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We derive analytic solutions for the forced linear shallow water equation of the

following form:
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for x > 0, in which Y(x,t) denotes an unknown variable, f(x,?) a prescribed forcing
function and b a positive constant. This equation has been used to describe landslide-
generated tsunamis and also long waves induced by moving atmospheric pressure
distributions. We discuss particular and general solutions. We then compare our
results with numerical solutions of the same equation and with the corresponding
solutions of the nonlinear depth-integrated equations and discuss them in terms of
landslide-generated tsunamis.

1. Introduction

In considering tsunami generation by a moving slide on a uniform slope, Tuck
& Hwang (1972) adopted the linear shallow water equation for a uniformly sloping
beach in the following dimensionless form:
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where z = ¢(x,t) is the free surface elevation and z = —h(x,t) the sea floor. On a

sloping beach h(x,t) = H(x) — ho(x,t) with H(x) = xtang/u; tanp is the beach
slope, hg(x, t) is the time-dependent perturbation of the sea floor with respect to the
uniformly sloping beach, § and L are the maximum vertical thickness of the sliding
mass and its horizontal length respectively, and p = §/L. We have normalized the
free surface displacement and water depth with é, and x with L, and 1, as expected,
with /8/g /. Here, we will focus on thin slides where u = §/L < 1. Since the shallow
water assumption requires that tan f < 1, then tan 8/u ~ O(1).

Greenspan (1956) has also derived an equation similar to (1.1) for long waves
generated by moving atmospheric pressure distributions. Following Greenspan (1956),
we can define a dimensionless velocity potential ¢ so that its time derivative becomes

O = Pulx,1)— ¢, (1.2)
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Field Survey and Preliminary Modeling of the
Wewak, Papua New Guinea Earthquake and
Tsunami of 9 September 2002

Jose C. Borrero James Bu Christine Salang Burak Uslu®, John

Freckman®, Brandun Gomer*,

INTRODUCTION

At 18:44 UTC on 8 September 2002 (04:44 on 9 September,
local time), a strong earthquake (m;, 6.5, M7.8; hereafter
“PNGO02”) occurred off the northern coast of the East Sepik
Province of Papua New Guinea (*PNG”; see Figure 1) and
triggered a moderate tsunami that was observed along
300 km of the northern PNG coast. This event is of particu-
lar interest since it occurred only 120 km east-southeast of
the earthquake of 17 July 1998 (m; 5.9, M;7.0; hereafter
“PNG98”), which triggered a devastating tsunami with a
death toll exceeding 2,100 (Kawata ez /., 1999).

The two earthquakes generated very different patterns of
damage and destruction. PNGO02 was strongly felt from Sis-
sano Lagoon in the west to Murik Lakes in the east, a distance
of 250 km (Figure 2); five people were killed, and several
more injured, by the collapse of structures. On the other
hand, its tsunami inundated several coastal villages but
caused only a small amount of damage to beachfront struc-
tures. No one was killed by the tsunami, although four people
nearly drowned. By contrast, PNG98 caused very little earth-
quake damage, mostly concentrated in the epicentral area
near the Serai sawmill, where a few log stacks collapsed and
rockslides were observed along strongly weathered cliffs. No
one was killed by the earthquake. However, the tsunami trig-
gered by PNG98 was exceptionally devastating, with waves
reaching heights of 15 m, destroying three villages and
severely damaging many others along a 40-km stretch of
coast. Over the past 100 years, only the 1933 Sanriku, Japan
tsunami had a higher death toll (estimated at 3,000).

Successful modeling of the 1998 tsunami could be
achieved only by hypothesizing that the earthquake triggered
a 4 km? landslide, an assumption corroborated by a number
of subsequent geological and geophysical observations (Tap-
pin et al., 1999; Heinrich ez al., 2000; Synolakis et al., 2002;
Sweet and Silver, 2003; Okal, 2003). The purpose of the
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present paper is to report the preliminary findings of seismo-
logical studies of PNGO2 and the results of field work in the
aftermath of the event by the University of PNG and by the
International Tsunami Survey Team. We also present prelim-
inary numerical simulations of the tsunami. We conclude
that its characteristics can be modeled without invoking any
large-scale underwater landslide.

From the standpoint of tsunami awareness and mitiga-
tion, we note that since the PNG98 disaster, the local popu-
lation has been sensitized to tsunami hazard, and, as a result,
evacuation was the rule rather than the exception in 2002.
This probably contributed to the lack of tsunami casualties.
As PNGO2 was widely felt and did produce a noticeable and
relatively damaging tsunami, it may have had a positive
effect, namely that of reminding the local population that
tsunamis are always likely to occur after a strong earthquake.

TECTONIC FRAMEWORK

The tectonic framework of the northern PNG coast is rela-
tively complex, as most recently summarized by Tregoning
(2002). On a very coarse scale, the island of New Guinea sits
at the boundary between the large Pacific and Australian
Plates, which are involved in an oblique collision, the conver-
gence vector striking S70°W at a rate of 11.1 cm/yr (DeMets
et al.,, 1990). On a finer scale, the identification of spreading
centers and transform fault segments along the Bismarck Sea
Seismic Lineation (BSSL) led to the early recognition of a
South Bismarck Plate (Johnson and Molnar, 1972). More
recently, GPS data have suggested the existence of an inde-
pendent North Bismarck Plate, rotating at a slow but detect-
able rate (0.3°/Myr) with respect to the Pacific Plate, but
whose rigidity remains debatable (Tregoning, 2002). While
the BSSL is well defined, intersecting the PNG coastline in
the immediate vicinity of Wewak, the northern boundary of
the North Bismarck Plate, the Manus Trench, must be
extrapolated to the coast, in the vicinity of the Indonesia-
PNG border at 141°E. Under this interpretation, both
PNG98 and PNGO2 occurred along the boundary between
the Australian Plate and the North Bismarck Plate, where
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Near-Field Survey of the 1946 Aleutian Tsunami on Unimak
and Sanak Islands
by Emile A. Okal, George Plafker, Costas E. Synolakis, and José C. Borrero

Abstract The 1946 Aleutian earthquake stands out among tsunamigenic events
because it generated both very high run-up near the earthquake source region and a
destructive trans-Pacific tsunami. We obtained new data on the distribution of its
tsunami in the near field along south-facing coasts between Unimak Pass on the west
and Sanak Island on the east by measuring the height of driftwood and beach ma-
terials that were deposited by the tsunami above the extreme storm tide level. Our
data indicate that (1) the highest measured run-up, which is at the Scotch Cap light-
house, was 42 m above tide level or about 37 m above present storm tide elevation;
(2) run-up along the rugged coast from Scotch Cap for 12 km northwest to Sennett
Point is 12—18 m, and for 30 km east of Scotch Cap to Cape Lutke it is 2442 m;
(3) run-up along the broad lowlands bordering Unimak Bight is 10-20 m, and in-
undation is locally more than 2 km; (5) run-up diminishes to 8 m or less at the
southeast corner of Unimak Island; (6) no evidence was found for run-up above
present storm tides (about 4-5 m above MLLW) on the Ikatan Peninsula or areas
along the coast to the west; and (7) run-up above storm tide level in the Sanak Island
group is restricted to southwest-facing coasts of Sanak, Long, and Clifford Islands,
where it is continuous and locally up to 24 m high. Generation of the tsunami by
one or more major earthquake-triggered submarine landslides near the shelf edge
south of Unimak Island seems to be the only viable mechanism to account for the
data on wave arrival time, run-up heights, and distribution, as well as for unconfirmed
anecdotal reports of local postquake increases in water depth and diminished bottom-
fisheries productivity. A preliminary hydrodynamic simulation of the local tsunami
propagation and run-up using a dipolar model of a possible landslide off Davidson
Bank provides an acceptable fit to the characteristics of the distribution of local run-
up, with a value at 34 m at the Scotch Cap lighthouse.

Introduction

We present in this article a new dataset of near-field
run-up and inundation measurements of the 1946 Aleutian
tsunami, obtained during a 4-day field project on the islands
of Unimak and Sanak in August 2001.

The exact origin of the great tsunami of | April 1946
in the Aleutian Islands remains controversial. The parent
earthquake, whose epicenter relocates along the wall of the
continental slope, at 53.33° N, 163.00° W (Fig. 1), features
a conventional magnitude of only 7.4, as reported by Gu-
tenberg and Richter (1954). Yet, its tsunami was catastrophic
both in the near field, where it eradicated the Scotch Cap
lighthouse on Unimak Island (Fig. 2), and in the far field,
where it killed 159 people in Hawaii, inflicted severe damage
in the Marquesas Islands, and reportedly caused destruction
as far away as Antarctica (Fuchs, 1982). Kanamori (1972)
pointed out the slow character of the parent earthquake rup-
ture, a property later confirmed by Pelayo (1990), Okal

(1992), Johnson and Satake (1997), and Okal et al. (2003).
Due to the scarcity and poor quality of adequate seismic
records, the static value of the moment of the earthquake
remains somewhat unconstrained between 2 X 10** and
8 X 10°* dyne cm. On the other hand, Kanamori (1985) has
speculated that the 1946 event might have involved an un-
derwater landslide, perhaps comparable to those documented
during the 1929 Grand Banks, Newfoundland, 1953 Fiji,
1954 Orléansville, Algeria, and 1956 Amorgos, Greece,
events (Heezen and Ewing, 1952, 1955; Ambraseys, 1960;
Houtz, 1962), or inferred from a variety of evidence for the
more recent 1998 Papua New Guinea (PNG) disaster (Syn-
olakis et al., 2002).

The eventual resolution of the exact nature of the mech-
anism of generation of the 1946 Aleutian tsunami, and in
particular of the role played by any potential underwater
landslide, will have important implications in terms of the
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A Theoretical Comparison of Tsunamis from Dislocations
and Landslides

EMILE A. OKAL' and CosTAs E. SYNOLAKIS?

Abstract— We use simple physical models to evaluate and compare the orders of magnitude of the
nergy generated into a tsunami wave by seismic dislocations and underwater slumps. We conclude that
he two sources can generate tsunamis of comparable total energy. However, the slumping source is shown
o be fundamentally dipolar in nature, which results in a low-frequency deficiency in the far-field. These
imple conclusions corroborate the interpretation of the 1998 Papua New Guinea tsunami as being
enerated by an underwater slump.

Key words: Tsunamis, landslides, seismic sources.

1. Introduction

We present in this paper a number of theoretical discussions of the excitability of
sunami waves by both earthquakes sources (modeled as dislocations occurring in an
lastic medium) and underwater landslides or slumps. We are motivated by the recent
nvestigations of the catastrophic tsunami of 17 July 1998 in Papua New Guinea
hereafter, PNG). which suggest that its source was an underwater slump involving
| km® of sedimentary material and occurring 13 mn after the mainshock (OKAL,
002a; SYNOLAKIS et al., 2002). Because they take place under water and are
enerally not witnessed directly, slumps remain very poorly known and only a few
xceptional cases have been the subject of specific investigations, such as the 1929
srand Banks slump (HASEGAWA and KANAMORI, 1987) or the Suva landslide of 1953
Houtz, 1962). In both instances, the rupture of telegraphic cables provided the key
vidence for slumping.

Our approach is to use very simple physical models of the deformation of the
cean floor to obtain the principal properties of the tsunamis generated by the two
inds of sources, with an aim at understanding the fundamental parameters
ontrolling the energy dissipated into the tsunami wave. We must emphasize that the
urpose of this paper is not to give exact theoretical solutions for actual case studies
f seismic and slumping events, but rather to provide orders of magnitude of the
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Field Survey and Numerical Simulations: A Review
of the 1998 Papua New Guinea Tsunami

PATRICK J. LYNETT,! JosE C. BORRERO,” PHILIP L.-F. Liu?
and CosTAS E. SYNOLAKIS?

Abstract—The Papua New Guinea (PNG) tsunami of 1998 is re-examined through a detailed
ew of the field survey as well as numerous numerical computations. The discussion of the field survey
ores a number of possible misinterpretations of the recorded data. The survey data are then
loyed by a numerical model as a validation tool. A Boussinesq model and a nonlinear shallow water
e (NLSW) model are compared in order to quantify the effect of frequency dispersion on the
Islide-generated tsunami. The numerical comparisons indicate that the NLSW model is a poor
nator of offshore wave heights. However, due to what appears to be depth-limited breaking seaward
issano spit, both numerical models are in agreement in the prediction of maximum water elevations
he overtopped spit. By comparing three different hot-start initial profiles of the tsunami wave, it is
wn that the initial shape and orientation of the tsunami wave is secondary to the initial displaced
:r mass in regard to prediction of water elevations on the spit. These numerical results indicate that
ement between numerical prediction of runup values with field recorded values at PNG cannot be
| to validate either a NLSW tsunami propagation model or a specific landslide tsunami hot-start
al condition. Finally, with the use of traditional tsunami codes, a new interpretation of the PNG
1p measurements is presented. :

Key words: Submarine landslide, runup, Boussinesq.

1. Introduction

On July 17, 1998 at 08:49 GMT (18:49 local), an earthquake of M =~ 7 occurred
r the Pacific coast of western Papua New Guinea. Shortly after the earthquake, a
tructive tsunami caused extensive damage along the coast from the town of
ape west to the region around Sissano Lagoon (see Fig. 1). In fact, the death toll
» the worst from a tsunami in the past 50 years, with over 1000 persons killed by
tsunami waves. The exact causative mechanism of the tsunami has been the
ject of considerable debate, although recently published works (i.e. SYNOLAKIS
l., 2002) strongly indicate a slump source.

! Department of Civil Engineering, Texas A&M University, College Station, TX 77843-3136, U.S.A.
* School of Engineering, University of Southern California, Los Angeles, CA 90089-2531, U.S.A.
* School of Civil and Environmental Engineering, Cornell University, Ithaca, NY 14853, U.S.A.



© Birkhiuser Verlag, Basel, 2003
Pure appl. geophys. 160 (2003) 1793-1809 - -
0033 —4553/03/111793—17 | Pure and Applied Geophysics
DOI 10.1007/s00024-003-2406-0

Landslide Tsunamis: Recent Findings and Research Directions

J.-P. BARDET,' C. E. SYNoLAKIS,' H. L. DAVIES,”
F. IMAMURA.® and E. A. Okar*

Abstract— Underwater landslides can trigger local tsunamis with high runup, endangering human life
ind devastating coastal cities, offshore structures, communication cables, and port facilities. Unfortu-
wately, hazards from underwater landslides are not well understood and the extents of their potential
famage remain difficult to ascertain at present. There is immediate need for multidisciplinary research to
mprove our understanding and plan countermeasures for mitigating their hazards. Conceived in the wake
»f the Papua New Guinea earthquake landslide and tsunami of 1998, this volume summarizes the state-of-
he-art knowledge on underwater landslides and their potential to generate tsunamis from the
nultidisciplinary perspectives of observational and engineering seismology, geotechnical engineering,
narine geology, and hydrodynamics. These various fields of engineering and science offer new synergetic
pportunities to examine landslide tsunamis. This paper makes recommendations on future research
lirections, and will hopefully advance scientists” and engineers’ understanding of these natural hazards and
1ssist planners in mitigating their risks.

Key words: Landslides, tsunamis, engineering seismology, marine geology, geotechnical engineering.

1. Background

Tsunamis — a Japanese word translating into “harbor waves” — have inflicted
ignificant damage and casualties along coastlines, even after propagating vast
listances across open oceans. In the last sixty years, tsunamis generated by distant
arthquakes have killed more people in the United States than earthquakes within
he United States. Between 1942 and 1995, tsunamis were responsible for 351 dead,
vhereas earthquake and tsunamis together caused a total of 627 casualties (STOVER
ind COFFMAN, 1993; LANDER and LoCKRIDGE, 1989). In the aftermath of the 1946
Aleutian tsunami, the Pacific Tsunami Warning Center was established with the goal
of protecting coastlines from distant (far field) imminent tsunamis. Hazards from
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9.1 Introduction

Tsunamis are long waves of small steepness generated by impulsive geophysical events of the seafloor and
of the coastline, such as earthquakes and submarine or aerial landslides. Voleanic eruptions and asteroid
impacts are less common but more spectacular triggers of tsunamis. The determination of the terminal
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WAVES AND RUN-UP GENERATED BY A THREE-DIMENSIONAL SLIDING
MASS

C.E. SYNOLAKIS
University of Southern California, School of Engineering, Los Angeles, CA, USA

F. RAICHLEN
Dept. of Civil and Mechanical Engineering, California Institute of Technology,
Pasadena, CA 91125

Abstract

Large-scale laboratory experiments were conducted measuring the waves generated by
two wedge-shaped bodies sliding down a 2:1 slope. The waves near the body
propagating offshore and the run-up generated on the slope were measured. It was
determined that the maximum “draw-down” wave over the body was essentially

1. Introduction

This investigation is directed to a better understanding of the three-dimensional run-up
generated by subaerial and submarine landslides. It has become apparent in recent years
that there may be a serious threat due to tsunamis generated near the shoreline by
massive underwater landslides which propagate in an offshore direction. For example, in

There have been several recent investigations dealing with waves generated by

underwater landslides, e.g., Watts (1997), to mention one. In that case two-dimensional

experiments of submarine landslides were conducted at a small scale using both solid
113

S Locat and J. Mienert (eds.), Submarine Mass Movements and their Consequences, 113-119,
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RUN-UP FROM THREE-DIMENSIONAL SLIDING MASSES

Raichlen F.' and Synolakis C. E.>
! Professor of Civil and Mechanical Engineering., Emeritus, California Institute of
Technology, Pasadena, CA 91108, fax: (626) 395-4403, e-mail: raichlen@caltech.edu
*Professor of Civil, Environmental, Aerospace and Mechanics Engineering, University of
Southern California, Los Angeles, CA 90089, fax: (213) 744-1426, e-mail: costas@usc.edu;

Abstract: Partially aerial and submarine landslides may generate sizeable offshore and
onshore propagating waves leading to significant danger of coastal inundation with little
warning time. To better understand the waves and run-up, we have conducted small and large-
scale scale experiments. The latter were conducted in a wave tank with a length 104 m, width
3.7 m, and depth 4.6 m and with a plane slope (1:2) located at one end. The scale difference
between the experiments was approximately ten. A freely sliding wedge with 91 cm
horizontal length, a 46 cm high and 61 cm wide vertical face was used to represent the
landslide. The wedge was instrumented with an accelerometer and a position indicator, and its’
initial position (with varied mass and two different orientations) ranged from totally aerial to
fully submerged. We measured water surface variation and the run-up time histories. The
results provide a carefully obtained set of data at a scale which minimizes viscous and
capillary effects.

Keywords: tsunamis, landslides, laboratory experiments, large scale, sliding mass, three-
dimensional

1. INTRODUCTION

The quintessential application of long wave theory in water waves is in the study of tsunamis.
Tsunamis are long water waves generated by impulsive geophysical events of the seafloor,
volcanoes, asteroid impacts and landslides. Whereas the modeling of the initial waves
generated by purely tectonic motions is believed well understood, the modeling of tsunamis
generated by submarine landslides is not (Synolakis, et al 1997, Bardet et al, 2003). Co-
seismic deformation of the seafloor usually occurs quite rapidly relative to the propagation
speeds of shallow water waves, allowing for simple specification of initial conditions by
transferring the resultant permanent seafloor deformation to the free surface. However, aerial
and submarine landslides move less rapidly and the time-history of seafloor deformation is
important, necessitating the addition of source terms in the equations of motion.

The concept of submarine landslides generating long waves is not new. Gutenberg (1939)
suggested that submarine /andslides are to be considered at least as one of the chief causes, if
not indeed the major cause of tsunamis. He attributed the large waves that drowned many
people in Ceram in 1899 and in Assam in 1897 to coseismic landslides. Guttenberg referred to
Milne’s report in the 1898 meeting of the British Association for the Advancement of
Sciences, who suggested that tsunamis on Japan's east coast were the result of submarine
slides on the Tusacarora slope. Gutenberg finally referred to a 1890 report by Forster who
attributed underwater cable breaks in Greece to co seismic submarine slides.

Recent work has also highlighted the possibility of substantial tsunamis generated by
submarine slides and slumps. Ambraseys (1960) surveyed and described the 1956 Amorgos



35

PRODUCING TSUNAMI INUNDATION MAPS: THE CALIFORNIA
EXPERIENCE
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Environmental Engineering, Los Angeles, California, 90089-2531, CA, USA
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* Pacific Marine Environmental Laboratory, NOAA, 7600 Sand Point Way,
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Abstract

More than 20 tsunami events have impacted the State of California in the past two centuries.
While some earlier 19th century reports are subject to interpretation, there is little question
that offshore seismic sources exist and could trigger tsunamis directly or through coseismic
submarine offshore landslides or slumps. Given the intense coastal land use and recreational
activities along the coast of California, even a small hazard may pose high risk. California
presents nontrivial challenges for assessing tsunami hazards, including a short historic record
and the possibility of nearshore events with less than 20min propagation times to the target
coastlines. Here we present a brief history of earlier reports to assess tsunami hazards in the
State, and our methodology for developing the first generation inundation maps. Our results
are based on worst case scenario events and suggest inundation heights up to 13m. These
maps are only to be used for emergency preparedness and evacuation planning.

1. Introduction

Inundation maps are depictions of coastal areas that identify regions, population and
facilities at risk from tsunami attack, and are thus helpful for planning emergency
preparedness and response. They are necessary tools for allocation resources for disaster
mitigation. The preparation of inundation maps involves both the assessment of the local
geologic hazards, their interpretation in terms of tsunami initial conditions, and the calculation
of the resulting potential coastal inundation. Tnundation maps are now under preparation for
most coastal areas of the US Pacific States, most coastal areas of Japan, and several other
vulnerable areas around the world. Even using these state--of-the--art inundation prediction

A. C. Yalener, E. Pelinovsky, E. Okal, C. E. Synolakis (eds.)
Submarine Landslides and Tsunamis 315-326.
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