 m/s
is estimated assuming free fall equations for a dide centroid at 610 m elevation according to Noda (1970)
and Law and Brebner (1968). The kinetic impact energy of the rockdide is a the upper limit neglecting
frictional losses. This gives an impact Froude-number of 3.18. The impact Froude-number is defined as

F =

,_gsh (1

and relates the mean impact velocity v, of the centroid to the shallow water wave propagation velocity
(Noda, 1970)] where g is gravitationa acceleration.
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INSTRUMENTATION

Rockslide impact characteristics were controlled by means of a novel pneumatic acceleration
mechanism (Fritz and Moser, 2001), thus alowing exact reproduction and independent variation of single
dynamic dide parameters such as impact velocity, mass and shape. An overview on implementation and
combination of the various measurement systems and the pneumatic rockdide generator is shown in Fig. 8.
The pneumatic rockdide generator alows to model the transition from block dide motion to granular flow.
The first stage with acceleration up to the granulate release velocity corresponds to block diding whereas
the second stage from granulate release to impact on water-body is granular flow. The high-speed rockdide
impact initiates an extremely unsteady energy conversion process with rapidly evolving flow fields, inter-
phases and phase mixing which poses a mgor chalenge to any measurement system. In the impact area
itself only non-intrusive methods can be applied. Three different measurement techniques were built into the
physicadl model: Laser distance sensors (LDS), particle image velocimetry (PIV) and capacitance wave gages
(CWG). Fritz (2001) describes dl applied measurement systems and their capabilities.

| *ADC
PNEUMATIC '
LANDSLIDE
GENERATOR

CCD-CAMERA

FILTER

. LIGHT-S
OPTICS

« frame grabber
«PTU

Fig. 8 Experimental setup with pneumatic installation and measurement systems: Laser distance
sensors (LDS), capacitance wave gages (CWG) and particle image velocimetry (PIV).
PIV-System with CCD-camera, twin Nd.Y AG-laser, smplified light-sheet and beam guiding
optics.
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Slide profiles before impact are scanned with two laser distance sensors. Laser distance sensors
measure the distance to the granulate based on the triangulation principle. The obtained dide profiles are
used to determine dide shape, impact time and velocity. Wave features during propagation and run-up are
determined with capacitance wave gages (CWG). One CWG records the wave profile a& x = 885 m and two
CWGs record wave run-up profiles on the headland ramp. Laser distance sensors and capacitance wave
gages are sampled a 20 Hz in prototype time scale. For LDSs and CWGs an accuracy off: 1 m in prototype
scale is obtained. The wave run-up records contain only sheets of water on the dope thicker than 5 m. The
accuracy of the wave run-up gage measurements is limited to = 10 m.

Large scale digitd PIV is applied to rockdide impact and wave run-up aress. A twin cavity Nd.YAG-
laser is used as light source. The light sheet is generated right below the partially glassed channel bottom.
For measurements in the impact area the light-sheet is deflected by an under-water mirror axidly into the
wave generation zone creating a large vertica light-sheet (Fig. 8). For measurements in the wave run-up area
the 2”-mirror on channel bottom was removed. Image aress as large as 529(H) x 516(V) m in prototype
scale were acquired by means of a mega-resolution progressive scan CCD-camera. By means of cross-
correlation analysis instantaneous 2D-2C velocity vector fields were computed using an adaptive multi-pass
agorithm (Scarano and Riethmuller, 1999) and second order correlation (Hart, 2000). Spatid resolution is
determined by the window size of 8.4 x 8.4 m used in cross-correlation analysis. Time resolution of the PIV-
system for 2D-2C velocity vector field estimation was 0.6 Hz in prototype time scae. For pesk velocities an
accuracy of + 1 % was reached whereas accuracy reduced proportiona to velocity decay for low velocities.

EXPERIMENTAL RESULTS
Introduction

A series of experiments was conducted with the assumptions for Lituya Bay topography, bathymetry,
rockdide impact velocity, mass and shape described in the physicad model section. The complex phenomena
that occur even on macro-scale during this extremely unsteady process with high-speed rockdide impact, air
cavity formation, impulse wave generation, propagation and run-up are shown in the photo sequence of
Fig. 9. The different process stages from dide impact to wave run-up overlap and their transition is fluent.
The dide shape before impact shows a gentle dide front inclination with a continuous increase in dide
thickness towards the rear (Fig. 9a). Slide bulking is caused by impact on the water surface and side
deflection at the channel bottom. Flow separation on the rockdide shoulder due to fast dide penetration into
the water body creates a large air cavity on the back of the granular dide (Fig. 9b,c). During this separation
stage three phases with sharp borderlines may be distinguished: water, granular material and air. The
subsequent cavity collapse during dide run-out dong the channel bottom causes massive mixing of air and
water (Fig. 9d,e,f). Air is entrained into the water mainly due to air incluson by flow resttachment during
cavity collapse and detrainment of the granular material during rockdide run-out along the channel bottom.
Phase mixing had little effect on the leading wave because the main wave had propagated out of the impact
area before ar detrainment occurred. Therefore the leading wave remains widely unaffected by Weber-
effects due to surface tenson non-similarity in Froude-models. The large nonlinear wave consisting of one
single pulse of energy plunges onto the ramp (Fig. 9f). Wave bresking during run-up is initiated but does not
fully developed due to the steep dope. The run-up process is more surging than bresking as described by
Synolakis (1987) and therefore with little air-entrainment. A thin sheet of water surges up on the headland
ramp (Fig. 9g,h). Miiller (1995) estimated the viscous damping due to Reynolds non-similarity to be smaller
than 5 % for waves smaller than the incident wave height of # = 0.24 m observed in model scae. Stive
(1985) demonstrated with an experimental scale series of breaking waves on a beach that there are no
sgnificant deviations from the Froude scaling, in a wave height range of approximately 0.1 m to 1.5 m. This
result implied that the “superficialy” observed difference in air entrainment had no significant influence on
the wave dynamics. Scale effects regarding viscosity and surface tension may be assumed smaller than 5 %.
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Fig. 9 Photo-sequence of a granular slide impact experiment with up-scaled parameters: F = 3.18,
vy=110m/s, m'= 985 x 101 t/m’, h = 122 m, a= f< 45" at atimeincrement of 5 s.

Rockslide profile

The granulate (PP-BaSO,) with a mean grain diameter of 4 mm used to mode the rockdide is shown in
Fig. 10a)] As a bulk medium the density is reduced to 1.61 t/m’ due to a void fraction of 39 %. The assumed
porosity corresponds to data from Alpine debris flows (Tognacca, 1999). For comparison the porosity of a
bulk mass of spheres is 48 %.
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Fig. 10 a) Granulate: PP-BaSQO,] d]=4mm, p/= 264 g/cm” and h) granular slide profile scanned
with alaser distance sensor orthogonal to ramp at location x = -67 m and z = 67 m.
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To what extent the rockdide broke up before impacting into Gilbert Inlet and if its motion evolved from
initial pure diding into a fully developed debris avdanche is unknown. A rockdide profile scanned with a
laser distance sensor orthogonal to the ramp and 67 m above the stillwater level is shown in Fig. 10b).
Scanned dide impact profiles are used to calculate the mean dide impact velocity of 110 m/s. The dide
profile shows a gentle increase in dide thickness with time to a maximum of 134 m and a fast decay back to
zero. The maximum slide thickness of 134 m equals1.4 times the pre-motion slide thickness of 92 m
estimated roughly by Miller (1960). This increase of 40 % in dide thickness is necessary in the modd to
compensate for the void fraction present in granular flow in order to match the dide massflux per unit
width. The generated dide length before impact was estimated to 748 m with the mean dide velocity of
110 m/s and dide duration of 6.8 s as indicated by the dide profile in Fig. 1 Ob).

Wavegager ecor ds

The waves generated by the granulate inflow (Fig. 10b) and recorded with a capacitance wave gauge a
location x = 885 m are shown in Fig. 1 1a). The wave propagating away from the impact area in pogtive
x-direction creates a sole peak a ¢ = 16 s with a maximum positive amplitude @ = 152 m.

1d-

100

n[m]

0 30 60 90 120 150 180 210 240

Fig. 11 a) Wave-record at location x = 885 m and b) wave run-up record on headland ramp at
locations x = 1342 m + 77, measured With capacitance wave gages.
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In the two-dimensiond modd of Gilbert Inlet the single outward travelling wave is reflected back and forth
from both headland and rockdide ramps. The main trailing pesks recorded on the wave gauge have dtering
propagation directions from positive to negative x-direction, respectively. The second peak (a=85m,
t = 48 s) on the wave record corresponds to the wave reflection from the headland propagating in the
negative x-direction. An experiment without the headland ramp showed that the first wave trough (7 = 37 m,
t = 30 9) is truncated by the reflection from the headland and not fully developed. In the experiment without
headland ramp a flat trough with a negative amplitude a = -10 m was recorded behind the single outward
travelling wave crest. Therefore the total wave height is estimated to H = 162 m. The measured wave height
to stillwater depth ratio H/h = 1.33 is well beyond any breaking criterion (Dean and Dahymple, 1991). The
experimental run without headland ramp showed that breaking and transformation to a nonlinear bore
initiated roughly at x = 1500 m — after the beginning of the headland ramp at location x = 1342 m. The third
main peak (a =111 m, r = 93 5) and the fifth peak (a= 57 m, ¢+ = 180 s) correspond to the wave reflected
back from the rockdide dope. The fourth peak (a= 73 m, ¢ = 129 s) and the sixth peak (a=57m, =214 9)
are wave reflections from the headland ramp. This partial back and forth wave reflection in Gilbert Inlet
could account for the “jumping and shaking” reported by one eyewitness (Miller, 1960).

The corresponding wave run-up recorded by a capacitance wave gage on the headland ramp is shown in
Fig. 1 1b). The run-up gage record acquired paralel to the 45" inclined headland ramp is transformed into an
elevation record. The x-location changes proportiona to the amplitude according to x = 1342 m + 7z. On the
headland ramp a maximum run-up height of R = 526 m is measured at ¢+ = 35 s. The measured run-up of
526 m perfectly matches the highest elevation of 524 m on the trimline of forest destruction in Gilbert Inlet.
In al experiments a small amount of water overtopped the modeled headland ramp with an dtitude of 550 m
since the run-up gages drop out when the sheet of water on the headland ramp gets thinner than 5 m. Miller
(1960) reported that the water had rushed into the forest some 10 m higher than the highest overturned trees.
The two trailing peaks on the run-up record correspond to the first and second back-reflection of the single
initial wave run-up. The pesk to peak period increases from 76 s to 91 s. This decay in propagation velocity
with diminishing wave amplitude is due to the characteristic amplitude dispersion of nonlinear waves.

PIV-measurements

A sequence of twelve instantaneous velocity vector-fields computed with PIV is shown in Figs. 12.
Velocity vector-fields from two different experiments are mounted together and overlaid on original
PIV-images. The sequence starts at + = 0.76 s after rockslide impact and continues with atime step of 1.73 s
covering roughly a time span of 20 s. For this extremely unsteady flow the main advantage of PIV is the
capability to quantitatively reved the instantaneous macro-structure of the flow process within a large area
of interest. Instantaneous velocity vector-fields allow insight into kinematics during impulse transfer and
wave generation. The whole process may be subdivided into two main stages: a) Slide impact and
penetration (Fig. 12a), flow separation (Fig. 12b), cavity formation (Fig. 12c,d,e,f) where dide penetration
velocity exceeds wave propagation velocity, and b) cavity collapse (Fig. 12g,h), dide run-out aong channel
bottom and dide detrainment (Fig. 12i,j,k,1) where the wave overtakes the rockdide and propagates out of
the impact area. At the beginning of cavity collapse (Fig. 12g) the wave amplitude exceeds 200 m in
elevation a x = 600 m and ¢ = 11.14 before decaying synchronoudy with cavity collapse to a = 152 m at
t =16 sand x = 885 m (Fig. 11a). A high velocity gradient at the dide front during impact and penetration
causes sediment transport on dlide front leading to a pealing effect (Fig. 12b). The three phases — granular
material, water and air — are clearly separated along distinct borderlines before flow reattachment occurs
(Fig. 12h). Flow reattachment traps a large volume of air in the back of the rockdide (Fig. 12i), which leads
to large bubble formation (Fig. 12j), bubble break up and massive phase mixing (Fig. 12k,1). Slide
detrainment further increases phase mixing. The granular dide is deformed due to impact and deflection at
the channel bottom reaching a maximum thickness and minimum length (Fig. 12d). The dide front forms an
amost vertical wall with culminating height at the beginning of the cavity collapse (Fig. 12f,g). Theresfter
the dide front thickness decays with dide run-out (Fig. 12j,k,1).
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Fiig. 12 PIV velocity vector-field sequence (cont.) of two synchronized granular dide impact
experiments with juxtaposed areas of view and up-scaled parameters. F = 3.18, vy = 110 m/s|
m =98.5 x101tm’, h =122 m, a= B 45° with atime increment of 1.73 s.
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Fig. 12 PIV velocity vector-field sequence (cont.) of two synchronized granular dide impact

experiments with juxtaposed areas of view and up-scaled parameters. F = 3.18, vy = 110 m/s]
m =98.5 x10't/m’, h =122 m, a= B 45° with atime increment of 1.73 s.
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Due to phase mixing and dide penetration no capacitance wave gage or any other intrusive device could be
positioned closer to the impact site than x = 885 m.

A sequence of eight PIV velocity vector-fields acquired during wave run-up on headland is shown in
Fig. 131 The area of view begins above the stillwater level. The sequence starts at ¢ = 23.28 s after rockdide
impact and continues with a time step of | .73 s covering roughly a time span of 12 s. At 1 = 23.28 s the wave
is shown prior to plunging onto the headland ramp. The wave amplitude has increased beyond 180 m. In the
following images the wave surges up the headland dope with high velocity.

Fig. 13 PIV velocity vector-field sequence of wave run-up on headland slope created by a rockdide
impact with up-scaled parameters: F = 3.18, v, = 110 m/s, m' = 985 x 10’ t/m’, H = 122 m,
a= f 4 45°, timeincrement 1.73 s, first image at t = 23.28 s after impact, lower left image
comer at location = 1353 mand z= 11 m.

Atn=30.2 s(Fig. 13e) ahalf saddle or an instantaneous stagnation point appears in the lower left
corner of the velocity vector-field. The half saddle propagates up the headland ramp phase shifted to the
run-up wave front. In the area below the half-saddle water rushes down the headland ramp, whereas above
the half-saddle water still surges upward. Therefore the sheet of water located on the headland ramp is
aready getting significantly thinner a the lower end when maximum run-up height is reached at 1 = 35 s
(Fig. 16h). PIV gives indght into kinematics of wave run-up and complements run-up wave front records
measured with capacitance wave gages. A sheet of water only few meters in thickness reaches beyond the
image area limited to z = 527 m and is undetectable for the capacitance wave gages due to dim flow depth
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of only a few millimeters at laboratory scale. As indicated in Fig. 13 enough water ran-up the headland dope
to cause the flooding observed in Lituya Bay as estimated by Mader (1999) with numerica smulations of
the whole Lituya Bay.

COMPARISON WITH PREDICTIVE MODELS
Wave generation

Slingerland and Voight (1979) applied severa predictive models with empirica formulae to the Gilbert
Inlet rockdide. Predicted wave heights scattered more than an order of magnitude exceeding a range from
30 m to 300 m. Some empirical formulas were applied well beyond their range of experiments. An in depth
anadysis, comparison of different predictive models and their assumptions can be found in Slingerland and
Voight (1979). The empirica formula of Huber and Hager (1997) for 2D-impulse wave characteristics

1/74 172 1/4
H = 0.88 sin a( —-’iﬁ—) (Y—L) (ﬂ-) )
o b x

predicts awave height of H = 94 m with a= 45°, p,= 2.7 t/m’, p, =1t/m’, V, = 30.6 x 106 m’, b = 823 m,
h =122 m and x = 885 m. The Huber and Hager (1997) formula for 2D-impulse wave characteristics
underestimates the measured wave height H = 162 m by a factor of 1.8, athough F = 3.2 is within the range
of experiments conducted by Huber (1980). The impact shapes of Huber's granular rock avalanches were
inherently dependent on impact dide velocity. Rough estimations of dide thickness from photos (Huber,
1980) indicate that Huber's dides a comparable impact Froude numbers were thinner than the dide profile
shown in Fig. 10b. Sliding block experiments conducted by Noda (1970) and Kamphuis and Bowering
(1970) showed a strong dependency of generated wave heights on block-dide impact shapes. The difference
in dide impact shape explains why the Huber and Hager formula underestimates the measured wave height.

Wave run-up
The Hall and Waitts (1953) empirica formula for solitary wave run-up on an impermeable dope with
B =45"1s
1.15
R H o
—_—= 3.1 — 3
i ( 4 ) ®

and predicts a wave run-up R = 526 m with H = 162 m and h = 122 m. The measured incident relative wave
height H/h = 1.33 is well beyond the range of experiments conducted by Hall and Watts (1953) with
H/h < 0.5. The Hall and Watts data for B8 = 45" refers to non-breaking waves. The Hall and Watts formula
perfectly matches the experimentally measured wave run-up and the observed dtitude of forest destruction
in Lituya Bay. This confirms the concluson drawn by Slingerland and Voight (1979) using back-caculation
of wave height from run-up that a wave height of about 160 m was necessary to produce the wave run-up in
Gilbert Inlet. Synolakis (1987) presented an approximate theory for non-breaking solitary waves. The
derived asymptotic solution for the maximum run-up of solitary waves

5 /4
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is valid for H/h < 0.8183 (cot #)™"° and predicts a wave run-up R = 492 m with 8 = 45°, H = 162 m and
h = 122 m. The incident wave with H/h = 1.33 breaks during run-up since H/h > 0.8183 (cot 8)™'°. The
PIV-sequence in Fig. 13 shows that wave breaking during run-up is initiated but does not fully developed
due to the steep dope. The run-up process is more surging than bresking and therefore extrapolations from
non-breaking run-up laws may be applied. The observed wave run-up can be calculated using existing
empirical and theoretical formulas for non-breaking solitary waves with a sufficient accuracy of 10 %.
Miiller (1995) investigated wave run-up and dam overtopping mainly for stable intermediate depth waves in
the far field of falling blocks. The Miiller empirical formula

0.2 1.25 -0.15
R _ n H H
h‘l'zs(w) (h) (L) ©

predicts awave run-up R= 333 mwith f=45°H=162m, L = 1100 m and h = 122 m. The measured
incident relative wave height H/h = 1.33 is well beyond the range of experiments conducted by Miiller
(1995) with H/h < 0.5. The Miiller (1995) formula underestimates the measured wave run-up by a factor of
1.6 and may therefore not be applied outside of its validity range H/h < 0.5.

CONCLUSIONS

The physical model at 1:675 scale of the Lituya Bay 1958 event includes rockslide impact, wave
generation, propagation and run-up on headland. A novel pneumatic landslide generator was used to
generate a high-speed granular slide with controlled impact velocity and shape. State-of-the-art |aser
measurement techniques such as particle image velocimetry (PIV) and laser distance sensors (LDS) were
applied to cope with an extremely unsteady three phase flow due to high speed granular dide impact, high
velocity gradients, flow separation, cavity formation, wave generation and run-up. A granular dide with
dengity and volume given by Miller (1960) impacting at a mean velocity of 110 m/s generates a large air
cavity and an extremely nonlinear wave beyond breaking criterion — but non-breaking before headland
run-up. The wave with a wave height of about 160 m is capable of running up to an elevation of about 530 m
above mean sea level. The measured wave run-up perfectly matches the trimline of forest destruction on the
spur ridge in Gilbert Inlet. Back-calculation of wave height from observed trimline of forest destruction
using Hal and Watts (1953) run-up formula equals measured wave height in Gilbert Inlet. Existing formulas
for non-bresking solitary wave run-up applied beyond their validity range predict wave run-up heights with
an accuracy of 10 %. Existing dimensioning formulas for wave height prediction scatter wave heights over
more than an order of magnitude exceeding a range from 30 m to 300 m. Further research on dide impact
characterigtics, wave generation and energy conversion is necessary. The formation of a large air cavity
similar to an asteroid impact as proposed by Pararas-Carayannis (1999) is highlighted. The conclusion
drawn by Miller (1960), that the 1958 trimline of forest destruction on Lituya Bay shores was carved by a
giant rockdide generated impulse wave, is confirmed by experiments. PlV-measurements in the wave run-up
area indicate that enough water ran up the headland dope to cause the flooding observed in Lituya Bay, as
estimated by Mader (1999) with numericd simulations of the whole Lituya Bay. Mader (1999) suggests full
Navier-Stokes modeling of the Lituya Bay rockdide impact.
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NOTATION

a [L] = wave amplitude

b [L] = dide width

d [L] = grain diameter

F [-] = dide Froude number
g [LT? = gravitational acceleration
h [L] = dtillwater depth

H [L] = wave height

1 [L] = dide length

L [L] = wave length

m [M] = dide mass

R [L] = wave run-up height

s [L] = dide thickness

t [T] = time after impact

v [LT'T = velocity

vV LY = volume

x [L] = dreamwise coordinate
z [L] = vertical coordinate

o [°] = dide impact angle

B [°] = wave run-up angle

n [L] = water surface elevation record
p [ML®] = density

Subscripts
s = dide
g = granulate
R = run-up
Superscripts
= per unit width
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ABSTRACT.

The theme of this work is the method of constructing local systems (LS) for early tsunami detecting,
based on the results of mathematical modeling. This method suggests fulfillment of the specially
organized series of computational experiments, on the results of which the rational network of
hydrophysical gages is determined for the particular defended point and nhomograms for estimation
of the parameters of the wave's influence are calculated on the basis of the data of the operative
tsunami registration on the gages. With the help of these nomograms, it is possible to accomplish
operative forecast of the degree of tsunamidanger for the particular point in the real time regime
with necessary advance time, high security and reliability.

Actua realization of the suggested method was accomplished for one of the harbour on the
Kamchatka' s coast. On the basis of this work, below there will be demonstrated the main ideas of
such method of constructing local systems.
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INTRODUCTION.

Depending on the degree of the remoteness from the each defended coast point there are
local, regional, and remote tsunami. Thus, Russian Far East coast runs the influence of strong
tsunami from the centers of the local zones near Japan, Kuril Islands, and Kamchatka. Transocean
tsunami, dangerous for the region, are generated near Alaska, Aleutian Islands, South America. And
the biggest quantity of victims and damage is in the areas of the coast zone, located very near the
source.

Global and regional monitoring of tsunami in the Pacific region is fulfilled by the
International and national departments of tsunami warning, but their work in the most cases is not
very effective. We can outline several main factors, which are the reason for the insufficient
efficiency of estimation of the event parameters, the reason for the inadequate exactness of local
forecast, of significant loss from false alarms.

Regional systems can not provide reliability of the forecast of tsunamidanger from local
underwater earthquakes, when the part of the coast and adjoining water area are covered by
tsunamicenter zone, because the minimum period of time of tsunami wave running in this case may
not exceed 5 minutes, during which traditional system with its hierarchical structure does not have
time to react. We can mention, that normative period of time for estimation of the main tsunami
parameters in regional and international tsunami warning systems is 20-30 minutes since the
earthquake occurs.

Depending on the factor of advance time the significant part of the Pacific coast of
Kamchatka and some areas on Kuril Islands are «extreme» for the department of tsunami warning.
For the Russian Far East coast the minimum period of time of tsunami wave running from the main
tsunamigenic areas in Japanese Sea is 30-35 minutes. And general situation in this region is more
favorable.

Insufficient efficiency of the regiona departments of tsunami warning became apparent, in
particular, with earthquakes, occurred on the 29™ of January in 1975 on Hawaiian Islands, on the
1 6™ of August in 1976 in Philippine Sea, on the 26" of May in 1983, on the 12" of July 1993 in
Japanese Sea and on 5™ of November in 1994 on South Kuril Islands, which caused large damages
and human victims. In the table 1, there are shown indices of activity of the department of tsunami
warning for Russian Pacific coast for the last 35 years.

Table 1
Tsunamicenter’s location Events in all | Dangerous | False alarms | Omission of
events tsunami
Pacific ocean (in general) 90 15 33 3
Kuril-Kamchatka zone 48 11 18 2
Suburban seas of Far East 10 2 2 1
Remote seismoactive zones 32 2 13 0

The alternative to the regional systems, which allows to decrease the burden of

consequences of marine natural calamities and to provide the safety of especially important objects,
such as, for example, seaside nuclear electric power stations, is the construction of local systems of
early tsunami detecting. The crucial moment here is the defense of the particular coast and water
areas, special objects and hydrotechnical buildings.

At the same time, we can consider local peculiarities of bottom and land contour, typical
behavior of wave process near the defended coast. Localization of the defended area allows to
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decrease significantly the period of time, necessary for taking the decision, and to increase the
exactness of the forecast, aimost to exclude false aarms. Economic efficiency of such systems in
comparison with regional centersis evident.

Stated above considerations are confirmed by analysis of the experience of departments of
tsunami forecast, organized on the principles of divided system of gathering and analyzing
information. This analysis showed impossibility of providing the necessary advance time with local
tsunami, even with the use of the mostly modern means of telemetry and telecommunications.

The necessity of increasing effectiveness of the forecast leaded to the construction of the
local systems. The first of them was expanded in Japan () on the Suruga gulf coast, where after
strong underwater earthquake tsunami wave can reach the coast within 4-5 minutes. For the timely
warning, the special monitoring system, consisted of 4 seismographs, measuring soil acceleration, is
expanded on the city’s territory. Three levels of seismic signal, corresponding to the particular
threshold meanings of acceleration, operate in turn with efficient tsunami warning.

An attempt of constructing the automated system of early tsunami warning for the coast of
Chile was executed in the frame of American-Chilean project THRUST [2], the basis of which is
the use of satellite communications channel for transferring the signal. The leading «forecast»
parameter here, as in the other LS (for example, Shizuoka [1], Hawaiian Islands [3] and Tahiti
Island [4]), is the size of soil acceleration, measured in specific points.

Efficiency and reliability of such systems are determined only by the principle of choosing
the threshold meanings of soil movement acceleration during the earthquake. An apparent
disadvantage of this approach is limitation of the set of controlled seismic parameters, on the basis
of which the forecast is fulfilled. Including even minimum quantity of hydrophysical datain this set
will allow to increase sharply reliability and exactness of the efficient forecast.

The suggested conception of projecting the local systems on the basis of the results of
computational experiments alows to develop the main components of such systems, including the
scheme of rational network of hydrophysical gages, tables of coefficients of waves acceleration
from the tsunamigenic zones till the tsunami detecting gages and till the defended points,
nomograms, necessary for the estimation of tsunami influence.

The advantages of this conception are the possibility to consider typical features of
bathymetry, fixation of on-site data about historical earthquakes and tsunami to the defended point,
autonomy of the process of monitoring and analyzing the data, reliability of means of event
registration and transferring the information, guaranteed advance time of taking the decision about
tsunami alarm.

1. STRUCTURE AND STAGES OF PROJECTION OF LOCAL SYSTEM OF

TSUNAMI WARNING.

Actual local system’s working-capacity is determined by quality of disposition of
hydrophysical gages and by the authenticity of the calculated nomograms. So, there are needed
maximum account of available historical on-site data about features of wave behavior in examined
water area and possibility of efficient and adequate reproduction of the event with the help of
flexible and adjustable computational models.

The structure of developed LS expects the presence of hydrophysical gages for estimating
the tsunami waves parameters and control center for gathering and analyzing data, transferring
information and fulfilling the procedure of taking the decisions. The scheme of the technology of
constructing LS and its functioning is shown in the table 2.

Science of Tsunami Hazards, Vol 19, No. 1 (2001) page 25



Ta

Stages

1. Gathering data

2. Analyzing data

3. Taking: decison

«planning»

Systematizing on-site
data. Computational
experiment.

On-site experiments.
Making nomograms and
scheme of gages
disposition.

Developing the plan of
measures, providing the
safety of objects.

«realy» time

Accepting and analyzing
hydrophysical signals.

Estimating the time of
running, amplitude and
the period of incoming
wave.

Estimating the limits of
the flooding zone, the
strength and time of the
influence.

e 2.

Fulfilling the plan of
measures.

Local system can work 1n two regimes: in regime of waiting the event and in operative one.
In the waiting regime the unfavorable event, the control over the sea level in near and far water
area’s zones is fulfilled with the help of hydrophysical stations. When detecting on one of the gages
abnormal changing of stationary condition of the sea level the system start working in operative
regime. After that the parameters of wave, waited in the place of an object, are estimated. On basis
of the analysis of gotten data with the help of calculated tables and homograms, there is taken the
decision about possible maximum limits of the flooding zones of the defended part of the coast and
of draining of the bottom of the adjoining water area, it is notified about tsunami alarm and about
tsunami waves' possible strength and duration of its influence on coast and buildings.

Calculation of the parameters of particular LS consists of several stages, each of which is
fulfilled in its calculation zones, which appear to be enclosed telescopely in each other. And with
depth of their enclosure the degree of their detalisation increases. They can be named symbolically
as «oceany, «regiony, «local water area)), ((protected water area)).

On the first stage (calculation zone — «ocean»), there are calculated maps of waves' running
from remote sources. On the basis of analysis of these maps, there are determined main directions
of tsunami waves' route to the zone «regiony.

The work on the second stage (calculation zone — «region») means more exact definition of
time of wave's running to the defended point with use of more detailed bathymetry; determination
of the optimum scheme of disposition of hydrophysical gages of tsunami warning; gathering,
systematizing and analyzing historical on-site data about underwater earthquakes and tsunami in
studied area for estimation of the parameters of «project» tsunami waves, modeling wave regimes,
caused by revealed sources. By the results of calculations, fulfilled on this stage, it is possible to
estimate maximum amplitudes and prevalent periods, to compare calculated and on-site data and,
finally, to determine the most dangerous centers of possible underwater earthquakes (their
disposition and structure).

The aim of the third stage is calculation of the coefficients of waves strengthening with
their spreading from the Local system’s monitoring gages till the defended point. Initial material for
the fulfillment of this work are the results of calculation of waves transformation (in zone «local
water ared))), having hydrophysical characteristics (amplitude, frequency, configuration),
determined at the previous stage and connected straight with the studied water area and with its
possible tsunamigenic zones.

The forth, last, stage is fulfilled for the particular part of the coastal zone (((protected water
ared))) and includes calculating the limits of the flooding zones from the «project» tsunami waves,
estimating the engineering risk for the objects, situated in the coast zone; making the resulting
nomograms for taking the decisions.
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2. ESTIMATION OF THE CHARACTERISTICS OF TSUNAMIGENIC
EARTHQUAKES AND TSUNAMI BEHAVIOR IN THE SOUTH PART OF
KAMCHATKA.
The high level of seismic activity in south part of Kamchatka, including Avachinsky bay, is

well known (Fig.1, 2). The structure of the earth’s crust in this region and peculiarities of the
structure of focal zone initiate catastrophical tsunami.

007 1680 50

Figure 1. The scheme of seismoactive zones of Kamchatka.

Analysis of data, gotten during zoning Kamchatka's seismoactive zone by the level of
tsunamigenic [5], allowed to estimate recurrence of strong earthquakes, able to initiate intensive and
catastrophical tsunami, and to make the scheme of zoning, showing zones with different recurrence
of such events. Selection of zones of mostly overflow-shear and overfault-shear earthquakes
allowed to make the conclusion that par-axial part of the chute is zone, where tsunami of tidal
character are formed. At the same time, intensive tsunami of tidal character are mostly possible in
zone of deep-water trench.

In the last 250 years for the south part of Kamchatka there are known six earthquakes, which
initiated intensive tsunami in 1737, 1792, 1827, 1841, 1904, and 1957 years and three earthquakes,
which did not initiate strong tsunami in 1792, 1899, and 1959 years. According to the determined
recurrence here within the pointed period of time should happen 9 strong earthquakes. Long-term
forecast of strong earthquake in the area of Avachinsky bay, theoretical bases of which were
developed in [6], tits such estimations. If to decrease the criterion of intensity of studied tsunami
waves, it is possible to say that Kamchatka' s coast was flooded 20 times by tsunami waves within
the last 250 years [7]. And for all that, noticeable tsunami with the height of raising the level in
coastal zone for more than 0.5 m appear here each 10 years, in average. This circumstance
predetermines the urgency of fulfilling the measures of defending Kamchatka s coast from tsunami.
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Figure 2. The map of tsunamigenic zones for Kuril-Kamchatka region.

The first numerical estimations of tsunami waves height in various points along the Pacific
coast of Kamchatka were gotten in the work [8] and formed the first Tsunami atlas [9]. And though
this Atlas is used by Tsunami Warning Centers for more than 20 years, preliminary character of
these estimations is evident. The subsequent refinement of the estimations of tsunami waves height
was carried out in a number of works[10].

Typical for many points dispersion of calculated data is connected with difference in ways
of description of tsunami sources and in detail of digitization of underwater relief, with use of
simplified mathematical models.

Carried out till the present moment 2D calculations allow to get more detailed data about the
distribution of tsunami’s height aong the Pacific coast of Kamchatka [ 11]. At the same time, the
role of on-site data about tsunami’s behavior on the coast is determinant for estimating the quality
of carried out computational experiments regarding modeling of the generation and spreading of
tsunami waves in particular region.

In tables 3,4, there is represented information about tsunami waves behavior, observed in
Avachinsky bay, shown the character of secondary effect of underwater earthquakes, depicted the
damage from tsunami in some points.

The problem of structure of continental slope of Eastern Kamchatka is very important in the
problem of tsunami, because the transformation of the long waves is determined actualy by the
underwater relief.

The results of studying this area’s morphology are stated in the work [ 12]. The main
morphostructural elements of bays bottom of Eastern Kamchatka are deep-water canyons. Such
element for Avachinsky bay is Avachinsky canyon with many branches.

An attempt of tsunamizoning of Kamchatka s harbours-fiords on the basis of morphological
characterigtics, the results of which confirm the conclusion about the high degree of tsunamidanger
for the harbours, adjoining to Avachinsky bay, was made in the work [ 13]. Fiord harbours on the
eastern coast of Kamchatka are the reliable shelter from wind waves for ships, therefore the study of
long waves' influence on water areas and coast of these harbours is very important.
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Table 3. Secondary effects of strong underwater earthquakes in the area of Avachinsky bay.

The date of the event

Description

1737, August, 17,

Strong earthgquake lasted about 15 min., people could not stand on feet, in
20 min. There rushed tsunami waves with the height of 6 m up. Before
coming of the third wave, there was observed very big sea ebb. After 15

M =825 min. there came destroying wave, which changed coastal relief, in the area
of swamped lowlands there were formed creeks.
1792, August, Strong earthquake was felt in P.-Kamchatsky, water in Avachinsky
M = 8.25 harbour rose in waves as in steam boiler.
1827, August, 9 «Sga.in the bay went back very far», earthquake was followed by volcanic
activity.
1841, May, 18, Strong earthquake in P.—Kamchatsky. Some cliffs near the port were
M=38.0 demolished. The strong choppiness was observed in the bay.
1848, June Earthquake near P.—Kamchatsky, water in Avachinsky bay was raising and

falling. It drained the bottom of the bight.

1904, June, 26,
M=38.1

Strong earthquake in P.-Kamchatsky, ground was shaking under peoples
feet. On the coast of Avachinsky bay stone blocks were faling into the
water, on the surface of the bay there appeared billow, which gushed on
the coast.

1952, November, 5,

Very strong earthquake, in 1840 min. there came tsunami waves, which

M=28.25 caused catastrophical damage, changed coastal relief.
1960, May, 23, Strong earthquake near Chile coast, catastrophical tsunami was formed,
M=38.5 large damages in the coastal zone of Avachinsky bay.

3. CALCULATION OF THE PARAMETERS OF LOCAL SYSTEM OF

DEFENSE FROM TSUNAMI.

In this paragraph, the results of modeling the spreading of long waves like tsunami in the
water area, adjoining to the studied part of coastal zone, are represented. At all that, the possible
influence of tsunami waves, generated by three types of sources — remote, regional and local, on the
specified part of the coastal zone was taken into the consideration. In accordance with the type of
the source there were observed differently scaled calculation zones. Computational experiments,
discussed here, we may divide into two groups.

The purpose of the first one was to determine the time of wave's running from Aleutian —
Alaskan, South American and others well-known tsunamigenic zones and to estimate the
conditions of tsunami waves reaching the coast of Kamchatka. In these calculations for modeling
remote tsunami the zone OCEAN was used (net step A = 1°), and for modeling regional tsunami the
zone OKHOTSK was used (net step A = 6°, Fig. 3).

Two additional zones were also used: zone NORTH, including water areas of south part of
Kamchatka and north group of Kuril Islands, and zone CENTER, including the central part of
eastern coast of Kamchatka, water areas of three adjoining to it Kamchatsky bays (Avachinsky,
Kronotsky, and Kamchatsky), part of the water area of Bering Sea and Komandorskie Islands (net
step A = 5000 m and 10000 m accordingly).

The second group of calculations was carried out for the calculation of waves amplitude
characteristics and for the estimation of coefficients of strengthening. For this purpose three
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calculation zones were used telescopely enclosed in each other, KAMCHATKA, AVACHA, and
HARBOUR.

Basic zone KAMCHATKA (with maximum depth H = 7600 m, minimum depth — 10 m, and
net step A = 4000 m, dimension 80*80, Fig. 4) includes significant elements of underwater relief of
the area from c. Lopatka till c. Shipunsky.

Zone KAMCHATKA includes large-scaled part of water area of Avachinsky bay
AVACHA (dimension —137* 139, grid step A = 1250 m, Fig. 5). Zone HARBOUR (H =80 m, A =
75 m, dimension — 150*141, the fragment of this zone is depicted on the Fig. 6), in its turn, is
appeared to be enclosed in zone AVACHA.

Table 4. The damage from tsunami waves on the coast of Avachinsky bay.

The date Estimations of maximum tsunami waves’
of the Description height for some points in meters
event calculations forecast on 100 years [13,14]
1737 People and buildings were washed off the
coast in the area of the bay.
Brig «Okhotsk» was torn off and taken
1841 |@Way on the middle of Avachinsky

harbour, buildings were washed out in
vill. Ostrovnoe.

Big wave, when reached the harbour’s
1904 |coast, threw boats on 60 m far inland
away.

st. Morzhovaya — one house is destroyed,
boats are thrown away on the coast;

vill. Nalychevo — 14 houses are destroyed,
people perished;

1952 vill. Khalatyrka — 5 buildings were 1.4 8.6
destroyed, people perished;
¢. Besymyanny — 2 houses were washed
away.
st. Sarannaya — the spit with buildings was 14.8
washed away. )
st. Zhirovaya — almost all buildings on the 145
spit were washed away. '
1960 st. Morzhovaya — 2 houses were 14.0 18.1
destroyed.
st. Vilyuchinskaya — 20 buildings were
destroyed, various supplies are washed
away.
st. Russkaya — wvarious supplies are 15.5

washed away.

The all three calculation zones have mutual control points, located on the sea border of the
zone HARBOUR. In such a way there is fulfilled natural transition to more detailed description of
water area. And it improves the detail of the carried out calculations and exactness of gotten
estimations. Determination of kinematic characteristics (calculations of the first group) was fulfilled
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on the basis of ray-path theory of waves spreading in the heterogeneous medium with the help of
algorithms, described in [ 16].

Amplitude characteristics of waves (calculations of the second group) were determined in
the open ocean on the basis of linear equations of shallow water with the help of system of
programs MKUR, described in [ 16]. Calculations in small water area HARBOUR were carried out
also on the basis of linear equations of choppy sea [ 17]. Additional research of ripple effects inside
the small water area were carried out on the basis of nonlinear- dispersing model [ 18].
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Figure 4.

Figure 5. Calculation zone AVACHA. Figure 6. Calculation zone HARBOUR.

For the development of the scheme of rationa disposition of gages of early tsunami
detecting it is necessary to estimate parameters of advance time and to determine the directions of
wave's front movement to the defended water area from tsunamisources of different type. With this
purpose there were fulfilled calculations of leading wave's fronts movement from dot and spatial
tsunamisources. In determination of source zones when modeling tsunami there were used known
data about tsunamigenic earthquakes in Pacific ocean and historical data about strong local
earthquakes of the last century.

Science of Tsunami Hazards, Vol 19, No. 1 (2001) page 31



Analysis of the results showed that remote and regional tsunami move to the defended local
water area KAMCHATKA or AVACHA, accordingly, at strictly determined angles to the direction
North-South (S — N). Thus, the waves, moving from the north of Kamchatka, from the Bering Sea,
Komandorskie Islands, Aleutian-Alaskan tsunamigenic zone, are running at an angle of 135°] from
the areas of tsunamigenic zones of the Pacific eastern coast — at an angle 0°-30° and southern
tsunami, including those that are caused by Kuril and Japanese underwater earthquakes — at angle
45°-60°

The wave front runs to the defended small water area HARBOUR at an angle, which does
not depend on the location, configuration and size of the source. The main front’s direction is
formed at the top of the canyon at the depth of 200 — 1000 m. The direction of the wave movement
to the defended part of the coastal zone is also strictly determined by the configuration of
underwater relief and does not depend on the conditions of wave’s coming to the zone HARBOUR.

General time of tsunami wave's spreading in the zone is TJ = 15 min., and its way to the specified
pointTi=12_13 rmin.

J

Figure 7. Calculation zone OKHOT SK. ' Figure 8. The spreading of tsunami from
The spreading of tsunami from South-| North-Kuril tsunamigenic zone.
Kuril tsunamigenic zone.

Figure 9. Calculation zone OKHOTSK.  Figure 10. Calculation zone AVACHA. The

The spreading of tsunami from the sources spreading of tsunami from the sour ces near
in Kamchatsky bay. c. Shipunsky.
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Figure 11. Calculation zone AVACHA. The Figure 12. Calculation zone AVACHA. The
spreading of tsunami from the sourcesin spreading of tsunami from the nearest
the area of continental slope. source in the area of Avachinsky canyon.

With placing the gage of early tsunami detecting on the top of corresponding canyon at a
depth of 1000 m (if place the gage at the big depths, it may turn out that it is put in the center zone
of strong loca earthquake), the time of tsunami spreading from it till the entrance in the zone
HARBOURIis T9 = 8 min., and it depends little on the gage’'s moving along the canyon’s axis from
depths of 200 — 2000 m (T3 =1 — 2 min.).

Thus, placing the first main gage (N4) in the top of the canyon (numeration of the gages is
through — from North to South, Fig. 13), it is possible to provide necessary size of advance time
parameter T3 = T + T3 > 20 min. and to fulfill the terms «not to miss tsunami»! If to consider the
time of coming of the wave' s amplitude maximum, the size of parameter Ts will increase on 1/4 of
the wave's period, what in case of strong local underwater earthquakes is 4 -5 min. Gotten low
estimation T3 = 20 min. is in good accord with on-site data about the time of tsunami waves
running under real events. Anaysis of time of waves running, calculated for the global zone
OCEAN and regiona zones OKHOTSK, CENTER, NORTH, including zones KAMCHATKA and
AVACHA, showed that the gage, located in the water area, adjoining to c. Shipunsky, will defend
the specified point from the remote tsunami waves, beginning from the northern and till the south-
eastern direction of wave's movement.

Thus, the natural location of the second main gage (N,) is zone with depths of about 100 m
in the area of the northern border of Avachinsky bay — cape Shipunsky. Difference of the time of
wave's running from the gage N to the gage N4 is 10 -15 min. for the gages, located in the northern
and north-eastern areas of the AVACHA zone. For the waves, moving from the east, this difference
decreases till 5 min. The gage in the area c. Shipunsky does not defend this water area from tsunami
waves of eastern, south-eastern, and southern directions, running to Avachinsky bay, and it also
does not defend coast from the local tsunami with sources, situated further south than c. Shipunsky.

Ancther elements of local system of early tsunami warning are three azimuth gages —
northern one (N;), disposed near the gage (N;) and controlling tsunami waves movement from
north and north-east; two gages in the water area of Avachinsky bay at the depths 1000 — 2000 m:
eastern (N3) and southern (Ns) ones, controlling corresponding directions.

Thus, the whole studied zone AVACHA is divided into five sectors, connected with main
directions of possible wave’'s coming on the local system’s gages. Advance time parameter T4 for
the defended point, determining time for the fulfillment of alarm measures, changes from 35 min.
for the northern till 20 min. for the southern and eastern directions of waves' running.
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Figure 13. The scheme of disposition of Local Figure 14. Scheme for the estimation of
system’s gages. advance time parameter depending on the
order of waves coming on the gages.

Natural warning about possible coming tsunami, after which it is necessary to redouble
monitoring over the sea level, is the degree of feeling earthquake in the area of defended point. It is
possible to get notification about strong underwater earthquake in other regional zones from the
corresponding departments of tsunami warning. In taking the decision about tsunami alarm two
gages take part as arule — main and azimuth. In accordance with the order of wave's registration on
these gages, advance time parameter is estimated (scheme in Fig. 14). Then efficient forecast of
tsunamidanger for the defended water area is developed according to the size of registrated sizes of
leading wave's amplitude A; and its period T; (i is the number of main gage) with the help of
corresponding calculation nomogram.

The choice of nomogram is determined depending on the direction of wave's movement
with the help of the same scheme. Because the gage N, controls northern and north-eastern
directions of wave's movement, the degree of danger from the northern tsunamisuorces in
Kamchatka and from tsunamigenic zones in the area of Aleutian Islands and Alaska will be
determined by Nomogram I Waves from the tsunamigenic zones, located along the Pacific eastern
coast, and aso from tsunamisources in the area of Kuril Islands and Japan, are registrated by the
gage Ng. In this case it is necessary to apply Nomogram I1.

For the actual realization of the suggested structure of LS and construction of Nomogram |
and II, there were carried out series of computational experiments for calculation zones
KAMCHATKA, AVACHA, and HARBOUR. Calculated mareograph point on the sea border of the
zone HARBOUR (hypothetical gage (Ns)) was the connecting one in these calculations. Calculated
mareograms in this point served for recalculation of the coefficients of intensification from the
zones KAMCHATKA and AVACHA to the small zone HARBOUR. When computational
modeling of tsunami waves spreading in mentioned water areas, there were used the following
variants of source (seetables5—7):

« Vvariant M1 — wave is set on the sea border of the calculation zone in the form of Aosin(nt/T,) or
Agsin(2nt/T,), where A, and T, — initial tsunami amplitude and tsunami period (in meters and
seconds);
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« Variant M2 — initia disturbance, being the some parts of ((generalized)) tsunami source, where L,
W, x,, ¥, — length, width, and coordinates of source’'s center (in the size of calculation zone's net
step A), A, — maximum initial amplitude (in meters), a — an angle of deviation of the source's
axis with respect to the direction North — South;

o Vvariant M.3 — the same as M2 but in the form of ellipse, where a, b, x, y — big and small semi—
axes, center coordinates (in the size of calculation zone's net step A), A, — maximum initial
amplitude (in meters), a— an angle of deviation of big ellipse's axis with respect to the direction
North — South.

The influence of mechanism of shearing and of form of the initial rise in tsunami source on
the height of the wave in coastal zone was studied in the work [ 193, where it is shown, in particular,
that the most effective form of wave in the tsunami source is to set it in the form of «cap» — semi—
ellipsoid. As the result of carried out computational experiments there were calculated wave fields
on different moments of time and mareograms for the points, corresponding to the location of main
(N2), (N4) and azimuth (Ny), (N3), (Ns) gages of the control gage in the area of the defended point
(N7), and hypothetical gage (N¢) on the sea border of the calculation zone HARBOUR (fig. 15, 16).

In Tabl. 5-7, there are represented main calculation data: sizes of maximum amplitudes A,,
A4, A7 for the main mareograph points N», N4, N7, and also Ag — amplitude of maximum fluctuation
for the calculation mareograph point — N¢. At the same time, coefficients of strengthening of
tsunami wave K, K3, K3 are calculated as

K1 = A6/A2, Kz = A6 /A4, K3 = A7/A6,
and resulting coefficients for the Nomograms / and I/ are
K: = K *Ks., K = K, *K3, accordingly.
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Figure 15. Calculation zone KAMCHATKA. Figure 16. Calculation zone KAMCHATKA.
The spreading of wave from the sour ce, The spreading of wave from the source,
located near c. Shipunsky. located near continental slope.
Analysis of the results of computational experiments for the zones KAMCHATKA,
AVACHA, and HARBOUR alowed to estimate «project» coefficients of strengthening Kj, K
depending on waves periods. Such dependence appeared to be essential. Resulting calculation
nomograms for the defended point are represented in the Fig. 17, 18. The scale for estimating the
degree of tsunamidanger (wave's influence, the size of possible damage) depending on expected
(predictable) wave's height in the specified point (see legends to nomograms) is accepted in
accordance with data, represented in the work [20]. These nomograms are developed without taking
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into consideration possible wave's strengthening due to ebb-and-flow and rundown-runup events
in water area. Corresponding correction may be taken into account after fulfilling additional on-site

investigations.
Table 5. Calculation of tsunami wave's parameters for the zone KAMCHATKA
Tyg:u?;ethe Parameters of the source Az, m| Ay, m Ag, m K; | Ky
Ay, m T,, sec 1 2 3 4 5
1 300 38 | 14 | 38 [10]27
1 600 43 | 15 | 48 [11]32
i 1 900 37 | 16 | 45 [12]28
1 1200 3.1 | 1.7 | 41 [13]24
1 1800 26 | 14 [ 36 | 14 | 26
1 750 42 | 15 | 48 | 11 | 3.2
1 500 4.5 14 4.8 10 | 34
LW, xy) CL Aopy m 1 2 3 4 5
800*10 | (20,60) —45 2 1.3 3.9 3.0
M2 800*10 | (20,60) - 60 2 1.3 3.7 2.8
800*10 | (20,60) - 30 2 1.3 4.0 3.0
800*10 | (10,10) + 45 2 4.5 1.5 0.3
a*b ) a, Agm I 2| 3 | 4
20*10 | (20,60) —45 2 0.88 | 2.7 3.07
5*10 (30,50) —45 2 096 | 3.0 3.10
M3 10*6 (30,50) - 45 2 064 | 1.8 2.8
10*%6 | (10*10) | +45 2 !
1510 | (30,50) | +45 3 072 | 33 2.8 |
15*10 | (30,50) 2 088 | 2.8 3.1
10*15 | (30,50) 2 080 | 2.5 3.1
Table6.
Type of the Parameters of the source Aym | Ay, m | Ag,m Ki Ku
source
A, m T,, sec 1 2 3 4 5
1 600 3.6 1.4 4.0 1.1 2.8
M 1 900 3.2 1.3 3.4 1.0 2.6
1 1200 2.8 1.2 3.0 1.0 2.5
1 1800 2.3 1.1 2.7 1.1 2.4
1.5 2400 2.6 1.8 4.1 1.0 2.3
a*b (x.p) a’ |Apm 1 2 3 4 5
50*30 (50,90) + 45 2 1.0 2.8 2.8
25*%15 (50,90) —45 2 0.7 1.8 2.6
M3 50*30 (50,90) +45 2 1.0 2.6 2.6
25%15 (50,90) +45 2 0.6 1.6 2.7
50*30 (50,90) 2 1.0 2.6 2.6
30*%50 [ (50,90) 2 0.9 2.4 2.7
Science of Tsunami Hazards, Vol 19, No. 1 (2001) page 36




~

Table?7.

. dom

\ 1.0 2.0 3.0 4.0 6.0 8.0

T, seC

A7 K3 A7 K3 A7 K3 A7 K3 A7 K3 A7 K3

300|078 08 | 171 09 [282] 09 [417] 1.0 [624] 1.0 | 794 [1.0
600 | 128 13 |279] 14 [452| 1.5 | 621 1.5 [894] 15 | 1020 |13
900 | 147 15 |2.92| 15 [457| 1.5 |6.06] 1.5 933 [ 1.5 [ 10.14 [13
1200 [ 1.66| 1.7 [336| 1.7 [532] 1.7 [698 ] 1.7 [ 104 1.7 | 09.89 |12
1800 [3.07 | 3.0 [ 6.15] 3.0 [923[ 3.0 [744] 1.9 [11.0] 19
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Figure 17. Nomogram | for estimating the
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Figure 18. Nomogram | for estimating the
degree of tsunamidanger on the basis of

wave' s monitoring on the gage N4
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ABSTRACT

For a two layered long wave propagation, linearized governing equations, which were derived
earlier from the Euler equations of mass and momentum assuming negligible friction and interfacial
mixing are solved analytically using Fourier transform. For the solution, variations of upper layer
water level is assumed to be sinosoidal having known amplitude and variations of interface level is
solved. As the governing equations are too complex to solve it analytically, density of upper layer
fluid is assumed as very close to the density of lower layer fluid to simplify the lower layer equation.
A numerical model is developed using the staggered leap-forg scheme for computation of water level
and discharge in one dimensiona propagation having known amplitude for the variations of upper
layer water level and interface level to be solved. For the numerical model, water levels (upper layer
and interface) at both the boundaries are assumed to be known from analytical solution. Results of
numerical model are verified by comparing with the analytical solutions for different time period.
Good agreements between analytical solution and numerical model are found for the stated boundary
condition. Thereliability of the developed numerical model is discussed, using it for different a (ratio
of density of fluid in the upper layer to that in the lower layer) and f3 (ratio of water depth in the lower
layer to that in the upper layer) values. It is found that as'a' increases amplification of interface also
increases for same upper layer amplitude. Again for a constant lower layer depth, as 'B' increases
amplification of interface. dso increases for same upper layer amplitude.
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INTRODUCTION

Stratified flow is related with many environmental phenomena. Salt water intrusion in estuaries,
spillage of the oil on the sea surface, spreading of dense contaminated water, sediment laden
discharges into lakes and flow due to landslides are examples of stratified flow. In deep sea due to
temperature gradient a strong stratification occurs.

Tsunamis are generated due to disturbances of free surface caused by not only seismic fault
motion but also landslide and volcanic eruptions (Imamura and Imteaz, 1995). Tsunamis are
categorized in to a long wave and long wave theory has been applied for the governing equations of
propagation of tsunami considering a single layer (i.e. equal density throughout the depth). But even
only for the consideration of density gradient in the deep sea it is necessary to consider the stratified
layers. The internal hydraulics of asingle layer, either beneath or above a stagnant or passive layer, is
discussed in standard references (Prandtl, 1952 and Turner, 1973). There are some studies on two-
layers long waves or flows in the case of underwater landslides generating tsunamis (Hampton, 1972;
Parker, 1982; Harbitz, 199 1; Jang & Leblond; 1992).

In the past years a number of analytical and experimental studies were carried out on two layer
flow. There are a few numerical models on unsteady gravity currents (Akiyama et all, 1990;
Kranenburg, 1993). But all of them compared their model results with experimental results or with
results of previous researcher, none of them discussed the validity of numerica results comparing with
analytical solution, although analytical solution is the best way to compare the numerical results.
Because the mixing or entrainment process at the interface has not been successfully developed by
physica modd.

Imamura and Imteaz (1995) have developed a numerical model on two-layerd long wave flow,
which was compared with the analytical solution. In the developed model variations of interface was
assumed to be known and variations of top surface was solved numerically and analytically. But often
it is more difficult to know the variations of interface, rather it is easier to know the variations of top
surface. The present model solves the variations of interface having known amplitude for the
variations of top surface. Also the variations of interface is solved analytically to validate the
developed numerical modd. The developed modd is used for different conditions to see the properties
of two-layer flow.

NOTATIONS

p = Density of fluid

M = Discharge per unit width of flow

1 = Water surface elevation above till water level

a= Ratio of density of upper layer fluid to lower layer fluid
h = Still water depth

x = Distance aong downstream direction

t = Axis representing time

g = Accderation due to gravity

i = Spatid node points in finite difference scheme
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n = Tempord node points in finite difference scheme
B = Ratio of depths of lower layer to upper layer

k = Wave number

¢ = Wave cderity

a = Time dependent amplification factor of wave
n,= Initial amplitude of wave

THEORETICAL BACKGROUND

A mathematical model for two layer flow in a wide channel with non-horizontal bottom was set
up assuming a hydrostatic pressure distribution, negligible friction and negligible interfacial mixing.
Also uniform density and velocity distributions in each layer were assumed. Considering the two-
dimensional case as shown in Figurel, Euler equations of motion and continuity for each layer were
integrated. The detailed derivations of the integrated equations are described by Imteaz, M. A. (1993).
The equations are non-linear in nature. Considering the small amplitude waves compared to the still
water depth, non-linear terms were neglected. The linearized governing equations are as follows:.

Governing equations for upper layer-

oM +5(771-772) =0

1

ax o Y]
oM, oy

ot ghi o (2)
and for lower layer,

OM; om  O0m Omy) 0n, On ( Ohy ahl)
=4 + - + - + a—-—1=0 4
P ghz{a( o x| ok o [ ERl% 5 T “4)

Where, nj is the water surface elevation, h the still water depth, M the discharge, p the density of fluid,
a=p,/p,, x for spatial direction and t for time domain. Subscripts 1 and 2 indicate the upper and lower

layer respectively.

ch/ox terms were ignored, assuming a flat bottom to ease the anaytical solution. By smple differential
operation and subdtitution four linearized equations were transformed into two eguations, one equation
for each layer.

Upper layer equation is,
o*n,

o*n o'n _
‘-a’—til"ghl(l+aﬁ E;{I'ghz(l'a) R =0 %)

and lower layer equation is,
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where, f is hy/h,. In above two equations, the last terms are added to the simple wave equation as an
externa force.

\ B wro-aw ST 0 N

Figure 1 Scematic diagram of two layer profile

ANALYTICAL SOLUTION

The general solution forms of the equations 5 and 6 are still unknown. For a~ 1, the Equation 5
becomes a simple wave equation, general solution form of which is available. The equations were
solved using Fourier transform with the assumption that, a = 1. With the stated assumption, the
solution of upper layer water level, 1, can be expressed as,

n =2 Iﬁo eik(X-Clt) dk (7)

And, the interface level can be assumed as,
1, = 8,0 [, 20 dk ®)

Where, C; = y/gh, (1+aB), C, = |/gh, (L-a)( L+ af)

and g, is constant to be known, and g, is a function of time to be solved.

Substituting Equations (7) and (8) to Equation (6) we get the ordinary differential equation for a,
as follows:
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2 2
k® A
d a + aml a, elk(CZ'Cl)t Ao e1k(X-C2t) dk=0 (9)

f _dzaz -
2 dt (A+ap)

2ikCs

Applying theinitial condition that at t = 0, a, = 0, M, =0 and dM,/0x =0 yields, on,/ot = 0. From
Equation 8,
day kxcon, 2, (— kG, t) K€ =

dt
Asa, =0 at t=0, from above equation, da,/dt=0. Integration of Equation 9 yields,

2 2
922 pikcray = - LA weran 4 (10)
dat ik(C, -C)(A+apf)
where, m is the constant of integration. Substituting the values of a, and day/dt at t=0, yields,

m=ofgh,a,k/i(C,-C,).

Assuming, a, = b(t)e**“2" and substituting it into Equation 10, yields,
db aﬂghlalk e—ik(C2+C1)t _e—2ikC2t1 (11)
ii-=-1(C,-C))!
Integration of Equation 11 yields,

agh,a, |’e-ik(c2+c1)t_ e—zikczt_l n

(C,-Cp| c,+C,  2C,
where, n is the constant of integration. Applying the initial condition (i.e. at t=0, b=0) to the above
equation, n= aghya,/2C,(C,+C,). Substituting, this 'n' value to the above equation,

b=-

b agh,a, I_e-—ik(C2+C1)t _ o 2ikCat 1 agh,a, 12
(C,-Cp| C,+C,  2C, | . 2C,(C, +C))
Therefore,
a, = _Lgh_&_ -ik(C-C)t +M agh,a, 2ikCat
(€3-¢) 2C,(C;, =C)) 4 2C,(C, +C,)

Findly, solution for the wave profile of interface is as follows:

a,agh, :|f” ik(X+Cat) [ a,agh, 1 A ik(X-Cat)
1= | s e dk + {7, e** €20 dk
’ [ZCZ(C1+C2) ° 2C2(C2"C1)J ’
a, agh A (X
[zt cea
2~ 4

Solution for n, is combination of three wave components, two progressive waves and one
reflective wave. One of the progressive waves has celerity ¢, and other has celerity ¢,. The reflective
wave component has celerity ¢,. To get a clear idea on the analytical solution (i.e. Equation 13) wave
profiles for different components of interface after 4 sec have shown in Figure 2. It is found that the
progressive wave with celerity ¢, and reflective wave with celerity ¢, has much higher magnitude than
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the progressive wave of c¢,. But higher magnitude components are opposite in sign, so resultant of
them become lower in magnitude and comparable with lower amplitude wave component of c,.
Therefore fina resultant shape of interface is adso influenced by wave component of ceerity c;.
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Figure 2 Magnitudes (in m) of different components of interface wave after 4s (analytical solution)
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NUMERICAL MODEL

The staggered leap-frog scheme was used to solve the governing equations numerically. This
scheme is one of explicit central difference schemes with the truncation error of second order. The
staggered scheme considers that the computation point for one variable, n does not coincides with the
computation point for other variable, M.. There are haf step differences, 2At and “2Ax between
computation points of two variables as shown in Figure 2. It looks as one variable is placed at the
middle of AtAx rectangle, placing other variable at the four comer of rectangle and vice versa. The
same scheme was used by Imamura and Imteaz (1995), for the numerical solution of upper layer water
level having known variation of interface, which produced good results. Using this scheme, the finite
difference equations for the proposed governing equations are,

For upper layer,

ntl2 012 nH2, ndf2 o oo n
Mi ~™hi ~Tai tThi + M~ Mian

At AX =

n n-l N2 ndf
M2 = Miin ‘g hiin T hui s -

At 2 Ax

0 (14)

=0 (15)

and for lower layer,
n+1/2 n-1/2 n n
i i+ Majinip ~Majian _

At Ax

0 (16)

n n-1 n-1/2 n-1/2
M3z inn - Mzing Min T72i hin-hii+  (hointhoy)
+ 1
gla-1) g

At 2 Ax 2

n-172 _ n-1/2

n2 _n-2
a(my i - )

)+ (- 1)(h1’i+1 - hl,i) +(1- a)(ﬂz,iﬂ /oy
Ax

=0 (17)

Where 'n’ denotes the temporal grid points and 'i' denotes the spatial grid points as shown in Figure 3.
Ax and At are spatid grid spacing and time spacing respectively.

In spatial direction all of n,, n, a step ‘n-1/2" and all of M,, M, at step ‘(n-1)’ are given as initial
conditions. For al later time steps at left and right boundaries al values of n, and n, are calculated
using analytical solution. By using momentum equations for upper and lower layer al M, and M, at
step 'n' are calculated. Then using the continuity equation for lower layer all values of 1, at step
'(n+1/2) are calculated. Finaly using the values of 1,, M, and the continuity equation for upper layer,
all values of n, at step '(n+1/2)' are caculated. Similarly using latest values of n,, n,, M, and M, as
initial conditions calculations proceeded in time direction up to the desired step.

VERIFICATION OF NUMERICAL MODEL

Numerical model results were compared with the anaytical solution for different time periods. As
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the analytical solution was found for a= 1, avalue wastaken as 0.99 (i.e.p, =0.99 and p, = 1 .0). The
value of 'B' wastaken as 1 (i.e. h, = h;= 25 m). The wave amplitude of top surface, a, was taken as 1
m, which is smaller compared with the depth of layer, 25 m. Wave period for both the layers was
taken as 18.28 sec. Wave period was assumed in such a way that computational domain become
equals to the wave length. For spatial grid points AX=10 m and for temporal grid points AT=0.02 sec
was used.

Discharge point

[]
O Water level point

A'[
------ O OO
I ] D ] D Tac

O

I
N~
a\
~
)
~

:
I
(]
n
.

\/
X

C

Figure 3 Schematics of staggered leap-frog scheme

Asinitial condition (i.e. at t = 0) all n, and M, values were taken as zero. For top surface, initia
condition was found just substituting t = O in the known expression of n,, which gives,

n, = a,Cos(kx) = aICOS(%r X) (18)
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Where, a, is amplitude; k is wave number and L is wavelength.

Discharge was calculated by using the linear relationship between the water level and discharge

as,
M, = (& H) n,(Hi + 1)

For numerical calculations it is necessary to assume appropriate boundary conditions at both
upstream and downstream boundaries. For top surface and interface values of water level at upstream
and downstream boundaries were assumed same as caculated by anaytica solution.

Comparisons of andytical and numerical solution for different time periods are shown in Figure 4
and Figure 5. Figure 4 shows the comparison for top surface and Figure 5 shows the comparison for
interface. From the figuresit is clear that numerical model produces good agreement with analytical
solution. For the interface the agreement is very good, but for the top surface there are small
differences between numerica and analytical solutions specidly in the peak vaues. The reason for this
is that for the analytical solution, the term gh,(1-0.)8"n,/8x* in Equation 5 was ignored, which accounts
for the effect of interface to the top surface. But in the numerical solution the effect of interface to the
top surface was not ignored. With the increase of &°n,/0x* value, the effect of interface to the top
surface is no longer negligible.

-Anal 2s e Anal 6s H Numds
— — Anal 4s ¢ Num2s ® Numés
1 ”’r ’, T T T
oo
0.5 _. "
= O
re
0.5 oINS ! ............ . * n
-4 L
0

x/L

Figure 4 Comparison of numerical model for top surface (¢=0.99)

To check the validity of the model for low a values, the model was simulated for a=0.01 and
compared with the analytical solution of same a value. Figure 6 shows the comparison for top surface
and Figure 7 shows the comparison for interface for different time periods. It is found that numerical
model produced very good agreement with analytical solution. No difference was found between
numerical solution and analytical solution as it was found for the case of =0.99. As the variations of
1, was very small, the term gh,(1-a)d™n,/0x> was also very small and negligible. So on-mission of this
term from Equation 5 did not cause any error.
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Figure 6 Comparison of numerical model for top surface (¢=0.01)

MODEL SIMULATIONS

Effect of Relative Density

Model was simulated for different values of o(=p,/p,), keeping parameters p, and B as constant.
For all cases p, was assumed as 1 .0, also the value of B was assmued as 1.0 (i.e. h;=25.0 m and
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h,=25.0 m). Figure 8 shows the profiles of interface at different time periods for two different values
of a (i.e. a=0.1 and o=0.75). Variation of amplification of interface with 'a' for different time period
is shown graphically in Figure 9. From the figures it is found that as'a' increases the amplification of
interface also increases and vice versa. This is due to the interaction of two layers, as'o' increases
interaction also increases. Because if 'p,' increases keeping 'p,' constant, energy of top surface wave
trough will also increase and higher energy will transfer to a same density fluid of lower layer. This
higher energy transfer will cause higher amplification of interface. This phenomena aso can be proved
through derived governing equation for lower layer (Equation 6), in this equation last term
(afd™n,/ot%) is the effect from upper layer. With the increase of ‘a value, effect of upper layer to lower
layer also increases.

From Equation 6, comparing last term to the second term, the effect of upper layer to the lower
layer is varying with the function, af/gh,( 1 -a). Considering gh, as constant, the function is dependent
on aand p only. Figure 10 shows the variation of the function with a for different § values. It is found
that for higher B values, the effect of ais very high.

Numd4s  ====- Num 8s m Anal 6s
— — Num 6s e Analds A Anal 8s
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Figure 7 Comparison of numerical model for interface (¢=0.01)

Effect of Relative Layer Depths

Model was simulated for different values of B(=h,/h,), keeping other parameters (p,, p, and h,) as
constant. For all cases, p, was assumed as 0.1, p, was assumed as 1 .O and h, was assumed as 25.0 m.
Figure 11 shows the profiles of interface at different time periods for two different values of B (i.e.
B=1.0 and B=2.0). Variation of amplification of interface with 'B' for different time period is shown
graphically in Figure 12. From the figuresit is found that as'p' increases the amplification of interface
also increases and vice versa. Again this is due to the interaction of two layers. If 'h,' decreases keeping
'h,’ constant (i.e. increase of f3), upper layer fluid volume associated with certain wavelength will be
relatively lower. Therefore energy produced by the top surface wave will cause higher displacement of
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Figure 8(b) Interface profile at different time priod for a=0.75

interface (due to lower volume). Similarly if h, increases keeping h, constant, displacement of
interface will decrease due to higher volume of upper layer. These characteristics can also be
explained by derived governing equation of lower layer (i.e. Equation 6). As last term of Equation 6
(apd*n,/0r) is the effect from upper layer. With the increase of 'B' value, effect of upper layer to lower
layer also increases. As discussed in the previous section, the effect of upper layer to the lower layer is
varying with the function, a/gh,( 1 -a). The function is dependent on a and 3 only for a constant gh,
value, has a linear relationship with B for a certain a value. Figure 13 shows the variation of the

function with p for different a values.
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Figure 9 Variation of interface amplification with o
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Figure 10 Effect of a on function that carries influence of upper layer to interface

CONCLUSION

Analytical solution was derived by using Fourier transform, only for a certain condition (i.e. p,/p,
~ 1 .0). This solution contains two progressive waves with different celerities and one reflective wave.
Numerical model was developed by using staggered |leap-frog finite difference scheme. Accuracy of
linear numerical model was discussed by comparing the results with analytical solution. General
agreement between numericd model and anaytica solution was good. Although analytica solution is
valid for a~1 .0, but good agreement between analytical solution and numerical model was found even
for the case of a=0.0. Numerical results are influenced by u/s and d/s boundary conditions, good
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agreements were found when water levels (both interface and top surface) at both boundaries were
caculated by anadytica solution. But for other boundary conditions numericd model does not produce
good results. Characteristics of the model was discussed by using it for different condition, different
‘a and 'B'. It was shown that for higher 'a’ and for higher 'B', amplification of interface increases and
vice versa. Both of these phenomena are reasonable and can be well explained by physical fluid
properties. Capability of model for the simulation of interface wave variations having kncwt
variations of top surface will be useful for many related phenomena.
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Figure 1 I(b) Interface profile at different time period for f=2.0
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ABSTRACT

Tsunami may produce most of the economic damage in large asteroid impacts. The
dust from large asteroid impacts would produce worldwide darkness lasting several months
that may kill more people by mass starvation, especialy in developing countries, than will
tsunami, but the dust should not severely affect economic infrastructure. The tsunami may
even kill more people in developed countries with large coastal populations, such as the
United States, than the starvation resulting from the darkness. At Los Alamos we are in
the middle of a systematic study of asteroid tsunami. The study is divided into three parts:
A determination of those regions of Earth that are most susceptible to asteroid tsunami by
simulating the effect of an asteroid impact into mid-ocean, the simulation of the formation
of the initial crater and the waves generated by it by use of a SPH code, and a Monte Carlo
study of the accumulative effect of many small impactors on some of the more strategicaly
valuable regions that we find to be particularly vulnerable in the first part of this study.
The first part of the study is well underway. Progress has been made on the other two. The
critical factor in the third part of the study is to accurately determine the dispersion in the
waves produced by the smaller impactors. Disperson may greatly reduce the effectiveness of
the smaller impactors at large distances from the impact point. We wish to understand this
effect thoroughly before performing the Monte Carlo study. We have modeled the effect of
mid-Atlantic and mid-Pacific impacts with craters 300 and 150 km in diameter. The larger
of these craters would be produced by a KT-size impactor. The code has been progressively
improved to eliminate problems at the domain boundaries, so it now runs until the tsunami
inundation is finished. We find that tsunami generated by a large mid-Atlantic impactor
will travel to the Appalachian mountains in the Eastern USA. We find that the larger of
these two mid-Atlantic impacts would engulf the entire Florida Peninsula. The smaller one
would inundate the eastern third of the peninsula while a tsunami passing through the Gulf
of Cuba would inundate the west coast of Florida. Impacts at three different sites in the
Pacific show the great vulnerability of Tokyo and its surroundings to asteroid tsunami.
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INTRODUCTION

Asteroid and comet impacts cause a variety of damage: blastwaves, fires, craters and
earthquakes on land and tsunami at sea (Hills and Goda 1993, hereafter referred to as HG,
and Hills and Goda 1998a). If the impactor is more than 1 km in diameter, it gects enough
dust above the atmosphere to produce global darkening. Global darkening over a period of
months could cause mass starvation in developing countries. The work of HG showed that
tsunami is the most significant form of damage for objects smaller than this threshold for
global darkening.

HG studied the fragmentation and energy dispersal of asteroids in the atmosphere and
found the fraction of their kinetic energy that remained when they hit ground. They found
that common stony asteroids 200 meters in diameter and larger impact ground with most of
their pre-atmospheric entry energy, which makes them very effective in producing tsunami.
Asteroids of this size hit Earth about every 3000 to 5000 years, so the probability of one
impacting in a given human lifetime is about 2-3%.

HG used this data on asteroid impact energies and the data on tsunami generated by
nuclear explosives (Glasstone and Dolan 1977) to estimate the tsunami height from asteroid
impacts. Fig. 1 (from HG) shows the resulting full height of tsunami in deepwater (before
they hit land) at 1000 miles from the impact point as a function of asteroid radius and impact
velocity. (Heights above sea level are half these values) We note that asteroid tsunami are
not important unless the impactor has a radius of about 100 meters (diameter 200 meters).
In the absence of wave dispersion, even an asteroid 200 meters in diameter impacting in
mid Atlantic would produce tsunami several meters high on either side of the ocean. We
see that an asteroid 400 meters in diameter produces waves more than 10 meters above sea
level a 1000 km from the impact point. In the absence of wave dispersion an object this
size faling in the mid-Atlantic would produce tsunami more than 3 meters high before they
come ashore in North America and Europe as the heights drop off inversely with distance
from the impact point. This height would rise several fold as it comes ashore. Dispersion
would reduce the heights of these waves, but Fig. 1 shows the potential seriousness of these
waves.

The smaller the asteroid, the smaller the crater it produces, and the shorter the wave-
length of the tsunami. At short enough wavelengths, wave dispersion may significantly
reduce the tsunami height at a large distance (many wavelengths) from the impact point.
To caculate the effect of wave dispersion on tsunami height will require solution of the
Navier-Stokes equation in modeling the propagation from the impact point to the shore.
Dispersion is expected to be important if the wave propagation distance is several thousand
kilometers.

At Los Alamos we are in the middle of a systematic study of tsunami generated by
asteroid impacts. In the first part of this study we are finding the shorelines around the
Earth that are most vulnerable to asteroid tsunami by using models in which a large crater
is put in the middle of the ocean. These craters are large enough that the wavelength of
the disturbance produced by the crater refill and its subsequent rebound is comparable to
that of long-period tsunami generated by earthquakes, so we are confident that they can
travel across an ocean basin without significant dispersion. In the second part of the study
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Figure 1. Full height of tsunami in deepwater at 1000 km from the impact site. (Wave height
above sea leve is haf this value) These values were obtained from the energy of impact of
the asteroid allowing for atmospheric dissipation and scaled from experiments with nuclear
explosives.

we are using a smooth-particle hydrodynamics (SPH) code to study the initial formation of
the crater to find the size of the asteroid required to produce a given crater size. Thirdly, we
are studying wave dispersion to better model how it reduces the wave heights in the shorter
wavelength disturbances produced by smaller impactors. This is needed to allow us to study
the accumulated effect of the numerous smaller impactors on strategic shorelines.

RUNUPS FROM LARGE IMPACTORS

The simulation of the runups by large impactors allows us to find areas of the Earth
that are particularly sensitive to asteroid tsunami. Later, we will investigate how sensitive
these same areas are to the multitude of many small impacts that occur between the large
impacts.

The wavelengths of tsunami produced by larger asteroids are long enough (> 100 km) that
wave dispersion is not a problem for wave run-lengths comparable to the width of Earth’'s
oceans. We can model these tsunami accurately using the shallow water (or long-wavelength)
approximation. We initially used the SWAN code (Mader 1988) for these calculations. This
FORTRAN code has been tested extensively by comparing the runups predicted by the
model against historical tsunami from earthquakes and landslides. As our first test case in
our study, we modeled wave propagation resulting from a crater 150 kilometers across in the
middle of the Atlantic Ocean (Hills and Mader 1997). We estimate that such a crater would
be produced by an asteroid about 5-6 kilometers in diameter. An object at least this large
impacts Earth every 10 million years. The code was used to find the wave height off the
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coast of North America The code was then rerun with a piston at the eastern boundary
having an amplitude comparable to that height. The run time of the code was limited by
instabilities at the boundaries. However, the run time was sufficient to show that the wave
travels all the way to the Appalachian Mountains in the upper two-thirds of the United
States. One of the intriguing results of that simulation was the small amount of flooding
in Florida. We found that most of the tsunami energy was being reflected back into the
Atlantic by the gradual continental shelf. When we had to terminate the calculations due
to instabilities at the boundaries, we found that only the Miami area was flooded (due to
tsunami funnelling by its natural shipping channel). As we shall later show, the Florida
peninsula is badly flooded when the model is run for a longer time.

M.P. Goda rewrote the SWAN code in the computer language C and improved the graph-
ics package for displaying tsunami runups. This SWIM (Shallow Water Inundation Model)
code was tested against the original SWAN code to assure its accuracy. The boundary con-
ditions were later improved to alow us to run the code for times much longer than permitted
by SWAN. The new boundary conditions in effect advect the component of the wave that is
parallel to the boundary out of the computational domain. This improvement allowed us to
run SWIM for model times that are at least twice as long as the tsunami travel time across
the magor ocean basins. This new code will be ported to a massively parallel computer in
the near future to allow runup and wave propagation calculations on a much finer grid than
is practical with our current serial machines.

The first application of SWIM was to find the vulnerability of Europe to tsunami flooding
from asteroid impacts (Hills and Goda 199813). Again, we took as the initial condition an
impact crater 150 km in diameter in the middle of the Atlantic. This calculation was done
before the code improvements allowed long running times, so again we used the code to
find the height of the tsunami waves before they entered Europe and then restarted the
calculations just before the tsunami came ashore using a piston of the same amplitude on
the western boundary of the domain. This work showed the extreme vulnerability of the
Iberian Peninsula to tsunami from impacts. Waves exceeding 100 meters in height were
observed al aong the lberian peninsula. This is the result of the paucity of protective
continental shelf around the peninsula. The Atlantic Coast of southern France also suffered
severe flooding. The British Isles were much less affected because of the massive continental
shelf surrounding them.

In the current paper we would like to report our early work using the improved SWIM
code that allows much longer running times. This has allowed us to dispense with the use
of the piston. We simply start with the initial crater and allow the computations to proceed
until the elapsed time is at least twice the time required for tsunami to travel across the
given ocean basin. We find that these long running times are necessary because reflection
of tsunami waves off continents and island chains can cause noticeable enhancements in the
tsunami runups in certain locales.

We made simulations with impact craters 150 km and 300 km in diameter in the Atlantic
at (Long.Lat.) = (40° W, 35°N). We also performed simulations in the Pacific with these
two sizes of craters. These smulations were done for three different impact points. (Long,
Lat) = (170°W, 35°N), (138.25°W, 27.75°N), and (169.75°E, 28.75°N). The Atlantic and
Pacific impact sites are shown in Fig. 2. A crater 300 km in diameter would be produced by
a KT size impactor about 10 km in diameter while the 150 km crater would be produced by
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an object with half that diameter. The probability of the larger impactor hitting in a given
year is about one in 100 million while the probability of the smaller impactor hitting in a
given year is about 1 in 10 million. In these simulations the ocean bathymetry is determined
from ETOPO5 (from the US Defense Mapping Agency). This product provides topography
on a grid with resolution of 5 arc minutes.

SWIM Model Domains and Impact Locations

Figure 2: Positions of the four impact sites used in our models.

ATLANTIC IMPACTS

Fig. 3 shows the maximum wave height within the Atlantic ocean as the tsunami prop-
agates away from the impact site. We note that some of the tsunami energy is funnelled
south along the western edge of the mid-Atlantic Ridge. There is also a tongue of high water
that moves towards Florida. This is due to an absence of sea mounts in that direction to
reflect back the energy. We also note the shoaling as the tsunami hits the continental shelf.
This provides good protection for the northern most part of the United States and for the
Atlantic providences of Canada. It aso provides good protection for the British Isles and
the European Coast east of it. We aso note the lack of protection by continental shelves
in the southern Atlantic Coast of France, the Iberian Peninsula, and the Atlantic Coast of
Africa

The shoaling aso slows down the tsunami as is evident in Fig. 4 which shows the tsunami
travel time from the impact site. We note the slowing down of the tsunami off Florida and
Georgia as the wave goes into the progressively shallower water. The situation is similar
around the British isles. But, there is no significant slowing down of the tsunami around the
Iberian Peninsula and North Africa

As we might guess from the previous two plots, the most significant flooding in Europe
occurred along the south Atlantic Coast of France and the Iberian Peninsula. Fig. 5 shows
the depth of inundation along the Atlantic Coast of France. The depth is shown in meters
above local ground level for the simulations with craters 150 and 300 kilometers in diameter.
The depth of inundation in France is not as great as it is aong the Iberian Peninsula where
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Figure 3: Maximum wave height above sea level reached at each point in the Atlantic Ocean
as a result of the impactor. The grey scale gives the height in meters at each location.

the depth reaches over 200 meters for the larger crater and 100 meters for the smaller one, but
the distance the flood moves inland in France is much greater due to the lack of mountains
to contain it.

The damage is greater in North America than in Europe. The major difference between
the results of the new simulations and that of the earlier one is the degree of flooding of
the Florida Peninsula. Fig. 6 shows the maximum flooding produced by a crater 150 km in
diameter and one 300 km in diameter. The figures show the maximum depth of inundation
above local ground level at each point on the peninsula. We find much more profound flooding
when we are able to run the code for a much longer time than the maximum possible in Hills
and Mader (1998). The larger crater causes al of Florida to be inundated while the smaller
one causes the Eastern third to be inundated with additional flooding occurring on the West
Coast due to a tsunami wave passing through the straits between Florida and Cuba. The
depth of inundation of the East Coast exceeds 100 meters in some places for the larger crater.

We find that two factors are responsible for this late-stage flooding in Florida: The
considerable slowing down of the tsunami as it enters the shallows off Florida causes a mesa
of water to slowly build up on this shelf. Then a second tsunami wave reflects off the
Bahamas chain and piles up on top of the now much deeper water left by the passage of the
first tsunami wave. When this mesa of water collapses, it produces the Florida flooding.
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Figure 4: The grey scale shows the travel time between the impact site and each position in
the Atlantic Ocean. We note the slowing down of the wave as it enters the continental shelf.
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Figure 5. The depth of inundation along the Atlantic Coast of France as a result of the
formation of a 150 km and 300 km impact crater in the middle of the Atlantic Oceadn: The
grey scale gives the maximum local flood depth in meters above mean ground level.

PACIFIC IMPACTS

Fig. 7 shows the highest water reached as the tsunami travels away from the centermost
of the three impact sites in the Pacific for a 300 km diameter crater. We see the significant
protection afforded by the Aleutian Isands and the continental shelf off Asia. China and
most of mainland Asia is relatively protected by the extensive continental shelf. Japan has
no significant continental shelf, so the tsunami slams directly into it. A similar situation
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Figure 6: The depth of inundation in Florida due to the formation of a 150 km and 300 km
diameter impact crater at the location shown in Fig. 2. The maximum flood depth shown
in the figure is given in meters above the local ground level.

occurs along the West Coast of the United States. The West Coast is much more prone to
tsunami flood than mainland Asia

The plains around Tokyo are particularly prone to tsunami flooding. Figs. 8-10 show
the depth of tsunami flooding in the vicinity of Tokyo, Japan from each of the three impact
sites. Each figure shows the results for a crater 150 and 300 km in diameter. We note that
the tsunami flood inundates Tokyo and its vicinity when the impact occurs at any one of
the three impact sites.. Tokyo appears to be especially sensitive to tsunami from nearly any
impact site in the Pacific.

The runup; simulations for the West Coast of the United States do not look as dramatic
as for Japan, principally because the coastal mountains restrict the flood to a narrow zone
around the coast. However, many major cities are in this narrow coastal band. Fig. 11 shows
the depth of inundation in the Pacific Northwest for the eastern most of the three Pacific
impact sites. This is shown for the two different crater sizes. The tsunami tends to go up
to the coasta mountains. We note the penetration of the tsunami up some of the mgor
river valleys in this region. The apparent tranquil state in Seattle may be due to numerical
limitations. The grid resolution may not be good enough to accurately model the passage
of the tsunami wave through the straits between Vancouver Isand and Washington State.

In the future we will improve the resolution by moving onto a 2 minute grid. This will
be increased .to 1 minute resolution when this data becomes available. This will require the
use of a massively parallel computer, which we have available at Los Alamos.
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Figure 7. Maximum wave height above sea level in the Pacific due to the formation of an
impact crater 300 km in diameter at the northern most of the three Pacific impact sites
shown in Fig. 2.
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Figure 8: The maximum inundation depth in Japan due to the formation of an impact
crater at the westernmost of the three Pacific impacts sites shown in Fig. 2. This is shown
for impact craters 150 and 300 km in diameter. The depth is given as meters above local
ground level. Note the extreme flooding of Tokyo and its vicinity.
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Figure 9: Same as Fig. 8 except it is due to an impact at the northernmost of the three
Pacific sites shown in Fig. 2.
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Figure 10: Same as Fig. 8 except it is due to an impact at the easternmost of the three
Pacific sites shown in Fig. 2.
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Figure 11: The maximum inundation on the Pacific Northwestl Coastl ofl thel United States
due to an impact at the easternmost of the three impact sites in thel Pacificl Thel plot] shows
the maximum depth of flooding above local ground level at each point] forl impact| craters
300 and 150 km in diameter.

CONCLUDING REMARKS

It is difficult to imagine trying to manage by normal civil defense procedures the catas-
trophes produced by asteroid impacts because of the large scale of the damage and short
timescales involved. It would be far better to detect these objects well before they impact
Earth. This will allow much more time for response. There should be a civil defense response
to the degree that it is feasible. There aso should be an active defense to assure that these
larger impactors never hit the ground. As we see from the presentation by Johndale Soleml
at this conference, such defense is possible. It should be implemented.

Solem paper in Science of Tsunami Hazards, Vol 17, 141-154 (1999)
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