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Introduction to “Tsunami Science Four Years After the 2004 Indian Ocean
Tsunami, Part I: Modelling and Hazard Assessment”

PHiL R. CUMMINS,l Laura S. L. KONG,2 and Kenit SATAKE?

Abstract—In this introduction we briefly summarize the 14 contributions to Part I of this special issue on
Tsunami Science Four Years after the 2004 Indian Ocean Tsunami. These papers are representative of the new
tsunami science being conducted since the occurrence of that tragic event. Most of these were presented at the
session: Tsunami Generation and Hazard, of the International Union of Geodesy and Geophysics XXIV General
Assembly held at Perugia, Italy, in July of 2007. That session included over one hundred presentations on a wide
range of topics in tsunami research. The papers grouped into Part I, and introduced here, cover topics directly
related to tsunami mitigation such as numerical modelling, hazard assessment and databases. Part II of this
special issue, Observations and Data Analysis, will be published in a subsequent volume of Pure and Applied
Geophysics.

Key words: Tsunami, seiche, harbor resonance, numerical modeling, hazard assessment, inundation,
tsunami mitigation, tsunami warning system, runup, tsunami database, rissaga.

1. Introduction

Four years after the 2004 Indian Ocean Tsunami, the most lethal tsunami disaster in
human history, tsunami science continued to move forward rapidly. The research and
disaster management community that supports tsunami mitigation has expanded greatly.
Observation platforms, especially in the Indian Ocean, have far surpassed their pre-2004
capacity for detecting and measuring tsunamis and the earthquakes that most frequently
cause them. A remarkable crosssection of this research was presented in the session
Tsunami Generation and Hazard, at the International Union of Geodesy and Geophysics
(IUGG) XXIV General Assembly in Perugia, Italy, held in July of 2007. Over one
hundred presentations were made at this session, spanning topics ranging from
paleotsunami research, to nonlinear shallow-water theory, to tsunami hazard and risk

' Geoscience Australia, GPO, Box 378, Canberra, ACT 2601, Australia.
E-mail: Phil.Cummins@ga.gov.au

2 UNESCO IOC International Tsunami Information Centre, 737 Bishop St. Ste. 2200, Honolulu,
Hawaii 96813, USA. E-mail: 1.kong@unesco.org

3 Earthquake Research Institute, University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan.
E-mail: satake @eri.u-tokyo.ac.jp
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assessment. The IUGG’s Tsunami Commission arranged for a selection of this work,
along with other papers on similar topics, to be published in detail in the 28 papers of this
2-part special issue of Pure and Applied Geophysics.

In this introductory paper, we briefly discuss the papers in Part I of “Tsunami Science
Four Years After the 2004 Indian Ocean Tsunami”. In Section 2 we discuss new
advances in the fundamental numerical techniques used to model tsunamis and Section 3
reviews several contributions that apply such techniques to improve our understanding of
how near-coast processes affect tsunami propagation. Sections 4 and 5 discuss the
application of tsunami modeling to tsunami hazard assessment, in a deterministic and a
probabilistic sense, respectively. Section 6 describes two database efforts that are
supporting researchers and warning system operators to access the most current and
accurate information on tsunami events.

2. Advances in Analytical and Numerical Modeling of Tsunamis

The increased focus on tsunami science since the 2004 Sumatra-Andaman Earthquake
and subsequent Indian Ocean Tsunami has seen a rapid expansion in the tsunami
modeling community. Prior to 2004, this community consisted of a handful of research
groups that utilized a few well-tested codes for numerical modeling of tsunamis. Since
2004, many more research groups have taken an interest in tsunami modeling, and these
groups have in some cases either developed new codes for tsunami modeling, or adapted
hydrodynamic codes that had originally been developed for other purposes. Tsunami
forecasting via numerical modeling is also seeing increased use as an operational part of
tsunami warning systems.

In response to this recent proliferation of tsunami modeling codes, SYNOLAKIS ef al.
(2008) pointed out the importance of validation and verification of codes used in tsunami
hazard assessment or forecasting systems. They reviewed several methods by which this
can be accomplished. These included analytical and laboratory validation benchmarks,
as well as examples of field observations against which numerical models can be
verified. A summary of the theoretical development for formulae used as analytical
benchmarks was given, and details of the laboratory experiments and field observations
were reviewed. In addition to the use of these benchmarks for inundation modeling in
tsunami hazard studies, operational requirements for forecasting tsunamis in real-time
were discussed.

ZHANG and Bartista (2008) presented an example of the adaptation of a multi-purpose
baroclinic circulation model (SELFE) to tsunami inundation and propagation. The model
has several interesting features that make it a useful addition to the suite of tools already
available: Release as open source, facilitating further development by a community of
users; use of an unstructured grid, allowing for variable resolution to accommodate
complex geometry only where necessary; an implicit time-stepping algorithm that avoids
the stringent Courant—Friedrichs—Lewy stability condition, and a simple wetting/drying
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algorithm that implements inundation. Along the lines suggested by SYNOLAKIS et al.
(2008), the authors presented validation results against scenarios from the 3rd International
Workshop in Long-Wave Runup Models (http://www.cee.cornell.edu/longwave).

GRreeNSLADE and Tirov (2008), on the other hand, use a tried and tested tsunami code
(MOST - see Trrov and Gozarez, 1997) to compare two tsunami forecasting systems
used by the U.S. National Oceanic and Atmospheric Administration (NOAA), and the
Australian Bureau of Meteorology. The tsunamis caused by the 2006 Tonga and 2007
Sumatra earthquakes were used as test cases. Both systems use results of tsunami
computations made prior to earthquakes and stored in a database. While the specifications
of numerical simulation of tsunami propagation are very similar, the scenario sources
distributed around the Pacific Basins are slightly different. The Australian system
assumes different faults depending on the earthquake magnitude, while the U.S. system
scales the slip amount by assimilation of tsunameter (a.k.a. DART) data. Because
different sources are used to approximate the Tonga and Sumatra earthquakes, the
forecasted waveforms at offshore tsunameter locations are slightly different. However,
the differences in waveforms computed at coastal tide gauges are considerably smaller,
indicating insensitivity of coastal tsunamis to the details of the tsunami source.

Despite substantial recent progress in numerical tsunami modeling, the rapid forecast
of runup values remains a difficult problem, due to its nonlinearity and sensitivity to input
data such as bathymetry and initial waveform. The paper by DipEnkuLOvA et al. (2008)
demonstrated that analytical results still have an important role to play in estimating
runup. They discussed results from nonlinear shallow-water wave theory for runup of
solitary tsunami waves, and showed that appropriate definitions of significant wave
height and length (based on 2/3 of maximum wave height) result in formulae for
computing runup characteristics that are relatively independent of incident wave shape
(for symmetric incident waves). Such formulae may be used in rapidly estimating
potential inundation once the tsunami height, wavelength and period in the open ocean
are known.

3. Modeling of Near-Coast Effects on Tsunami Propagation

One of the most challenging aspects of tsunami modeling is accurate representation of
propagation effects near the coast, including reflection and refraction by shallow
bathymetry, and resonances in semi-enclosed bays and inlets. Several papers in this issue
address these topics.

BaBa et al. (2008) examined the effects of Great Barrier Reef, the world’s largest
coral reef located offshore Australia, on the tsunami generated by the April 1, 2007
Solomon Islands earthquake. They carried out tsunami numerical simulation from a
source model based on their seismic waveform inversion. The simulated waveforms show
good agreement with tide gauge data in northeast Australia. In order to examine the effect
of the coral reef, they also made tsunami simulations with artificial bathymetry data
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without the coral reef; the reef was replaced with deep ocean in one dataset and shallow
ocean in the other. Simulations with these models indicate that the tsunami energy was
reduced by direct reflection outside the reef and by refraction when the tsunami passed
through the reef. As a result, the tsunami was delayed by 10—-15 minutes, the amplitude
became about a half or less, and the period became longer.

Semi-enclosed bays and inlets present another challenge to tsunami modeling in the
form of potential resonant enhancement of tsunamis. Alberni inlet is a long (~40 km)
and narrow (1-2 km) fjord in Vancouver Island, Canada. The tsunami caused by the 1964
Alaskan earthquake had a height of about 8 m above mean sea level at Port Alberni,
located at the head of the inlet and about 65 km from the Pacific Ocean. FINE et al. (2008)
examined resonance characteristics of the Alberni inlet by using numerical calculations.
Their results indicated that strong amplification occurred at a period of 112 min with an
amplification factor of more than 10.

VILBIC et al. (2008) presented a comprehensive analysis of a destructive meteots-
unami (rissaga) that occurred in the Balearic Islands in 2006. This event was not
associated with an earthquake source and excited destructive harbor oscillations of
several meters amplitude, resulting in an economic loss estimated at tens of millions of
euros. VILIBIC et al. used a numerical model, verified using a series of measurements
made during smaller rissaga events in 1997, and microbarograph measurement to show
how the 2006 rissaga resulted from ocean-atmosphere resonance excited by a travelling
atmospheric disturbance, which in turn induced the hazardous harbor oscillations
observed. The potential for developing a rissaga warning system based on this model was
also discussed.

4. Scenario Modeling for Tsunami Hazard Assessment

In addition to rapid tsunami forecasts that may form part of a tsunami warning,
emergency managers and planners in coastal communities need information about how
large tsunamis affecting their communities might be. Such questions can be answered by
scenario modeling, which forms the basis of a deterministic hazard assessment. Such
assessments are normally designed to encompass the worst credible, as well as the most
likely, scenarios.

TiBERTI et al. (2008) numerically modeled potential tsunamis in the Adriatic Sea.
Maximum credible earthquakes were assumed along the six source zones. They classified
the computed maximum tsunami heights into three levels: marine, land and severe land
for 0.05 m, 0.5 m and 1.0 m, respectively. The results indicate that the largest tsunamis
are expected on the Apulia and Gargano coasts of southern Italy. They found that
focusing of energy due to bathymetric features enhances the tsunami heights.

At Stromboli volcano, southern Italy, on December 30, 2002, a moderate-sized
landslide (with a volume of 0.02—-0.03 km3) generated a tsunami, with a maximum runup
height of about 10 m. Because it occurred in the winter, there was no loss of human life,
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nonetheless damage was caused on the coast. This slide occurred at Sciara del Fuoco
(SdF), a steep scar of the island which can potentially produce a landslide with a volume
of 1 km®. TINTI ef al. (2008) numerically simulated tsunamis from three other potential
sources of landslides around the island. The expected landslide volume is similar to that
of the 2002 slide. They showed that a landslide at Punta Lena, south of the island, can
produce a tsunami even larger than the 2002 tsunami.

The paper by HEDARZADEH et al. (2008) presented a deterministic assessment of
tsunami hazard in the northwestern Indian Ocean by considering a series of six large (M,,
8.3) tsunamigenic earthquake scenarios along the Makran subduction zone. They used the
tsunami model TUNAMI-2 (Goro et al., 1997), along with the GEBCO bathymetry grid,
to calculate tsunami heights at the coastline for these scenarios. The calculated tsunami
heights and arrival times were verified against observations of the tsunami caused by a
Makran subduction zone earthquake that occurred in 1945. The scenario modeling
demonstrated that earthquakes along the Makran subduction zone pose a substantial
tsunami threat to the Arabian Sea coasts of Iran, Pakistan, Oman and India.

5. Probabilistic Tsunami Hazard Assessment

A further level of refinement in tsunami hazard assessment considers not only how
large a tsunami affecting a particular community may be, but also how likely is the
occurrence of a tsunami of a given magnitude. This is known as probabilistic tsunami
hazard assessment, and its implementation is similar in concept to that of Probabilistic
Seismic Hazard Assessment (CORNELL, 1968).

The paper by Parsons and Geist (2008) presents a probabilistic tsunami hazard
assessment for the Caribbean region. This assessment involves consideration of both
historical events, based on the impressive 500-year-long catalog of Caribbean tsunami
observations, and also earthquake sources based on numerically-modelled seismic
moment release along the convergent margins of the Caribbean plate. While the former
potentially accounts for non-earthquake tsunami sources (e.g., submarine landslides), the
latter accounts for earthquakes with long return periods that may not be represented in the
catalog. The authors developed a Bayesian method for combining these to produce a
tsunami hazard map that made optimal use of the information available from both the
catalog and modeling results.

BURBIDGE et al. (2008) calculated probabilistic tsunami hazard for the coast of western
Australia. Tsunamis from great earthquakes along the Sumbawa, Java and Sunda trenches
have affected the western coasts of Australia. Probabilistic tsunami hazard was used to
estimate offshore wave heights as a function of return period. While the tsunami heights
along the Australian coasts from a magnitude 8 earthquake with the return period of about
100 years were not very high, those from a magnitude 9 earthquake, similar to the 2004
Sumatra-Andaman earthquake, with a return period of about 1,000 years, would be very
large and potentially cause damage.
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6. Tsunami Databases

Databases are essential for the support of tsunami hazard and risk assessments and
warning systems. The task of collating information of varying quality from many
different sources is a formidable one, and unless validated information about tsunami
observations and observation platforms is made available in a consistent form, this
information cannot be used effectively. Two papers in this issue discuss databases that
are designed to provide effective support to hazard/risk assessment and warning
systems.

MARRA et al. (2008) introduce readers to the concept of web services as a means to
efficiently describe, collect, integrate, and publish sea-level station metadata that are
contributed by many countries and organizations, and used by station operators, tsunami
and other coastal hazard warning systems, disaster management officials, and coastal
inundation researchers. The service incorporates an agreed-upon sea-level station XML
schema for automatic and continuous station reporting, thus facilitating the implemen-
tation of always up-to-date data mining client applications. One example that is described
is Tide Tool, which was developed by the Pacific Tsunami Warning Center to continuously
download and decode sea-level data globally and to monitor tsunamis in real-time.

DunBAR et al. (2008) describe the enhancements to the National Geophysical Data
Center World Data Center for Geophysics and Marine Geology (WDC-GMG) national
and international long-term tsunami data archive since 2004. The archive has expanded
from the original global historical event databases and damage photo collection, to
include tsunami deposits, coastal water-level data, DART buoy data, and high-resolution
coastal Digital Elevation Model datasets for supporting model validation, guidance to
warning centers, tsunami hazard assessment, and education of the public. The data are
available in the public domain, and tools have been provided for interactive on-line and
off-line data discovery and download in multiple formats to facilitate further integration
and re-use by everyone.
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A Comparison Study of Two Numerical Tsunami Forecasting Systems

DiaNa J. M. GreensLADE' and VasiLy V. Titov?

Abstract—This paper presents a comparison of two tsunami forecasting systems: the NOAA/PMEL system
(SIFT) and the Australian Bureau of Meteorology system (T1). Both of these systems are based on a tsunami
scenario database and both use the same numerical model. However, there are some major differences in the
way in which the scenarios are constructed and in the implementation of the systems. Two tsunami events are
considered here: Tonga 2006 and Sumatra 2007. The results show that there are some differences in the
distribution of maximum wave amplitude, particularly for the Tonga event, however both systems compare well
to the available tsunameter observations. To assess differences in the forecasts for coastal amplitude predictions,
the offshore forecast results from both systems were used as boundary conditions for a high-resolution model for
Hilo, Hawaii. The minor differences seen between the two systems in deep water become considerably smaller
at the tide gauge and both systems compare very well with the observations.

Key words: Tsunami, tsunami forecast.

1. Introduction

Recent tsunami events (e.g., Sumatra 2004, Java 2006, Solomon Islands 2007) have
demonstrated the need for providing accurate and timely tsunami warnings for all the
world’s ocean basins. Improvements in the availability of sea-level observations and
advances in numerical modelling techniques are increasing the potential for tsunami
warnings to be based on numerical model forecasts. Numerical tsunami propagation and
inundation models are well developed, but they present a challenge to run in real-time;
partly due to computational limitations and also due to a lack of detailed knowledge on
the earthquake rupture details (Titov et al., 2005). For these reasons, current tsunami
forecast systems are based on pre-computed tsunami scenarios. A tsunami scenario is a
single model run that is calculated ahead of time with the initial conditions carefully
selected so that they are likely to represent an actual tsunamigenic earthquake.

This paper will present a comparison of two tsunami scenario databases: the NOAA/
PMEL system (a.k.a. Short-term Inundation Forecast for Tsunamis — SIFT), currently

! Centre for Australian Weather and Climate Research, Bureau of Meteorology, GPO Box 1289,
Melbourne, Victoria 3001, Australia. E-mail: d.greenslade @bom.gov.au

2 NOAA Center for Tsunami Research, NOAA/PMEL/OERD, 7600 Sand Point Way NE, Bldg. 3, Seattle,
WA 98115-0070, U.S.A.
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being implemented at NOAA Tsunami Warning Centers and the Bureau of Meteorology
system (T1), which has been developed for the Joint Australian Tsunami Warning Centre.
Both scenario databases are based on the Method Of Splitting Tsunamis (MOST) model
(Trrov and SynoLakis, 1998), but there are some differences in the way the scenarios are
constructed. These will be described in Section 2. A comparison of model forecasts for
some recent events is presented in Section 3. The events chosen are the only two
tsunamis that occur within the domains of both systems and for which a good set of deep
ocean observations exists. Section 4 contains a discussion of the results.

2. Description of the Scenario Databases

2.1. TI (Joint Australian Tsunami Warning Centre)

T1 is described in detail in GREENSLADE et al. (2007). It consists of a total of 741
scenarios calculated using the MOST model. The bathymetry data set used in the
construction of the scenarios was extracted from a data set developed for the Bureau of
Meteorology’s ocean forecasting system (Mansbridge, unpublished document). The
underlying bathymetry used in this data set is the Naval Research Laboratory Digital
Bathymetry Data Base 2 arc minute resolution (NRL DBDB2). This has the GEBCO
Digital Atlas merged into it south of 68°S, and the bathymetry used in the Australian
region is the 2002 issue of Geoscience Australia’s bathymetry and topography data set,
with some manual adjustments incorporated. This merged 2 arc minute data set was sub-
sampled at 4 arc minutes for T1.

The scenarios are distributed over 230 source locations in the Australian region.
They are located 100 km apart along subduction zones (Birp, 2003). Each source
location has four scenarios associated with it, with magnitudes of 7.5, 8, 8.4 and 9.
The defined rupture details for each scenario are listed in Table 1. Other details of the
ruptures are fixed for each scenario. These are the depth (10 km), dip (25°) and rake
(90°). Titov et al. (1999) demonstrated that details of the first few tsunami waves are
relatively insensitive to variations in the dip and the rake, so the impact of setting
these parameters to be fixed for all scenarios is minimal. The current recommendation
for using the scenarios operationally is that if the magnitude of an event is not one of
the 4 magnitudes existing in the database, then the closest upper magnitude scenario
should be used for forecast guidance. It is acknowledged that this could result in
over-warning, which is a serious issue: The production of false alarms should be kept
to a minimum within a tsunami warning system. However, over-warning is preferable
to under-warning, which can result in direct catastrophic impacts. It should be noted
that this “upper scenario” strategy is a temporary measure only and an enhanced
scenario database with a scaling technique is currently being developed that will
provide more appropriate guidance for intermediate magnitude earthquakes (SiMAN-
JUNTAK and GREENSLADE, 2008).
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Table 1

Rupture details for Tl scenarios

Magnitude (M,,) Width (W) (km) Length (L) (km) Slip (up) (m)
7.5 50 100 1

8.0 65 200 2.2

8.4 80 400 3

9.0 100 1000 8.8

Specific details of the model configurations for the scenarios are: spatial resolution: 4
arc minutes, minimum offshore depth: 20 m, time step: 8 seconds, sea level (and depth-
averaged currents) at every grid-point saved every 15 time steps (i.e., 2 minutes) and the
model is run for 10 hours of model time.

2.2. NOAA’s Short-term Inundation Forecast (SIFT)

The NOAA propagation database is described in detail in Gica et al. (2008). The
forecast strategy is based on a unit source function methodology, whereby the model runs
are individually scaled and combined to produce arbitrary tsunami scenarios. Each unit
source function is equivalent to a tsunami generated by a M,, 7.5 earthquake with a
rectangular fault 100 km by 50 km in size and 1 m slip. These are similar to the T1 M,,
7.5 events (see Table 1). The faults of the unit functions are placed adjacent to each other.
When the functions are linearly combined, the resultant source function is equivalent to a
tsunami generated by a combined fault rupture with assigned slip at each subfault.

The MOST model is used to generate the scenarios and the bathymetry for the Pacific
Ocean is based on the SmitH and SANDWELL (1994) 2 arc minute data set. The model
utilizes the bathymetry data in the original Mercator projection format of the Smith and
Sandwell data, where the grid cells become smaller for locations farther away from the
equator. The data are subsampled to twice coarser resolution (4 arc minutes at the
equator) of the original dataset.

There are currently a total of 1400 unit sources distributed throughout the Pacific,
Atlantic and Indian Oceans. These are arranged in several rows along known fault zones,
to cover areas of potential tsunami sources. The rake is set at 90°, as in T1. The main
differences with the T1 scenarios are that the dip and depth vary according to known
assessments of the fault geometries (KirBY ef al., 2006). Where depth estimates are not
available, the depth of the top row of sources is set at 5 km and the depth of the lower
rows of sources depends on the dip of the top rows.

Other relevant specific details of the model configuration are: Spatial resolution: 4 arc
minutes, minimum offshore depth: 20 m, time step: 15 seconds, sea level (and depth-
averaged currents) at every fourth grid-point are saved every 4 time steps (i.e., | minute)
and the model is run for 24 hours of model time.
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For the model forecasts considered here, the NOAA system uses inversion
techniques to select the best combination of unit source functions in order to match
observations of sea level from the tsunameters (Gica et al., 2008; Titov et al., 2005).
The inversion is done by performing a positively-constrained combined least-squares fit
of model-data comparisons for all DART locations for a given combination of unit
sources. The inversion defines the scaling coefficients for each unit source in the
combination.

3. Event Forecasts

Two different tsunami events are considered here. These particular events are
chosen because they are in either the Indian or Southwest Pacific Oceans, and
therefore occur within the domains of both systems (recall that the domain of T1 is
limited to the Australian region). In addition, there are observations of sea level from
deep-ocean buoys available for each event which can be used for inversion and/or
verification. At the time of writing these were in fact the only events for which both
these criteria were true, i.e., the events occurred within the domain of both systems
and observations from deep-ocean buoys were available. With the current rapid
expansion of the global tsunameter network, and the future expansion of the domain of
T1, further tsunami events will provide more opportunities for comparison of the two
forecasting systems.

3.1. Tonga 2006

The Tonga event occurred on May 3, 2006 at 15:26:39 (UTC) about 160 km
northeast of Nuku’Alofa, Tonga. The first Pacific Tsunami Warning Center (PTWC)
bulletin issued had the earthquake details as M, 8.1 at (174.2°W, 19.9°S), with
subsequent bulletins lowering the magnitude to 7.8. The United States Geological
Survey (USGS) has analyzed the event as M,, 7.9 at 55-km depth and located at
(174.164°W, 20.13°S). There were some minor impacts seen but no major injuries.
Tide gauges in the region observed a tsunami with peak-to-trough wave heights of up
to 50 cm.

The maps of maximum tsunami amplitude (H,,.,) from each system are shown in
Figure 1. For the T1 database, this is the closest scenario to the actual event—in this case,
the My, 8.0 scenario with epicenter located at (173.4°W, 20.64°S). For the NOAA system,
the best combination of unit sources to match the available tsunameter observations (see
later) was a scaling factor of 6.6 applied to the time series of surface elevation associated
with a single unit source located at (173.83°W, 20.43°S), which, in fact, is equivalent to a
M, 8.0 event. The distribution of H,,,, differs between the two systems predominantly
because of the different source lengths: 200 km for T1 and 100 km for SIFT. The longer
source results in a distribution of energy that is more focussed perpendicular to the fault



Vol. 165, 2008 A Comparison Study of Two Forecasting Systems 1995

Figure 1
(a) Maximum tsunami amplitude from closest T1 scenario and (b) maximum tsunami amplitude from the SIFT
system.
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line while the shorter source acts more as a point source with energy distributed over a
wider range of directions.

Observations of sea level in the deep ocean were available for this event from a Deep
Ocean Assessment and Reporting of Tsunamis (DART) buoy (51407) at (203.493°E,
19.634°N) and an Easy-To-Deploy (ETD) DART buoy at (201.887°E, 20.5095°N) both
near Hawaii. The locations of these buoys are shown by the yellow triangles in Figure 1.
For each of the two systems, time series of sea level were extracted from the model
output at the closest model grid point to the observation location. These time series are
shown in Figure 2.

It can be seen that both systems compare well to the observations. For the DART
(Fig. 2a), the time of arrival of the first crest from both systems matches the observed
arrival time very well. In addition, the frequency of the wave appears very good, at least
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Figure 2
Time series of sea level elevation from tsunameters and scenario forecasts. (a) DART at (203.493°E, 19.634°N)
and (b) ETD at (201.887°E, 20.5095°N) for the Tonga event.
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for the first three waves. Both models miss the third crest and the overall decay in the
amplitude of the waves from the models is more rapid than observed.

There are only minor differences between the two model time series—the SIFT
results match the observed peak amplitudes slightly better—this is most likely a reflection
of the fact that SIFT is scaled to match the observations, while the T1 result is raw model
output that is not qualified by any data.

Comparisons at the ETD (Fig. 2b) are qualitatively similar. However, this time, the
T1 scenario compares better in amplitude to a few of the peaks.

To investigate how the differences in the offshore forecasts would appear at the coast,
a high-resolution model was run for Hilo, using both forecast results as boundary
conditions. A high-resolution 2-D inundation simulation is run with the MOST model to
obtain a local inundation forecast as part of the SIFT forecast procedures. The data input
for the inundation computations is the result of the offshore forecast—tsunami
parameters along the perimeter of the inundation computation area. The forecast
inundation models (Stand-by Inundation Model—SIM) are optimized in order to obtain
local forecasts in real time. Three levels of telescoping grids with increasing spatial
resolution (down to 30 m for the finest grid) are employed to model local tsunami
dynamics and inundation onto dry land. Each SIM is implemented and optimized for
speed and accuracy, and validated thoroughly with historical tsunamis (TANG et al.,
2008). To date, over 30 SIMs have already been developed and are now available for
forecasting.

The SIM for Hilo, Hawaii was used in this study to compare how differences
between the two deep-water propagation forecasts manifest themselves at the tide
gauge in Hilo harbor. Figure 3 shows that the small differences between the two
scenarios observed in deep water have become even smaller for the tide gauge
predictions. This, plus the good comparison with the observed gauge data, indicates
that the nearshore dynamics of a tsunami may be only sensitive to the amplitude and
period of the first few waves and is mostly driven by the local geometry of the harbor
around the gauge. This is good news for database-driven forecast systems, since it
suggests that uncertainties in the model tsunami source definition may not be crucial
for accurate coastal forecasts, provided that the amplitude and period of the
approaching tsunami are captured correctly. More comparisons at different coastal
locations relative to the source may show alternate differences between the methods.
While this test at an individual location cannot be conclusive, the results are
encouraging, showing, at least, that small differences offshore, result in small (or even
smaller) differences at the coast.

3.2. Sumatra 2007

On September 12, 2007 at 11:10:26 (UTC) an earthquake occurred off southern
Sumatra. This event had some significant impacts with 25 fatalities and numerous people
injured. PTWC'’s initial Tsunami Bulletin had the magnitude of the earthquake set at M,
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Figure 3
Time series of surface elevation at the Hilo tide gauge and from the inundation model fed by the two scenario
databases.

7.9. This was subsequently raised to M,, 8.2 for the second and all subsequent bulletins.
USGS has analyzed the event to be My, 8.4 at (101.374°E, 4.520°S) and depth 55 km.
The event was recorded at DART buoy 23401, to the west-northwest of Phuket at
(88.54°E, 8.9°N) (see Fig. 4). A tsunami wave of 2 cm amplitude was observed by the
instrument.

For the T1 database, the closest scenario to the event is the M,, 8.4 scenario with
epicenter located at (100.53°E, 4.9°S). The distribution of H,,,x from T1 is shown in
Figure 4. Data recorded by the DART and transmitted in real time were used to constrain
the SIFT propagation forecast for the associated tsunami via a process of selecting the
combination of unit sources that provided the best fit to the observed signal at the DART.
The DART-inverted source used three database segments with scaling factors of 8.7, 5.6
and 3.9 on the three unit fault segments which correspond to an M,, 8.3 model tsunami
source (Fig. 4).

The time series of surface elevation from the two databases at the location of the
DART is shown in Figure 5. Both systems capture the arrival time of the tsunami at the
DART very well. The SIFT database marginally overestimates the first peak, while
the T1 forecast of the peak is too broad. SIFT also captures the first trough very well,
while the T1 forecast misses it. Both systems miss the second peak but fit the third
peak quite well, with T1 being slightly closer in amplitude.

At the time of the tsunami, the SIFT database for the Indian Ocean had not been
completed and only the two shallowest rows of unit sources had been precomputed. This
event might therefore be better described with additional deeper fault segments. Despite
this potential limitation, the comparison of the modelled SIFT time series with
observations at the DART shows a fairly good fit.
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Figure 4
Maximum computed offshore amplitudes for the September 12, 2007 Sumatra tsunami from T1 (left panel) and
SIFT (right panel).
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Figure 5
Time series of sea level elevation from scenario forecasts for the Sumatra event compared to the DART.
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4. Discussion

The two forecast systems considered in this study employ a similar modelling
strategy that is based on a precomputed database of propagation runs. Use of the same
model and a similar database structure allows for potential interconnection between the
two databases in many different ways. Each system can potentially use the other system’s
scenarios for an event assessment to complement, double-check or extend forecasts to
larger or different regions.

This comparison study is the first attempt to investigate potential similarities,
differences, benefits and limitations of two forecast systems.

The obvious advantage of the T1 approach is the simplicity and speed of use, which
may lead to fast and robust forecast procedures. The individual precomputed scenarios
can be linked to precomputed warning structures which can then be rapidly
disseminated (ALLEN and GREENSLADE, 2008). In fact, once the magnitude of the
earthquake is known, the relevant warnings can be produced almost instantaneously.
Considering that the T1 forecasts are “blind runs” and completely independent of the
tsunameter data, the system compares very well to the observations. The SIFT method
assimilates real-time tsunami measurements into the forecast, in addition to seismic
estimates. The method comes with the price of a complex data inversion process and
multi-step forecast procedure. While the seismic-based forecast can be obtained as soon
as the magnitude is known, the final SIFT forecast is based on real-time tsunami
measurements and can be done only after receiving data from tsunameters. The SIFT
method is more flexible, can potentially reproduce complex tsunami sources and
provide high accuracy. It also includes high-resolution coastal forecasts to reproduce
coastal dynamics.

The different implementations of the model tsunami sources lead to differences in
the forecast results. However, the differences in the offshore forecasts are surprisingly
small, at least where validation observations were available. The test comparison of
the coastal forecast at one location (Hilo) showed even smaller differences for the
Tonga event. These results are encouraging, since they demonstrate consistency in the
forecast results. This is important for establishing a common ground for warning
procedures for this inherently international phenomenon that requires an international
response.
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The Effect of the Great Barrier Reef on the Propagation of the 2007
Solomon Islands Tsunami Recorded in Northeastern Australia
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Abstract—The effect of offshore coral reefs on the impact from a tsunami remains controversial. For
example, field surveys after the 2004 Indian Ocean tsunami indicate that the energy of the tsunami was
reduced by natural coral reef barriers in Sri Lanka, but there was no indication that coral reefs off Banda
Aceh, Indonesia had any effect on the tsunami. In this paper, we investigate whether the Great Barrier Reef
(GBR) offshore Queensland, Australia, may have weakened the tsunami impact from the 2007 Solomon
Islands earthquake. The fault slip distribution of the 2007 Solomon Islands earthquake was firstly obtained by
teleseismic inversion. The tsunami was then propagated to shallow water just offshore the coast by solving the
linear shallow water equations using a staggered grid finite-difference method. We used a relatively high
resolution (approximately 250 m) bathymetric grid for the region just off the coast containing the reef. The
tsunami waveforms recorded at tide gauge stations along the Australian coast were then compared to the
results from the tsunami simulation when using both the realistic 250 m resolution bathymetry and with two
grids having fictitious bathymetry: One in which the the GBR has been replaced by a smooth interpolation
from depths outside the GBR to the coast (the “No GBR” grid), and one in which the GBR has been replaced
by a flat plane at a depth equal to the mean water depth of the GBR (the “Average GBR” grid). From the
comparison between the synthetic waveforms both with and without the Great Barrier Reef, we found that the
Great Barrier Reef significantly weakened the tsunami impact. According to our model, the coral reefs delayed
the tsunami arrival time by 5-10 minutes, decreased the amplitude of the first tsunami pulse to half or less,
and lengthened the period of the tsunami.

Key words: Tsunami, the Great Barrier Reef, the 2007 Solomon Islands earthquake.

1. Introduction

The coral reefs offshore Sri Lanka reportedly reduced the impact of the 2004 Indian
Ocean tsunami (FERNANDO et al., 2005). Where there were gaps in the reef the tsunami
was able to inundate up to 1.5 km inland. Yet, a few kilometers away where coral reefs
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did not have gaps, the wave only travelled 50 m inland. A numerical study indicated
that the healthy reefs off the coast produced at least twice as much protection as dead
reefs by using an idealized model of tsunami impact on a reef-bounded shoreline
(KunKEL et al., 2006). By contrast, in Banda Aceh, Indonesia, the presence or absence
and condition of coral reefs made no difference in the impact of the giant Indian Ocean
tsunami that penetrated kilometers inland (ADGER et al., 2005; BAIRD et al., 2005). To
our knowledge, there has been no quantitative comparison between observed and
calculated wave runup heights or inundation distance due to the presence or absence of
reefs for this region. This is probably due to lack of publicly available, accurate
bathymetric data which is essential for accurate numerical simulation of a tsunami.
Accordingly, more work is needed to confidently conclude that coral reefs can mitigate
tsunami damage along the coast.

A great earthquake occurred on 1 April, 2007 at the southern New Britain-
San Cristobal trench off the Solomon Islands (the 2007 Solomon Islands earthquake).
This earthquake ruptured the plate boundary of the Pacific plate with, respectively, the
Australia, Woodlark, and the Solomon Sea plates. The magnitude of the earthquake was
estimated to be 8.1 by the U.S. Geological Survey (USGS). Because it was a large
submarine earthquake, it generated a large tsunami which left 52 people dead and more
than 7,000 people homeless in the Solomon Islands. The tsunami also propagated into the
Coral Sea and reached the Australian coast over the Great Barrier Reef (GBR), the
world’s largest coral reef system. The Great Barrier Reef was approximately 1,500 km
from the source of the tsunami. Clear (but small) tsunami waveforms were recorded by
tide gauges in northeastern Australia at communities behind the Great Barrier Reef.
Geoscience Australia’s 250 m gridded bathymetric dataset (GA250, see Fig. 1) was
fortunately available to calculate the tsunami from this event. This dataset was compiled
from 20 years accumulation of bathymetric survey data acquired by various organisations
in the waters offshore Australia.. We believe that the data density is generally sufficient to
represent the configuration of the coral reefs in the numerical simulation reasonably well,
although there are noticeable gaps in parts of the data coverage. The tsunami observation
and bathymetric dataset, therefore, provided a good opportunity to model the effect of the
GBR on tsunami propagation.

We investigate the 2007 Solomon Islands tsunami in this paper. Since the tsunami
was caused by the sea-floor deformation due to an underwater earthquake, initially an
earthquake rupture model is required. We calculate this by inverting the teleseismic
waves observed worldwide from this event. This is then used to calculate the initial sea-
floor deformation based on a linear elastic dislocation model. Propagation of the 2007
Solomon Islands tsunami is modelled by solving the linear shallow water equations using
the GA250 bathymetry dataset for the region near the coast. Furthermore, two tsunami
simulations are performed in which the GBR in GA250 is replaced with fictitious
bathymetry for purposes of comparison. We focus here on the bathymetric effects of the
GBR on the tsunami propagation rather than other potential effects on the wave such as
its sensitivity to the earthquake rupture model.
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Solomon Islands Tsunami and the Great Barrier Reef
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2. Initial Sea-Surface Deformation of the 2007 Solomon Islands Tsunami

To estimate the rupture model of the 2007 Solomon Islands earthquake, we applied
the multiple time window method described in ThHio et al. (2004). GSN (Global
Seismological Network) data were downloaded from the IRIS DMC (http://
www.iris.washington.edu/). We selected 19 teleseismic P and 17 SH waveforms based
on the quality of the data and the station distribution (Fig. 2a). The waveforms were then
converted to displacement and bandpass-filtered between 4 mHz and 4 Hz. The first 100
seconds after the arrival times of P and S waves were included in the inversion. Rayleigh
and Love waves recorded at 21 sites were also used in order to stabilize the inversion.
These surface waves were bandpassed-filtered between 3 mHz and 6 mHz.

The strike of the fault plane used in the inversion was adjusted from the approximately
330° azimuth obtained in the Global (formerly Harvard) CMT inversion to 307°, so as to
better match the strike of the trench as expressed by water depth contours in this area. We
experimented with a range of fault-dip angles between 10° and 50° and found that a dip
angle of 35° produces the smallest misfit between the observed and synthetic SH waves
(Fig. 3). This dip angle was consistent with the fault mechanism of this event obtained by
the Global CMT Project and with the subduction angle of the plate shown by marine
seismic surveys of this area (Miura et al., 2004; YoNEsHIMA et al., 2005). The rake angle
was determined from the inversion but was constrained to be 90° 4 45°. The total
maximum dimensions of the fault plane were assumed to be 300 km x 100 km. This was
divided into 20 km x 20 km subfaults and the slip and rake was determined for each
subfault. The hypocenter location determined by the USGS was used as the rupture
starting point, that is latitude —8.481°, longitude 156.978°, and depth 10.0 km.

Figure 2b shows the cumulative slip distribution of the 2007 Solomon Islands
earthquake obtained by the seismic inversion. The earthquake rupture propagated
unilaterally along the strike direction to the northwest. The dimension of the area of
significant fault slip was about 180 km x 80 km. There was a large slip patch about
140 km to the northwest of the hypocenter and a moderate slip patch near the hypocenter.
The maximum amount of slip was estimated to be about 5.2 m. The estimated moment
magnitude was 8.1, consistent with the NEIC and the Global CMT solutions. The variance
reduction (VR) of the seismic waveforms (determined by 1—2(dops—dea)*/2d%) was
66%, where d.,s and d., indicate normalized observed and calculated waveforms,
respectively. Figure 4 shows the calculated and observed seismic waves used in the
inversion.

The vertical deformation at the seafloor was calculated using the equations of OxADA
(1992) for a dislocation in an elastic half-space, and the seafloor deformation we obtained
is shown in Figure 2c. A Poisson’s ratio of 0.25 was used in the calculation. Most of the
area over the earthquake source region was uplifted and all the area of significant uplift
(over 1 m of uplift) was beneath the sea. Thus this event would be very effective in
generating a tsunami. The maximum amount of uplift was about 2.1 m. We assumed that
the seafloor deformation was the same as the initial wave height of the tsunami.
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(a) Seismic station distribution (triangles) used in the inversion. Star shows the epicenter of the 2007 Solomon

Islands earthquake. (b) Cumulative slip distribution on the fault plane during the event. The color shows the slip

amount and arrows represent the motion of the hanging wall relative to the footwall. The star shows the rupture

starting point (hypocenter). (c) Coseismic seafloor vertical displacements derived from the obtained slip
distribution.

3. Numerical Simulation of the 2007 Solomon Islands Tsunami

The 2007 Solomon Islands tsunami, after passing over the GBR, was observed by the
network of storm tide gauges operated by the Environment Protection Agency of
Queensland, Australia. The storm tide network was adjusted so as to record changes in
water-levels each minute immediately after the earthquake. Normally, these gauges
record water-level changes every 10 minutes, however, this sampling period would not
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have provided sufficient resolution to accurately detect the tsunami event. They provided
21 tsunami waveforms recorded by the network in a report (ENVIRONMENT PROTECTION
AGeNcy, 2007). While most tide gauges recorded a tsunami wave height in crest to trough
of less than 0.3 m, the gauges at Clump Point and Rosslyn Bay both recorded a wave of
about 0.5 m crest to trough. We used the data recorded at the 4 stations shown in
Figure 1, based on quality and station distribution.

In the present study, the propagation of the 2007 Solomon Islands tsunami was
modelled by solving the equations of linear shallow-water wave theory. We used the
method of IcHINOSE et al. (2007) which was modified from the uniform finite-difference
scheme described in SATAKE (2002) to include a variable nested grid scheme. Three grids
were used in the tsunami computation. The coarsest grid was used to represent the entire
computational domain, including the tsunami source and the tide gauge stations,
stretching from 140°E to 170°E and 30°S to 0°S (Fig. 1a). The bathymetry used for this
grid was defined using a combination of GA250 in that part of the computational domain
that it covers, i.e., south of 10°S and west of 155°E, and the global bathymetry grid
DBDB?2 for the rest of the domain. DBDB2 is a global 2 arc-minute bathymetry grid
assembled by the U.S. Naval Research Laboratory (www7320.nrlssc.navy.
mil/DBDB2_WWW). These bathymetry grids were subsampled and interpolated,
respectively, to 90 arc-sec spacing. Nested within this coarse grid is a medium-resolution
grid of 30 arc-second spacing defined over the area indicated in Figure 1b by
subsampling GA250. Finally, nested within the medium-resolution grid is a series of
high-resolution grids covering the areas near the tide gauges indicated in Figures lc—1f,
whose 10 arc-second spacing is almost equal with the original grid spacing of GA250
(250 m). It is important to note that points of the high-resolution grid near the Australian
coast that had a water depth less than 10 m were reset to be exactly 10 m deep (i.e., no
point had a depth between 0 and 10 m). This helped to ensure the stability and validity of
our numerical model, which uses the linear shallow water wave equations to calculate the
tsunami waveforms. The linear shallow water equations assume that the wave amplitude
is much smaller than the water depth, which may not be true in shallow waters (less than
10 m). The rise time of the initial wave height was assumed to be 60 seconds, based on
the source duration of the 2007 Solomon Islands earthquake. The time step used in the
computation was 0.5 seconds in order to satisfy the stability condition of the finite-
difference calculation in the finest grid.

Figure 5 shows comparisons between the observed and the computed tsunami
waveforms derived from the teleseismic source model of the 2007 Solomon Islands
earthquake. In the previous report by the Environment Protection Agency (2007), the
numerical simulation of the Solomon Islands tsunami did not match the observations well.
Arrival times of the tsunami wave were noticeably later by about 30 minutes than those they
had predicted. Our model indicated misfits of arrival time less than 5 minutes at Cooktown,
Clump Point and Ferguson and about 10 minutes at Rosslyn Bay. This improvement was a
consequence of the use of good bathymetric data near the coastline and the GBR. However,
the computed wave heights were still slightly smaller than the observations.
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Comparison between the calculated and observed tsunami waveforms at tide gauges along the coast of
northeastern Australia (tide gauge locations are illustrated in Fig. 1). Black and red waveforms indicate observed
and calculated tsunami waveforms, respectively.

Cooktown was a suitable site to investigate the effect of the local GBR on the
tsunami propagation because our model provided a better match to the observed
tsunami wave (Fig. 5a) and there were coral reefs near the coast (Fig. 1c). Fictitious
bathymetry near the gauge excluding the GBR in the innermost grid (10 arc seconds)
was created for the purpose of comparison. We deleted the bathymetric data points
within the area of the GBR from the original dataset and replaced them with
bathymetry that was smoothly interpolated across the resulting gap. The resulting
“No GBR” bathymetry of the innermost grid is shown in Figure 6b. We then conducted
a tsunami calculation by using this bathymetry and with the same method we applied
above. Figure 6c¢ indicates three tsunami waveforms for the point of Cooktown: The
recorded wave and the two waves calculated using the original and “No GBR”
bathymetry grids. We furthermore plotted computed waveforms at imaginary tide gauge
sites along the coastline numbered from 1 to 7 just to the north and south of Cooktown
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(a) Actual bathymetry. Triangle shows location of Cooktown tide gauge. The dashed red line indicates the
boundaries of the polygon used to calculate the “Average GBR” bathymetry model (b) The “No GBR”
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are derived from the simulations with the actual bathymetry (a) and the “No GBR” bathymetry (b), respectively.

(Fig. 6d). For the “No GBR” bathymetry grid the tsunami arrived 5 to 10 minutes
earlier, and the amplitude was larger by a factor of two or more than the wave produced
by the model which did include the GBR. It is also worth mentioning that the period of
the tsunami computed with the dataset that excluded the GBR was shorter than for the
wave obtained using the actual bathymetry.
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Snapshots showing the tsunami generated by the 2007 Solomon Islands earthquake approaching the northeast
Australian coast. (a) and (b) were modelled with the actual and “No GBR” bathymetric grids, respectively.
Color shows the wave height following the color scale bar. The contours were drawn for the bathymetry with an
interval of 10 m within a range of 10 to 100 m depths.

Figure 7 shows the simulated tsunami approaching Cooktown in time sequences
taken every 10 minutes. The tsunami wave amplitude is shown by the color scale at
the bottom of the figure (red for above initial sea level and blue for below initial sea
level). The contours indicate the bathymetry and have a spacing of 10 m. The depth
contours deeper than 100 m unrelated to the GBR were not shown, to avoid
complicating the figure. The water depth rapidly deepens outside the contoured area.
The tsunami arrived at the coral reef region about 145 minutes after the earthquake’s
origin time. At 155 min, the tsunami’s wavelength shrank substantially and its
amplitude increased rapidly as the tsunami traversed the transition from the deep ocean
to shallow water. This is a well-known bathymetric effect on tsunami propagation
called ‘shoaling’. The shoaling effect is not as clear in the model with the realistic
bathymetry (Fig. 7a) as it is in the one without the GBR (Fig. 7b) due to the frontal
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reefs protecting the GBR region from the tsunami impact. However, some tsunami
energy was able to pass through the frontal reefs, beyond which it was largely
disrupted by the reefs lying in the middle section of the reef. By contrast, the tsunami
arrived smoothly right along the coast in the simulation which used the No GBR
bathymetry grid (Fig. 7b).

Figure 8 shows the tsunami waveforms for four locations along the coast (Cooktown,
Clump Point, Ferguson and Rosslyn Bay) where the GBR was removed from all the grids
(waveforms labelled “No GBR”), and also where it was replaced by a constant water
depth equal to the average depth in the GBR (waveforms labelled “Average GBR”).
Instead of interpolating the bathymetry across the GBR as was done for the “No GBR”
grid, the grid produced for the “Average GBR” run forced the water depth within a
polygon containing the GBR to be equal to the average water depth in the polygon. The
polygon taken as representative of the GBR was in of 96,000 square km area with an
average width of 57 km. The average water depth within this polygon was 41 m with a
standard deviation of 24 m. Figure 6a shows the polygon boundary near Cooktown. Also
shown are the tide gauge observations (“OBS”) and the model which contained the GBR
in all grids (“GBR”) in Figure 8.

Figure 8 shows that completely removing the GBR results in larger amplitude
waves at all the points near the coast. The arrival time of the first wave was also
consistently earlier than the arrival time in the model with the GBR. The waves at
Cooktown and Clump Point also contained a signal with a much higher frequency
than the model with the GBR. Therefore the presence of the GBR appears to
have suppressed the higher frequency components of the incoming wave at these
locations.

In the computations that used the “Average GBR” bathymetry grid, the amplitudes
at the Clump Point and Cape Ferguson points were quite similar to the amplitudes in
the model containing the GBR. However the amplitude was considerably larger at the
Rosslyn Bay point in the model with the GBR than it was in the model with the
average water depth. This suggests the gaps in the reef may have focussed the wave at
that location. Arrival times were similar in both the “Average GBR” and “GBR”
models. Again, there was a larger high-frequency component in the Cooktown and
Clump Point models in the “Average GBR” model than there was in the “GBR”
model.

4. Discussion

4.1. Differences in Maximum Amplitude

There could be several reasons why we obtained a consistently smaller wave
height in the “GBR” model than was observed on the gauges. One reason could be
that the spatial resolution of the bathymetry data may be insufficient. We used the
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Observed and modelled tsunami waveforms for (a) Cooktown, (b) Clump Point, (c) Cape Ferguson and (d)

Rosslyn Bay. The waveform labelled “OBS” is the observed wave at tide gauges at these locations. The

waveform labelled “Average GBR” uses a fictitious bathymetry where the Great Barrier Reef was replaced by a

flat plane at a depth equal to the average depth of water of the Reef. The “No GBR” waveform is the model

result from a run with the Great Barrier Reef removed from the grid and the water depth in that area was

interpolated across the gap. The “GBR” waveform derives from the model which uses our best possible
bathymetric data for the Great Barrier Reef.
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GA250 bathymetric grid, which is certainly the best bathymetric dataset for this part
of Australia. We have previously modelled this tsunami with 2 arc-minute data using
a variety of global bathymetry datasets, and the GA250 produced a significantly
smaller misfit than all the others for Queensland tide gauges (BaBa et al, 2007).
However, some previous tsunami studies have used a much finer bathymetric spacing
around tide gauges than we have used in either study. For example, SANCHEZ et al.
(2007) used a bathymetric grid at 3 seconds of arc resolution (about 90 m) of Oahu
Island, Hawaii, for the highest resolution of nested grid system to compute far-field
tsunamis. The Rosslyn Bay gauge was actually within a marina, thus to accurately
model the tsunami to the gauge would require a bathymetric model with a spatial
resolution that was small enough to resolve the marina. However, bathymetry with
this level of resolution was not available at the time of this study.

A second reason which may cause the amplitude difference is errors in the rupture
model. For example, if the slip was significantly over or underestimated then this could
cause a change in the amplitude of the tsunami waveform. Similarly, if the actual slip was
underneath dry land, instead of the open ocean, that could also cause a substantial change
in the tsunami amplitude, even on the coast of Queensland. However, we believe that the
teleseismic rupture model we obtained here should have been enough to simulate the
tsunami, based on the results from a previous study of the 2006 Kuril Islands earthquake
(BaBa et al., 2008).

Finally, the third and probably most important reason for the difference in
amplitude was that the minimum water depth in the models is 10 m, while the gauges
are usually in water less than a few meters deep. Since the wave amplitude increases
with decreasing water depth, this means that the wave amplitude at the model output
point could be expected to be on average less than the observed wave amplitude at a
gauge in shallower water. For example, according to Green’s law, a wave could grow
in amplitude by about 18% as it goes from 10 m to 5 m. This could account for much
of the difference in amplitude seen in Figure 5. A higher resolution model centered
on the gauge, would not only allow us to better model the details of the bathymetry
but would also allow us to select a closer model output point to the gauge, and
therefore select a point with a water depth considerably closer to the gauge’s true
depth. Similarly, changes in water depth due to the tide could also help reduce the
misfit to observations (we assumed the water was at mean sea level in these
computations).

4.2. Effect of the GBR

From the numerical results shown in Figures 6 and 7, we suggest two mechanisms for
how the GBR weakened the tsunami impact. The first one is a barrier effect deduced from
the image showing that the tsunami was attenuated by the front line of the reefs
(T = 155 min. in Fig. 7a). The frontal reefs are relatively small, and run almost parallel
to the coastline. Some parts of this frontal reef system appear to be above the sea level.
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We believe that this reef barrier worked to reflect much of the tsunami energy from the
2007 Solomon Islands earthquake.

The second effect mitigating the tsunami impact was caused by the refraction of the
tsunami wavefront as it moved through the reef. In linear shallow water theory, the
tsunami speed is defined by the square root of the product of gravity and water depth.
This means that the tsunami will slow down in shallow bathymetry of the reefs, but goes
quickly through the gaps between the reefs, thus causing refraction of the tsunami
wavefront (e.g. T = 175 min. in Fig. 7a). Even though the tsunami quickly propagated
between the reefs, the path was curved by the reef configuration. This increases the
distance the leading wave must travel to reach parts of the coast. Hence the arrival time of
the tsunami is delayed. The fast tsunami wave that has travelled between the reefs was
followed by the slower tsunami which went over the reefs. Consequently, the tsunami
energy was split. The length and amplitude of the first tsunami wave became longer and
smaller, respectively, in comparison with the wave which was unaffected by the GBR.
We can certainly see this effect on the tsunami waveforms shown in Figures 6¢ and 6d.

Refracted and reflected tsunami waves due to the complicated bathymetry of the GBR
occasionally constructively interfere, which would result in waves with a much higher
amplitude in isolated areas. Such focusing of the tsunami could be seen in our simulation
(e.g. T = 185 min. in Fig. 7a). However, in this particular bathymetric setting, the
distance between the coast and the reef system was such that tide gauges were not at any
of the focal points of the tsunami refracted by the GBR.

The contributions we discussed thus far are all related to the bathymetry of the
GBR. In addition to the bathymetric effects, the bottom friction of the coral reefs may
also influence the tsunami. Experimental and theoretical studies indicated that reefs
have a strong bottom drag coefficient which is about an order of magnitude larger than
that for sand (see, e.g. BApTisTA ef al., 1989; KaARINs et al., 1998). Based on that,
KunkeL et al. (2006) performed a simple numerical simulation with idealized
topography to experiment on the effect of bottom friction due to a reef on tsunami
runup. The tsunami runup was decreased to roughly 50% by changing the bottom drag
coefficient of an order of magnitude as the bathymetry remained constant. If their result
is correct, the contribution of the GBR reducing the tsunami impact would be even
more impressive. However, it should be noted that the 2007 Solomon Islands tsunami
was overall fairly well modelled without the bottom friction in this study. Since it is
likely to reduce the amplitude, rather than raise it, adding bottom friction to the model
will tend to increase the misfit.

5. Conclusion
Through the tsunami simulation, we found two bathymetric mechanisms by which the

GBR reduced the energy of the 2007 Solomon Islands tsunami. The first one was
the effect of the reef barrier, which directly reflected the tsunami back to the deep ocean.
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The second mechanism was due to the effect of refraction of the tsunami as it passed
through the reef due to the wide range of water depths within the reef system. The reef
delayed the arrival time and increased the period of the tsunami as well as decreasing the
tsunami amplitude of the first wave. Although we may need further simulations using
more realistic physics (e.g., including bottom friction and dispersion) before we can reach
a definitive conclusion, we suggest that coral reefs should normally play the role of
natural barriers to a tsunami approaching the coast.

However, this conclusion applies only to a tsunami whose wave height is small
compared to the average depth of the coral reef. In the case considered here, the tsunami
incident on the outer reef had a maximum wave height of 10 cm, much less than the
typical depth to the top of the reef (Fig. 6). This height might be typical of a tsunami
experienced along the eastern Australian coast due to large earthquakes in the Southwest
Pacific. Nonetheless our conclusion that the coral reef acts as an effective barrier to
tsunamis for this situation does not necessarily extend to that of a large local tsunami,
whose height may exceed the average depth to the top of the reef. The latter case would
involve considerably more extensive nonlinear hydrodynamic modelling, using very high-
resolution bathymetry data, to understand the interaction of the tsunami with the coral reef.
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Abstract—Alberni Inlet is a long and narrow fjord adjacent to Barkley Sound on the Pacific Coast of
Vancouver Island, Canada. Port Alberni, at the head of the inlet, was affected in 1964 by the largest Pacific
tsunami waves in Canadian history. We use observations and results from two numerical models to investigate
the resonant characteristics of the region and amplification of tsunami waves in Barkley Sound and Alberni Inlet.
The first model (A) was forced at its open boundary with a stationary autoregressive signal, similar to the
observed background noise. The second model (B) used an initial sea-level deformation from a potential
earthquake off California in the southern segment of the Cascadia Subduction Zone, producing transient tsunami
waves. Spectral, cross-spectral and frequency-time (f-f) analyses of the observations were used to examine the
resonant properties and topographic response of the local area. The respective results show large admittance
functions over a wide 0.5-0.9 cph frequency band, implying a low Q factor but high amplification of arriving
waves. This unusual behavior is a result of two effects: A quarter-wave resonance of the system for its
fundamental Helmholtz mode and amplification due to the narrowing of the channel cross section from Barkley
Sound to Alberni Inlet. The model A numerical results agree favorably with the observations, indicating an
energetic resonant mode at frequency of ~0.53 cph (112 min), with its nodal line located near the entrance to
Barkley Sound and amplification factor value close to 12. The results from the tsunami propagation model (B)
yield spectral characteristics similar to those from the model A and from the observations. The maximum
tsunami current speed for this scenario is 2.4 ms™' in Sproat Narrows, which divides Alberni Inlet into two
parts, while the largest computed wave height is 1.6 m in the northern Alberni Inlet, in the area of Port Alberni.

Key words: Port Alberni, 1964 Alaska tsunami, tsunami modeling, tide gauge records, resonant
oscillations, seiches, cross-spectral analysis.

1. Introduction

Alberni Inlet is a long (~40 km) and narrow (1-2 km) fjord located on the west coast
of Vancouver Island on the Pacific Coast of Canada (Fig. 1). This fjord is the longest on
the island and is characterized by a deep (>250 m) southern part of the channel but

! Institute of Ocean Sciences, Fisheries and Oceans Canada, 9860 West Saanich Rd., Sidney, BC V8L 4B2,
Canada. E-mail: Josef.Cherniawsky @dfo-mpo.gc.ca

2 Russian Academy of Sciences, P.P. Shirshov Institute of Oceanology, 36 Nakhimovsky Prosp., Moscow
117997, Russia.



2020 1.V. Fine et al. Pure appl. geophys.,

™

(a) s1°N Fro0-

124° 123°

(b)

49°N

LN

\
100
\

126°

Figure 1
(a) Map of the area of Vancouver Island (British Columbia) shown with depth contours and locations of tide
gauges in Tofino, Bamfield, Port Alberni and Victoria. The symbols & mark locations of sea-level timeseries at
B1 (1000 m depth) and B3 (85 m). (b) Map of Barkley Sound and Alberni Inlet showing domains of the two
numerical models: Model A (solid frame), which was used to examine characteristic wave properties of the
Barkley Sound-Alberni Inlet system, and the innermost grid of model B (dashed frame), used for modeling
tsunami waves.

relatively shallow (~ 100 m) approaches in the relatively wide Barkley Sound located
between the inlet and the continental shelf. On March 28, 1964, the town of Port Alberni,
at the head of the inlet and about 65 km from the open Pacific Ocean, experienced the
largest tsunami waves on the coast of Vancouver Island, generated by the 1964 (“Good
Friday”) Alaska Earthquake (M,, = 9.2). These waves caused wide-spread flooding and
property damage estimated to be about 10 million (1964) dollars (WHITE, 1966; CLAGUE,
2001; CLAGUE et al., 2003; ANpERSON and Gow, 2004). However, alarms were sounded,
people were rescued from flooded homes and there was no loss of life in Port Alberni.
Notably, this Pacific-wide tsunami was responsible for close to 130 deaths and about 125
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million dollars in damage in Alaska, Washington, California and Hawaii (SPAETH and
BERKMAN, 1967; LANDER, 1996; STEPHENSON ef al., 2007). This tsunami was recorded by
twelve tide gauges on the Pacific Coast of Canada (cf. WiGEN and WHITE, 1964; WIGEN,
1983; STEPHENSON ef al., 2007), including the tide gauges at Tofino, located northwest of
Barkley Sound, at Port Alberni in Alberni Inlet, and at Victoria, inside Juan de Fuca Strait
(Fig.1).

The 1964 tsunami was destructive at several locations on the coast of Vancouver
Island (CLAGUE et al., 2003; ANDERSON and Gow, 2004; STEPHENSON et al., 2007), with the
highest wave in Canada occurring at Shields Bay, on the west coast of Graham Island
(Queen Charlotte Islands), where a wave crest was reported to be 5.2 m above spring
high water, or 9.8 m above tidal datum (SPAETH and BERKMAN, 1967; STEPHENSON ef al.,
2007). However, most of the damage occurred in Port Alberni, where wave heights
exceeded 8 m. The Port Alberni tide gauge was disabled temporarily and stopped
working several times before the wave height maxima were reached (Fig. 2a), but
according to witness reports, the second wave was the highest in the series, reaching
6.4 m above tidal datum, as was determined from water marks on buildings and harbor
structures. This can be compared to a maximum wave height of 2.4 m in Tofino
(STEPHENSON et al., 2007). The resulting flooding and property damage in Port Alberni
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Figure 2
(a) A restored copy of Port Alberni tide gauge record of the Alaska tsunami of March 28, 1964 (from WiIGEN and
WHITE, 1964). Predicted tide is shown by a thick line. The tide gauge stopped working on March 28 after 04:00
PST, and resumed operation four hours later. The highest recorded sea level, about 4 m above high tide at 02:00
PST, was due to a second incoming tsunami wave, while the corresponding maximum (peak-to-through) wave
height at Port Alberni was about 6 m, or larger, and occurred during the third, or a later wave. The exact count
and the maximum wave height of the largest tsunami wave are uncertain because of the 4-hour data gap.
Oscillations in Alberni Inlet persisted for at least 48 hours, with wave periods from 1.7 to 2 hours. (b) Computed
spectrum of the tsunami record at Port Alberni shown in (a) for the time period between 08:00 28 March and
10:00 29 March. Periods (in min) of two main spectral peaks are indicated.
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were made worse by the fact that the first two waves arrived around the time of high
water tide (Fig. 2a).

A number of questions arose from this catastrophic event. What is the physical
mechanism responsible for the destructive tsunami oscillations observed in Port Alberni?
Why did such strong oscillations occur specifically in this inlet? Which tsunami waves
(local or distant) are likely to cause significant future damage in this area?

Significant tsunami oscillations in Port Alberni (as well as at other B.C. stations)
continued for several days, being highly regular and almost monochromatic, with wave
periods between 1.7 and 2 hours (Fig. 2a). It was therefore naturally assumed that the
1964 event in Alberni Inlet had a resonant character (cf. MurTtYy and Bomarp, 1970;
Murty, 1992; HEnry and Murty, 1995). The averaged wave spectrum at Port Alberni
(Fig. 2b) shows a dominant peak with a period of approximately 1.8 hours (~ 107 min).
Such a strong response was likely due to the fact that this spectral peak is near the
fundamental period of the inlet.

Several numerical models were constructed to simulate tsunami wave propagation in
the northeastern Pacific Ocean and wave transformation on the continental shelf,
including the shelf of Vancouver Island (cf. HEBENSTREIT and MuRTY, 1989; DUNBAR ef al.,
1991; WHITMORE, 1993; MYERs and BaPTisTA, 2001; CHERNIAWSKY et al., 2007). A number
of studies (Murty and BoiLarp, 1970; HEnry and Murty, 1972; 1995; KowaLk and
Murty, 1993) were focused specifically on explaining the observed 1964 tsunami
oscillations in the Alberni Inlet. However, the spatial resolution of these models and the
accuracy of the bathymetry were insufficient for the region with such complicated
topography. These models also did not allow to resolve the detailed frequency spectrum
and relative amplification of the long-wave oscillations in the inlet. Finally, the lack of
high-quality digital records of tsunamis and background oscillations was a key factor
limiting the ability to estimate the frequency characteristics of the wave field in the region
and to verify the numerical tsunami models in this area.

The destructive tsunamis of the 1990s in the Pacific Ocean initiated a major upgrade
of the existing Tsunami Warning system and of the Permanent Water Level Network
(PWLN) on the coast of British Columbia. New digital instruments were introduced to
continuously measure sea-level variations with 1-min sampling. During the period 1999—
2007, long time series of such high quality sea-level data were collected at a number of
stations, including Tofino and Bamfield, and several weak tsunamis were recorded by
these instruments (RaBINOvicH and STEPHENSON, 2004; STEPHENSON et al., 2007,
StepHENSON and RaBNovicH, 2008). At the outset of 2006, a digital tide gauge was
installed at Port Alberni, replacing an older analogue tide gauge used at this site during
1961-1997. This new and precise instrument provided us with reliable two-year long
time series of the background oscillations at the head of Alberni Inlet, and measured a
weak tsunami from the Kuril Islands earthquake (M,, = 8.3) of 15 November, 2006
(STEPHENSON et al., 2007). In addition, we re-examined historical analogue recordings of
tide gauges on the BC coast and identified four tsunamis during 1994-1996 that were
observed at several sites, including Port Alberni (STepHENSON and RaBiNovich, 2008).
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These new tsunami and sea-level background data are used here to estimate the spectral
properties of oscillations in the inlet and to verify the numerical model results.

We used two numerical models to investigate the resonant characteristics of the
Barkley Sound and Alberni Inlet system and to examine transformation and amplification
of tsunami waves arriving from the open ocean. The first model (A) was forced at its open
boundary with a stationary autoregressive (AR) signal, similar to the observed
background wave noise. This was an updated and improved version of the model that
was used to investigate the resonant oscillations in the bays and inlets of the Kuril and
Balearic Islands (DJUMAGALIEV et al., 1994; RaBINOVICH et al., 1999). The second model
(B) used an initial sea-level deformation from a potential earthquake off California, in the
southern segment of the Cascadia Subduction Zone, to produce transient tsunami waves
arriving at the shelf of Vancouver Island and then propagating inside Barkley Sound and
Alberni Inlet. A similar model was used successfully to estimate sea-level variations and
associated currents in bays and harbors of the southern and southwestern coast of
Vancouver Island (CHERNIAWSKY et al., 2007). Results from these models are compared
with actual observational data.

2. Observations of Tsunamis

The 1964 Alaska tsunami was the strongest tsunami ever recorded in Port Alberni and
on the Pacific Coast of Canada. However, there were also records of other tsunamis in
Alberni Inlet; although all of them were relatively small (other major Pacific Ocean
tsunami events, such as Aleutian 1946, Kamchatka 1952 and Chile 1960, were not
recorded due to the absence of a tide gauge in Port Alberni). The most complete
information on tsunamis at Port Alberni, as well as at other locations on the BC coast, can
be found in the catalogue by STEPHENSON et al. (2007).

Four tsunamis were identified in the analogue records of the BC tide gauges for the
period of 1994-1996 (STEPHENSON et al., 2007; STEPHENSON and RaBmNovicH, 2008), with
the corresponding earthquakes listed in Table 1.

All four tsunamis were recorded at Port Alberni, as well as at several other BC
stations, including Tofino and Bamfield (see Figs. 30-33 in STEPHENSON et al., 2007).

Table 1

Earthquakes in the Pacific Ocean (1994—1996) which generated tsunamis recorded on the BC coast

Date Region M,
04 October 1994 Kuril Islands, Russia 8.3
30 July 1995 Northern Chile 8.0
03 December 1995 Kuril Islands, Russia 79

17 February 1996 Irian Jaya Region, Indonesia 8.2
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Tide gauge records at these three sites for the Kuril Islands 1994 and 1995 events
are shown in Figure 3. Tsunami waves are evident in Figure 3 and the arrival

times of these waves are relatively clear. Other important features of these
observations are:
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Figure 3
Tsunami records from three tide gauges (Tofino, Bamfield and Port Alberni) located on the west coast of
Vancouver Island for two trans-Pacific tsunamis: (a) From a 1994 Shikotan earthquake (M,, = 8.3) and (b) from
the 1995 Kuril (Iturup) earthquake (M, = 7.9). “E” denotes the time of the main earthquake shocks, while
arrows depict the tsunami arrival time.
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(a) Tsunami ringing is relatively long, longer than 2-3 days, and their energy decay is
slow.

(b) The maximum wave heights at Port Alberni are 3—4 times larger than at Tofino or
Bamfield and are more often in a third (e.g., in 1964), or a later wave.

(c) The dominant oscillations at Port Alberni are more regular and have lower
frequencies than at the other stations.

It is likely that these features and the differences between various sites are determined by
local topographic effects.

To examine transient behavior at frequencies of the observed tsunami waves, we
used the multiple-filter technique (EMERY and THomsoNn, 2001). This method is similar
to wavelet analysis and was developed to study nonstationary signals whose time series
exhibit temporal changes in amplitude and/or phase. It uses narrow-band filters and a
Gaussian window which isolates a specific center frequency w, = 2xf,. Demodulation
of a sea-level time series {(®,; t) yields a matrix of amplitudes and phases of wave
signals, with columns representing the time and rows the frequency (the so-called f-¢
diagrams). This method is used effectively to examine tsunami records and to analyze
tsunami wave energy E(f, t) as a function of frequency and time (cf. RABINOVICH et al.,
2006).

Figure 4 presents f-¢ diagrams for the 1994 Shikotan and the 1995 Kuril Islands
(Iturup) tsunami records at Bamfield and Port Alberni. Most of the energy in these plots is
at low frequencies (periods of 60—180 min). The arrival of tsunami waves from the 1994
earthquake is clearly seen as an increase in the energy level at all frequencies at Bamfield
and for periods exceeding about 20 min at Port Alberni. For this event, there were no
pronounced oscillations prior to the tsunami arrival. Specifically, the incoming tsunami
wave energy induced significant seiche oscillations observed at these two sites.

In contrast, the 1995 Kuril (Iturup) tsunami wave was weaker (Fig. 3b) and its arrival
was masked by existing background ocean wave noise, as noticeable background
oscillations were observed before the tsunami arrival. Tsunami waves introduce
additional energy and are further amplified at discrete frequencies that correspond to
the natural oscillations, or standing wave modes of an inlet or a harbor. Such resonant
modes are usually numbered in the order of frequency, starting from the gravest (n = 0)
fundamental mode. In particular, an increase in the energy at tsunami arrival time is
apparent in Figure 4 for a period of ~ 110 min. Except for this minor difference, the f-¢
diagrams for these two events are very similar.

The diagrams in Figure 4 demonstrate that the tsunami wave energy is concentrated
mostly in the same frequency bands as the energy for the background long-wave
oscillations. This feature of tsunami waves plays a key role in the coastal water response
to the arriving tsunami waves (cf. MILLER, 1972). Specifically, there is resonant
generation and amplification of local seiches when the periods of the incoming waves
match the characteristic (natural) periods of the site. Conversely, a non-resonant response
is observed when there is a pronounced mismatch in these periods. Three distinct
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Frequency-time plots (f-¢ diagrams) for the 1994 Shikotan and the 1995 Kuril (Iturup) tsunamis from tide gauge

records at Bamfield (Bam) and Port Alberni (PA). The vertical red line labelled “E” denotes the time of the

main earthquake shock, while the dashed vertical yellow line labelled “TA” marks the estimated tsunami arrival

time. Thick dashed horizontal lines mark the frequencies and periods of characteristic modes; two (n = 0, 3)

modes were marked for Bamfield and four (n = 0, 1, 2, 3) for Port Alberni (these modes were computed by the
model A, as is explained below).

frequency bands, with peak periods of approximately 110, 43 and 23 min, are evident in
the f-t diagrams for Port Alberni (Fig. 4). As shown in the next two sections, these bands
are related to the characteristic modes of the Alberni Inlet — Barkley Sound system. Two
of the frequency bands, with periods of 110 min and 23 min, are also apparent in the f-
diagram for Bamfield. These plots reveal an obvious tsunami wave-train (packet)
structure; the duration of each wave train is 12 to 18 hours.

3. Observations of Background Noise

To determine the spectral properties of longwave oscillations in the Barkley Sound —
Alberni Inlet system and to compare these properties at various sites, we analyzed
2-month-long records of background oscillations (with 1-min sampling) at Port Alberni,
Bamfield and Tofino. The spectral procedure used is similar to that described in EMERY
and THomsoN (2003). To improve our spectral estimates, we used a Kaiser-Bessel spectral
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Figure 5
Comparison between the spectra of background sea-level oscillations: (a) at Bamfield and Port Alberni, (b) at
Tofino and Port Alberni. Periods (in min) of the main peaks are indicated.

window, with half-window overlaps, prior to applying the Fourier transform. The width
of the window was chosen to be 4096 min (~68.3 h), yielding about 80 degrees of
freedom per spectral estimate. The results are shown in Figure 5. For comparison, we
present in Figure 5a the spectrum for Port Alberni together with that for Bamfield, while
in Figure 5b we show the spectra for Port Alberni and for Tofino.

The general forms of the background spectra for Port Alberni, Bamfield and Tofino
are similar and for wave periods longer than 3 hours, the three spectra are almost
identical. These spectra are “red,” as their spectral energy decreases with increasing
frequency, with their slope proportional to w2, which is typical for long-wave sea-level
spectra in the open ocean (cf. KuLikov et al., 1983; FiLLoux et al., 1991; RABINOVICH,
1997). The long ocean waves are transformed as they propagate from the open ocean onto
the shelf and along the shore. Their spectra become more energetic and “jagged” with
decreasing depth and when approaching the coast (cf. Fig. 1 in RaBNovicH, 1997).

The spectrum of background atmosphere-induced waves near the coast can be
described as (RaBINoVICH, 1997):

Sp(w) = So(w) Qp(®) Py(w), (1)

Where Q, is the admittance function for a shelf (which can also include a bay, or a gulf,
similar to Barkley Sound), P,, is the inlet/harbor admittance function and S, is the open
ocean background spectrum. The remarkable feature of Sy(w) is that it is usually smooth
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and monotonic and has no distinct spectral peaks. Thus, individual peaks and troughs in
the observed spectra S;(w) are related to topographic features.

While tsunami waves have larger amplitudes than the background waves, their
transformation on the shelf and in bays and harbors is mostly linear, except in very
shallow bays and during on-shore run-up (e.g., Tirov and SyNoLAkiS, 1993; SATAKE,
1995). Thus, admittance functions and other spectral characteristics of the tsunami waves
can be studied by comparison with the spectra of background noise.

The spectral characteristics of Alberni Inlet are of primary interest for the present
study. In general, the background spectrum at Port Alberni (Fig. 5) looks similar to the
spectrum of the 1964 tsunami wave at this site (Fig. 2b). However, the background
spectrum has considerably better resolution (~0.015 cph) and thus contains far more
detail.

The most interesting and important feature of this spectrum is the wide spectral rise in
the frequency range of 0.35-0.94 cph (periods of 64—170 min). It is worth emphasizing
that the high resolution of this spectrum ensures that this rise is the physical property of
the system and not related to insufficient spectral resolution. The corresponding rise is
mostly absent in the spectra for Tofino and Bamfield. It is therefore likely that this rise
is mainly due to the influence of Alberni Inlet. At the same time, this spectral feature is
significantly different from typical spectra of long-wave oscillations in long and narrow
inlets, or in bays and harbors with narrow entrance, which normally have a strong and
narrow spectral peak associated with the fundamental Helmholtz mode of the basin, as
was observed, for example, in Malokuriskaya Bay, Kuril Islands (DJUMAGALIEV et al.,
1994; RaBiNovicH, 2008), or in Citadella Inlet, Balearic Islands (RABINOVICH et al., 1999;
RasiNovich, 2008; VILIBIC et al., 2008).

The strong broadening of the spectral peak at Port Alberni may be partly due to the
influence of Barkley Sound (Fig. 1). This is supported by a particular feature of the
spectrum at Bamfield (located near the entrance to Barkley Sound), which has a peak
with a period near 170 min, matching the frequency of spectral energy increase at Port
Alberni (Fig. 5a). In contrast, the spectrum at Tofino (located to the north of Barkley
Sound) has no such peak (Fig. 5b).

Other noteworthy features of the Port Alberni spectrum (Fig. 5) are the peaks at 1.45
cph (41.5 min) and 2.61 cph (23 min). The Bamfield spectrum peaks (Fig. 5a) are similar
to those at Port Alberni, although with less energy. The similarity of the background
spectra at Port Alberni and Bamfield indicates that these two sites are part of a common
system, influenced by similar basin modes. In contrast, the Tofino spectrum (Fig. 5b) is
very different from those at Bamfield and Port Alberni. Therefore, sea-level oscillations
at Tofino are essentially independent from those in Barkley Sound and in Alberni Inlet.

At higher frequencies (periods less than 23 min), the Port Alberni spectrum decreases
more rapidly than the Bamfield and Tofino spectra. Oscillations at Bamfield and Tofino at
these frequencies appear to be related to local seiches. Several high-frequency peaks
(with periods of 2.4, 3.5, 5 and 18 min at Bamfield and 5.6 and 12 min at Tofino) are
observed in these spectra (Fig. 5). Similar peaks were also observed at these sites during
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the 2001 Peru, 2001 Queen Charlotte and 2004 Sumatra tsunami events (RABINovicH and
STEPHENSON, 2004; RABINOVICH et al., 2006).

4. Numerical Model A: Background Waves in Barkley Sound and Alberni Inlet

To examine long-wave background oscillations in the Barkley Sound—Alberni Inlet
system, we used a linear shallow-water equations numerical model (so-called “model
A”). Its finite-difference formulation is similar to that in the TUNAMI N2 model
(Imamura, 1996).

The model was forced by prescribed incident waves at its open boundaries, which
have “red noise” spectra, similar to the observed background noise. A stationary
autoregressive (AR) model of the first order was used for this purpose:

g =al ! +e, (2)

where C(l), CS,...ﬂ{;l are the input wave elevations, a is the regression coefficient
(0<a<1), and ¢ is a random process of the “white noise” type. The normalized
spectrum of (2) has the form

Se(w) = [1 — 2acos(wAr) +a?] ", 3)

where At is the sampling interval of the input time series. The spectrum (3) is a monotonic
function of w, which for wAt < 1, decreases according to a ™ power law, similar to the
observed background spectra in the open ocean (KuLikov et al., 1983; FiLLoux et al., 1991;
RaBmovicH, 1997). The original version of this model was used to examine the resonant
oscillations in the bays and inlets of Shikotan Island (Kuril Islands) (DjuMAGALIEV ef al.,
1994) and Menorca Island (Balearic Islands) (RABINOVICH et al., 1999).

There are two main advantages in applying such a model. First, and in contrast to a
common method based on numerical simulation of monochromatic waves with select
frequencies (cf. HENRY and Murty, 1995), the present model is forced at its open
boundary using waves with a continuous spectrum. This allows us to calculate the system
response over a complete frequency range. Second, this model time series of simulated
sea levels can be examined using the same spectral and cross-spectral analyses as for the
observed time series. The simulated and observed time series and their spectra can then
be compared in great detail and also used for the verification of the model.

The computational domain for this model is shown in Figure 1b. Its grid dimensions
are 1213 x 1223 and (x, y) grid size is 50 m. The time step used was 0.53 s.

Model sea-level time series were computed and stored for Port Alberni and Bamfield.
These time series were used in cross-spectral analysis, for estimation of coherence, phase
differences and admittance functions between the two sites. Similar analyses were also
performed on the two-month long time series of observed sea levels at these two
locations.
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Characteristics of the cross-spectra between Bamfield and Port Alberni for the observed and the model A

simulated sea-level oscillations: (a) admittance, (b) coherence and (c) phase difference. Periods (in min) of the

main peaks are indicated. Observed and the model A simulated amplification factors: (d) at Bamfield, (e) at Port
Alberni. Periods (in min) of the main peaks and troughs are indicated.
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The model was integrated for 10 days using above random forcing at its open
boundary, providing sufficiently long quasi-stationary time series for standard spectral
analyses. To verify the model performance, we compared between the observed and the
modeled Bamfield — Port Alberni cross spectra (Fig. 6).

In general, admittance, coherence and phase spectra show a very good agreement
with the observations in the frequency range of up to 2.5 cph. This is especially true for
the model phase spectrum, which is nearly identical to the observed (Fig. 6¢). The
modeled admittance is close to the observed up to 1 cph. However, the level of the
modeled peak at 46 min (1.3 cph) is much higher than observed (Fig. 6a), which is likely
due to a standing wave node being located near Bamfield at this frequency in the model.
This peak is not as prominent in the observations at Bamfield, as it is masked by
additional non-coherent noise.

The remarkable agreement in Figure 6 between the simulated and the observed
spectra for Bamfield and Port Alberni suggest that this model is sufficiently reliable and
can provide realistic results not just for these two stations but for the entire area.

Cross-spectral analysis of the observed sea-level variations at Port Alberni and
Bamfield (Fig. 6) provides additional insight, beyond the features shown by the
autospectra in Figure 5a. The admittance function in Figure 6a has prominent peaks at
approximately the same frequencies as in the Port Alberni spectrum (Fig. 5a), however
the admittance peaks are sharper and more pronounced than the spectral peaks. The
coherence is high over the entire frequency range of 0.0-3.0 cph (i.e., at periods longer
than 20 min), except for some narrow and abrupt troughs (Fig. 6b).

Phase differences between the two sites are step-like, with phase shifts near 0° or 180°
(Fig. 6¢). These shifts correspond exactly to the frequencies of the coherence minima.
The cross-spectral coherence and phase plots indicate that oscillations in Alberni Inlet
and in the adjacent Barkley Sound are due to standing waves in the system. Therefore,
phase shifts and coherence minima are related to the nodes moving past Bamfield and
into the inlet with increasing frequency. Indeed, the Bamfield spectrum (Fig. 5a) shows
minima at these transition frequencies.

The cross-spectral characteristics between Bamfield and Port Alberni sea-level
records (Fig. 6) confirm the general features of the Port Alberni spectrum (Fig. 5), with
additional peaks corresponding to the minima observed at the Bamfield spectrum. The
first node is near Bamfield at 0.63 cph (95 min), inside the 0.5-1 cph frequency band of
the broad Port Alberni spectral peak. This means that a maximum amplitude response in
Alberni Inlet (near 0.6 cph) corresponds to the first (n = 0) fundamental mode, with node
location further offshore from Bamfield, probably close to the mouth of Barkley Sound.

From (1), we calculate the observed wave amplification A(w) at Port Alberni and
Bamfield:

=/ 0p(w) Py(w) = /Sp()/So(w (4)
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where Sp(w) = (w}/w?*) S(wy) = C/w?. @y is a reference frequency (chosen here
wo = 0.25 cph) and C is a constant related to the open ocean spectra, computed from
Figure 5 as C = 0.125 cm®* h™' = 3.5 x 107" m* s™".

For the model simulated records, we calculate the amplification function as:

AM((})) =05 SM(CO)/SOM((,U), (5)

where Sy(w) is sea-level spectrum at a particular location and Sgy,(w) is the spectrum of
the prescribed incident (forcing) waves. The coefficient 0.5 in equation (5) ensures that
the modeled amplification factor is equal to unity at low frequencies, as is the case for the
observed waves.

The modeled amplification functions show a good agreement with the observations
both for Bamfield and for Port Alberni (Figs. 6d, e). The main features of these functions
are similar for both locations, as was also indicated by the high coherence between
Bamfield and Port Alberni (Fig. 6b). Amplification at Port Alberni (Fig. 6e) is relatively
high for periods from 70 to 120 min. Another maximum in amplification, though smaller
in value, is near the 43-min period.

Amplification at Bamfield (Fig. 6d) shows similar, though much smaller peaks. The
main peak at 0.5-1 cph is split into two peaks due to a spectral minimum near 0.6 cph
(see Fig. 5a). As was explained above, this minimum corresponds to the position near
Bamfield of the first node at this frequency (Figs. 6a-c). Amplification at Bamfield also
shows additional (in comparison to Port Alberni) minima at wave frequencies higher than
1 cph, when the nodes of these waves are located near Bamfield.

The first minimum (at 93 min) in Figure 6d is the same for both the observed and the
modeled spectra. However, the minimum at a 46-min period appears only in the modeled
function, with the observed function showing a broad minimum from about 55 to 45 min.
These differences in amplification are consistent with the differences between the
modeled and the observed admittance functions (Fig. 6a).

Spatial distribution of the response is shown in Figure 7 for six selected frequencies.
At 0.4 cph, the Barkley Sound—Alberni Inlet system shows relatively weak amplification,
with no nodes (lines of zero amplitude) present in Figure 7a. As the frequency increases,
amplification sharply increases inside Alberni Inlet and Barkley Sound, reaching a
maximum at 0.53 cph (113 min). This maximum in amplification corresponds to a nodal
line near the entrance to Barkley Sound (Fig. 7b). With further frequency increase, this
first node moves into the inlet and amplification in Alberni Inlet remains high up to 0.73
cph (Figs. 7c to 7e). As this node moves past Bamfield and inside Alberni Inlet, the
oscillations in Alberni Inlet and in Barkley Sound have an opposite phase. When
frequency reaches 0.93 cph, the amplitudes decrease sharply and the oscillations are weak
everywhere (Fig. 7f).

Figure 8 provides yet another description of the model frequency response, showing
the spatial structure of the three main modes (Fig. 8a) and relative sea levels
(amplification) for frequencies up to 2 cph (Fig. 8b) along a transect from Barkley
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Figure 7
Computed (model A) relative sea-level oscillations in the Barkley Sound and Alberni Inlet system, shown for six
select frequencies (marked in each panel).
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Along-channel computed (model A) structure of sea-level oscillations in Barkley Sound and Alberni Inlet.
(a) Computed forms of three first modes (n = 0, 1 and 2). (b) Relative sea-level along-channel heights as a
function of frequency with frequencies of the first three modes indicated by horizontal dashed lines. (c) Location
of the along-channel transect in Barkley Sound and Alberni Inlet (marked by black solid circles). The red dashed
lines separate the three regions: Barkley Sound, lower Alberni Inlet and upper Alberni Inlet.

Sound entrance to Port Alberni (Fig. 8c). This area can be divided into 3 parts: Barkley
Sound, the lower Alberni Inlet (up to the Sproat Narrows) and the upper Alberni Inlet.

For low frequencies, up to the 0.9 cph, all three parts show the fundamental mode
(n = 0) maximum at 112 min (Fig. 8b). As the frequency increases from about 0.55 to
0.8 cph there is still high amplification in much of the area, despite the fact that the nodal
line moves inside Barkley Sound. When this line moves past the middle of the lower
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Alberni Inlet and the frequency increases beyond 0.9 cph, the oscillations in all three
parts decrease in amplitude.

A weak amplification maximum occurs at about 54 min, when another nodal line is
located near the entrance of Barkley Sound. However, more significant amplification
occurs at 43 min. It is confined mainly to Alberni Inlet, behaving as a classical first-
mode asymmetrical pendulum and oscillating between the upper and lower Alberni
Inlet, with its nodal line located in the “bottleneck” of Sproat Narrows (Fig. 8c). From
the point of view of the complete system, this oscillation can be described as the n = 2
mode.

For frequencies beyond 1.5 cph (40 min), Alberni Inlet and Barkley Sound
oscillations become decoupled, as the upper Alberni Inlet is almost “blocked” by
Sproat Narrows. The lower part of the inlet and Barkley Sound show only weak
amplification for these higher frequencies.

5. Numerical Model B: Tsunami Waves in Alberni Inlet from a Remote
Subduction Zone Earthquake

In the previous two sections we discussed amplification of tsunami waves and
excitation of characteristic modes in Alberni Inlet using existing observations of
background waves and of tsunami waves from remote earthquakes, as well as from a
numerical model (A) forced by stationary auto-regressive spectra. To complete the
analysis, we present here results from another model, which uses a scenario of a partial
rupture of the Cascadia Subduction Zone (CSZ), the so-called short-south scenario of
SATAKE et al. (2003; see also WANG et al., 2003).

The main purpose of the present study is to examine the resonant characteristics of the
Alberni Inlet-Barkley Sound system rather than attempt to reproduce exactly the 1964
tsunami waves observed in this system. That is why, and also because we would like to
continue the previous study (CHERNIAWSKY et al., 2007; thereafter C0O7), we used in our
computations one of the Cascadia Subduction Zone (CSZ) scenarios instead of the 1964
Alaska scenario.

CO07 used three CSZ scenarios to simulate tsunami waves and currents in harbors of
Ucluelet, Victoria and Esquimalt, located on the southern Vancouver Island Coast
(Fig. 1): (1) long-narrow (which represents a full rupture of CSZ); (2) short-north; and
(3) short-south. The last two are also plausible scenarios because some megathrust
earthquakes involve the rupture of limited segments of a subduction zone. We chose the
short-south scenario because it also represents a realistic case of a relatively strong
earthquake that is likely to generate a well-defined response in Alberni Inlet. At the same
time, it is a remote earthquake, allowing us to study relative amplification of distantly-
arriving waves in this inlet system.

The short-south scenario source region extends about 440 km north to south along the
California coast (Fig. 9a). Earthquake magnitude (#,,), equivalent uniform rupture width
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Figure 9
Propagation of the model B simulated tsunami waves from a remote tsunami source off California, generated by
the so-called short-south CSZ earthquake scenario (M, = 8.8) (SATAKE et al., 2003). The three panels show the
wave heights (a) at initial time, (b) at 25 min and (c) at 85 min after the earthquake.

and full-slip zone width for this scenario are 8.8, 56 km, and 37 km, respectively (SATAKE
et al., 2003). The resulting tsunami wave energy flux is mostly in a zonal direction,
perpendicular to the coast. These waves are expected to produce significant damage in
California, Oregon and possibly in Hawaii, but not at coastal locations that are much
farther north, such as British Columbia (C07).

The MOST numerical model (Tirov and Synorakis, 1997), used here and also
described in more detail in C0O7, has three nested grids. The model coarse grid (its grid
size Ax x Ay = 1500 x 1100 m) extends from 43°N to 50°N, covering the coastlines of
Northern California, Oregon, Washington and the southern Vancouver Island (Fig. 9).
The coarse and medium (245 x 185 m) grids are the same as in C07, while the fine grid
(outlined with a dashed frame in Fig. 1b) has a horizontal grid size of about 50 m
(compared to about 10 m used in C07) and includes Alberni Inlet and a large part of
Barkley Sound. This model was integrated for 26 hours using a 0.3-sec time step in its
fine grid.

Figure 9 shows initial sea-surface deformation and two snapshots of sea level, after
25 and 85 minutes. The first tsunami waves arrive on southern Vancouver Island coast
about 1.5 hours after the earthquake (Fig. 9¢). The resulting sea-level maxima at a deep
ocean station B1 (at ~ 1000 m depth; Fig. 1a) and at a station B3 on the shelf off Barkley
Sound (~ 85 m depth; Fig. 1a) are about 0.15 m and 0.3 m, respectively. As the waves
pass through Barkley Sound and into Alberni Inlet, they are amplified. Figure 10 shows
nine snapshots on the model fine grid at 10-minute intervals, from 01:40 until 03:00,
covering an almost complete wave period after the arrival of the first tsunami wave in
Barkley Sound. The minimum and maximum simulated sea-level values during this
80-min period are about £1.1 m.
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Figure 10
Propagation of tsunami waves inside the model B innermost fine-resolution (50 m) grid in Barkley Sound and
Alberni Inlet, shown at 10-minute intervals after the arrival of the first tsunami wave. Time in hours and minutes
after the earthquake is marked in each panel (ordered left to right, top to bottom).
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Figure 11
Model B simulated tsunami wave records at four locations: (a) at deep (1000 m) B1 site off Barkley Sound, (b)
at B3 site on the continental shelf (85 m) near the entrance to Barkley Sound, (c) near Bamfield and (d) at Port
Alberni. Locations of these sites are shown in Figure 1.
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Figures 11a-d show time history of sea levels at four select locations: at a deep ocean
(1000 m) station off Barkley Sound (B1 in Fig. 1a), at 85-m depth on the continental
shelf off Barkley Sound (B3 in Fig. 1a), and at coastal locations near Bamfield and at Port
Alberni. The offshore waves (Fig. 11a) decay rather quickly, after about 6 hours, while
the waves on the shelf (Fig. 11b), near Bamfield (Fig. 11c) and in Alberni Inlet (Fig. 11d)
have considerably longer decay periods. It is notable that the maximum sea level near
Port Alberni is about 1.5 m and occurs in this model not during the 1% or the 2™ wave,
but during the 6™ wave (Fig. 11d), more than 10 hours after the earthquake! If we
compare the maximum in Port Alberni to that in deep (1000 m) water, we obtain a
maximum amplification factor for this model of about 10. However, by the time (at
10:40) the maximum sea level is reached in Port Alberni (Fig. 11d), amplitude of the
waves offshore decays to less than 0.04 m (Fig. 11a).

Maps of the maximum sea level and of the maximum water speed in Barkley Sound
and Alberni Inlet during the 26-hr model integration are presented in Fig. 12. The
maximum simulated water level of 1.62 m is near Port Alberni (Fig. 12a), though not
exactly where the time series shown in Figure 11d was recorded (which explains the
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Figure 12
Maps of the model B computed maxima of (a) sea level and (b) water speed in Barkley Sound and Alberni Inlet.
The maximum sea level of 1.62 m was near Port Alberni, while the maximum speed of 2.4 m s~ occured in
Sproat Narrows.
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different maxima in the two figures). The maximum water speed of 2.4 m s~ (5 knots)
occurs in the relatively shallow (20-30 m) Sproat Narrows at 49.1°N (Fig. 12b). As was
explained in the previous two sections, this channel splits Alberni Inlet into two parts,
thus affecting the characteristic modes of the system, which are also apparent in the plot
of maximum sea level (Fig. 12a).

The time series of the model B output (Fig. 11) are only 26-hr long and the tsunami
wave signals are far from stationary. It is therefore not as straightforward to interpret this
model spectrum (Fig. 13), as compared to the higher-quality spectra obtained from long-
term observations, or from the much longer integration of the model A, discussed in the
previous sections. Nevertheless, the model B spectral peaks compare well to the
observed, both for Bamfield (Fig. 13a) and for Port Alberni (Fig. 13b). As was the case
for the model A, the main 110-min peak in the model B Port Alberni spectrum is higher
than the observed peak, with other peaks appearing as well (67 and 27-min peaks for
Bamfield and 47 and 27-min peaks for Port Alberni). The somewhat different peak
frequencies can at least in part be attributed to smaller signal to noise ratios and less
spectral resolution in the shorter and nonstationary time series from the model B.
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Figure 13

Observed and the model B simulated amplification factor as a function of frequency: (a) at Bamfield and (b) at
Port Alberni.
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6. Summary and Conclusions

In this work, we have investigated the resonant characteristics and amplification of
gravity waves for the tsunami frequency band in Barkley Sound and Alberni Inlet, located
on the west coast of Vancouver Island. We analyzed available sea-level observations of
two remote tsunamis and of background wave noise, as well as the output from two
numerical models for this system. The first model (A) was forced at its open boundary
with a stationary autoregressive signal that is similar to the observed background noise.
The second model (B) used an initial condition of sea-level deformation from a plausible
short-south scenario of a Cascadia Subduction Zone earthquake off northern California,
producing transient tsunami waves which decay with time.

Analyses of the observations, especially the analyses of background signals from
digital tide gauges in Bamfield and Port Alberni, as well as the analysis of spectra from the
AR-forced model reveal characteristic features of the frequency response of the system
and help to verify the numerical models. For frequencies less than ~ 0.3 cph, spectra from
these two tide gauges look almost similar. However, for frequencies higher than ~ 0.3 cph
(which include the tsunami frequency band), the two spectra differ significantly, showing
wave transformation, modal resonance and amplification in this basin.

Comparison between the observed Port Alberni and Bamfield spectra and their cross-
spectra produced very useful results regarding amplification and characteristic modes of
the system. We were able to calculate an observed amplification function relative to
incoming open-ocean waves, while using an assumption of universal spectra in the ocean.
However, data analysis provides results only for specific tide gauge locations (at Port
Alberni and Bamfield). It was therefore very informative to use the AR-forced numerical
model A, allowing us to study the characteristic modes of the coupled Alberni Inlet—
Barkley Sound system and migration of the nodal lines of these modes spanning a wide
frequency range over the complete area.

Both the observations and the model A results show that the main features of the
frequency response of this area are related to the coupled oscillations in the Barkley
Sound-Alberni Inlet system. Because this system has a large length to width ratio, it has a
marked quarter-wave resonance, with its fundamental mode (n = 0) nodal line located
near the open ocean boundary (the entrance to Barkley Sound) at a frequency of about
0.53 cph. The Q-factor of such resonance is related to this ratio. At these frequencies, the
system is transparent, i.e., the waves pass freely through its major channels. This also
leads to amplification due to the narrowing of the wave path from about 25 km in Barkley
Sound entrance to 1-2 km in Alberni Inlet. These two mechanisms combine together to
yield a high amplification coefficient over the wide frequency range of 0.4-0.9 cph.

The model A results also show that at the fundamental mode (n = 0) frequency
of ~0.53 cph (period of 112 min), the nodal line of the system is located on the
continental shelf near the entrance to Barkley Sound, which is relatively distant from the
Alberni Inlet itself (Fig. 1). This is a strong resonant mode, with its amplification factor
reaching A = 12 at this frequency.
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The second prominent amplification peak at 1.4 cph (43 min) is associated with the
n =2 mode, while the n = 1 mode at about 1.1 cph (54 min) shows only weak
amplification. The 43-min mode is directly related to its node being located near Sproat
Narrows. The higher frequency modes are not as strong. They are connected with specific
smaller-scale features of the inlet system (like Sproat Narrows) and cannot be classified
from the point of view of the complete system. Their role in wave transformation is less
important, as local amplification at these high frequencies is generally small.

The results from the second model (B) of tsunami waves due to a short-south scenario
of the Cascadia Subduction Zone earthquake off northern California show spectral
characteristics and amplification that are similar to those from model A, or from observed
background sea-level data. The nonstationary nature of the model B waves, due to its
transient forcing, make direct comparison with the observations or with the model A
somewhat inconclusive. However, the model B spectral peaks are at about the same
frequencies as in the observed spectra, while its amplification ratios are comparable with
those of the model A and the observations. The model B results also show that the
maximum tsunami current speeds are in Sproat Narrows, which divides the inlet into two
parts, with the largest tsunami waves occurring in the upper Alberni Inlet, especially in
the area of Port Alberni.
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Evaluating Tsunami Hazard in the Northwestern Indian Ocean

MoHAMMAD HEIDARZADEH,I MoHARRAM D. PIROOZ,] Nasser H. ZAKER,2 and
Costas E. SYNOLAKIS®

Abstract—We evaluate here the tsunami hazard in the northwestern Indian Ocean. The maximum regional
earthquake calculated from seismic hazard analysis, was used as the characteristic earthquake for our tsunami
hazard assessment. This earthquake, with a moment magnitude of M,, 8.3 and a return period of about
1000 years, was moved along the Makran subduction zone (MSZ) and its possible tsunami wave height along
various coasts was calculated via numerical simulation. Both seismic hazard analysis and numerical modeling of
the tsunami were validated using historical observations of the Makran earthquake and tsunami of the 1945.
Results showed that the possible tsunami may reach a maximum height of 9.6 m in the region. The distribution
of tsunami wave height along various coasts is presented. We recommend the development of a tsunami warning
system in the region, and emphasize the value of education as a measure to mitigate the death toll of a possible
tsunami in this region.

Key words: Northwestern Indian Ocean, Makran subduction zone (MSZ), deterministic tsunami hazard
assessment (DTHA), maximum regional earthquake, near-field effects, numerical modeling.

1. Introduction

The great Sumatra—Andaman tsunami of 2004 has awakened the attention of the
scientific community to tsunami hazard in the Indian Ocean basin (OxaL and SYNOLAKIS,
2008). This mega-tsunami was fresh evidence that lack of tsunami hazard understanding
in any tsunami-prone coastline can have serious consequences. According to CLAGUE
et al. (2003), tsunami hazard is normally evaluated by the maximum wave runup, which
can be measured as either the elevation reached by the water, or the horizontal distance
the wave floods inland. Throughout this paper, the term tsunami hazard is considered as
referring the vertical runup.

Different methods have been employed by researchers to assess tsunami hazards in
various tsunamigenic zones around the world including: (1) analysis of historical tsunami
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(e.g., DomINEY-HOWEs et al., 2007), (2) deterministic modeling (e.g., OkaL and
Synorakis, 2008), and (3) probabilistic modeling (e.g., RIKITAKE and Aipa, 1988).

Compilation and analysis of historical data of tsunamis is of primary importance for
tsunami hazard assessment. The compiled data yield important information about the
return period of tsunamis, the different types of potential tsunamis in the region, the
possible tsunami wave heights, and the most vulnerable coastlines to the impact of
tsunamis (DomINEY-Howes et al., 2007). Such catalogs have been developed for many
tsunami-prone coastlines around the world such as Italy (e.g., TINTI and MaArRAMAL 1999),
Japan (e.g., ABE, 1985), the Mediterranean (e.g., AMBRASEYS, 1962), U.S.A. (e.g., LANDER
et al., 1993), and other regions.

When data of historical tsunamis for a particular site are insufficient, tsunami hazard
can be calculated using a deterministic method. This method is based on adopting
characteristic scenarios considering the largest event known to have hit the area of
interest and to simulate this event through numerical modeling (GeisT and PARSONs,
2006). This technique has been used to assess tsunami hazards in some vulnerable
coastlines (e.g., OKAL et al., 2006a; TiNTI and ARMIGLIATO, 2003).

The probabilistic method is based on the idea underlying seismic hazard assessment
(Lin and Tung, 1982). This method uses a combination of probability analysis for
offshore earthquake occurrence and numerical modeling of tsunamis to determine the
probability of having a tsunami whose maximum water elevation exceeds a certain value
at a coastal site. The method has been employed by some authors (e.g., RIKITAKE and
Ama, 1988).

In this study, we aim at evaluating the tsunami hazard in the Makran subduction zone
(MSZ) in the northwestern Indian Ocean (Fig. 1) using a deterministic method. As
shown, the MSZ is formed by the northward subduction of the Arabian plate beneath the
Eurasian one. This zone extends east from the Strait of Hormoz in Iran to near Karachi in
Pakistan with a length of about 1000 km. This region is prone to large subduction
tsunamigenic earthquakes from the MSZ. The last tsunami in the region occurred on
November 28, 1945, and was produced by an M,, 8.1 earthquake claiming more than
4000 lives (Heck, 1947).

HEmARZADEH et al. (2008a, 2008b) studied historical tsunamis in the MSZ and
presented a preliminary estimation of tsunami hazard for this region. HEIDARZADEH et al.
(2008b) moved a 1945-type earthquake along the MSZ and calculated the maximum
positive tsunami wave height along the various coasts in the region. Although their work
is of importance for the Makran region whose tsunami hazard had not been studied
before, it is believed that more studies should be performed on the seismicity of the
region to more accurately estimate its tsunami hazard. In fact, this study is the
continuation of the preliminary work performed by HEIDARZADEH et al. (2008a, 2008b) on
the Makran tsunami hazard assessment to provide a better understanding of the level of
tsunami threat faced in this region.

For regions like Makran where the historical record of tsunamis and earthquakes is
both short and insufficient, a more accurate tsunami hazard assessment can be performed
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Figure 1
Location map and tectonic setting of the Makran Subduction Zone (MSZ). The inset shows the MSZ compared
to the entire Indian Ocean region.

by application of probabilistic seismic hazard analysis to calculate the maximum regional
earthquake, followed by the application of sophisticated hydrodynamic models to
calculate possible tsunami wave heights. In this context, we calculated here the maximum
magnitude of earthquakes in the MSZ using probabilistic seismic hazard analysis.
Subsequently, it was used as the tsunami source in the present deterministic method. Six
tsunami scenarios along the MSZ were considered and for each scenario numerical
modeling of the tsunami was performed. Also, we discuss the magnitude of the worst
possible earthquake in this region and its possible tsunami. The results presented here
may assist in developing tsunami preparedness strategies in the northwestern Indian
Ocean where the tsunami hazard has been inadequately understood.

2. Probabilistic Seismic Hazard Analysis and Validation

The motivations for performing probabilistic tsunami hazard assessment are to
calculate the maximum regional magnitude of earthquake in the region, which will then
be used as the tsunami source in the next section, and also to estimate the return period of
large earthquakes in the region.

The area surveyed for assessing the seismicity comprised a rectangle limited between
23° to 28°N, and 57° to 70°E. A variety of sources was used to compile an earthquake
catalog for the MSZ which can be classified as belonging to one of two categories:
Historical (non-instrumental) or modern (instrumental). All data concerning events prior
to 1900 are of historical type. Modern data consist of hypocenters and instrumentally
recorded arrival times from worldwide stations that are reported in various catalogs,
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The epicenters and magnitudes of earthquakes in the Makran region.

books and journals. The epicenters and magnitudes of the compiled earthquakes are
shown in Figure 2. The maximum observed earthquake in the region is the event of
November 28, 1945 with a moment magnitude of 8.1.

The assessment of the recurrence parameters for the MSZ was performed by making
use of the procedure developed by Kuko and SeLLeEvoLL (1992). Also, the method
developed by Kuko (2004) was employed to calculate the maximum regional earthquake
magnitude. Here, we divided the catalog of Makran earthquakes into four parts. The first
part contains historical large events (non-instrumental events). The other three parts were
complete catalogs including instrumental data each having certain threshold magnitude
and standard deviation. The results of seismic hazard assessment for the MSZ are shown
in Figure 3. Estimates of the earthquake return periods in the MSZ are shown in
Figure 3a. Also, Figure 3b presents the probability of earthquakes with certain
magnitudes in the next 1, 50, 100 and 1000 years. For example, based on the results
shown in Figure 3, the return period of an M,, 8.1 earthquake is about 250 years in the
MSZ, and the probability of having such an earthquake in the next 50 years is about
17.5% in this region. Figure 3 shows that the maximum regional earthquake magnitude in
the MSZ is about 8.3 which will be used as the tsunami source in the following sections.
The return period of this earthquake is about 1000 years, and the probability of having
such an earthquake in the next 50 years is about 5%.

To validate the results of the seismic hazard analysis, we compared our results with
previous estimates of the return period of large earthquakes in the MSZ. BYRNE et al. (1992)
believed that, if all of the plate motion between Eurasia and Arabia occurred during
earthquakes like the 1945 event (M,, 8.1), such events would be expected to repeat about
every 175 to 300 years in the eastern Makran. By calculating the average uplift rate along
the Makran coast, PAGE et al. (1979) estimated that the recurrence of a 1945-type earthquake
along the MSZ is approximately 125 to 250 years. Our results presented in Figure 3a
suggest a return period of about 250 years for a 1945-type earthquake (M,, 8.1), which is in
agreement with the previous estimates made of PAGE et al. (1979) and BYRNE ef al. (1992).
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Estimation of earthquake return periods in the MSZ (a), and the probability of earthquakes with certain
magnitudes in the next 1, 50, 100 and 100 years (b).

3. Tsunami Modeling and Verification

The Makran earthquake and tsunami of 1945, which was the only instrumentally
recorded tsunami in the northwestern Indian Ocean, was used for validation of our
tsunami modeling. Some authors (e.g., AMBRASEYS and MELVILLE, 1982; PAGE et al., 1979)
reported that the ocean floor experienced about 2 m of uplift due to this earthquake. The
data of the Makran 1945 tsunami wave heights on the coastlines are rather poor and no
tide gauge data are available. However, there are some limited data pertaining to tsunami
wave heights on some Makran coasts. AMBRASEYS and MELVILLE (1982) reported that the
tsunami wave height was approximately 4-5 m in Pasni, about 1.5 m in Karachi, and 2 m
in Mumbai. Also, they reported that the tsunami caused extensive flooding of low-lying
areas along the Iranian coastline, but no details were presented. PENDSE (1946) reported:

“Karachi, which is at a distance of about 276 miles from the epicenter, experienced
waves affecting the harbor at 5-30 AM, 7 AM, 7-50 AM and 8—15 AM. The last one
was the largest and its height was estimated to be 4.5 ft above normal.”

Other authors reported 12-15 m wave height at Pasni due to the 1945 tsunami (e.g.,
BERNINGHAUSEN, 1966). HEIDARZADEH et al. (2008a) presented evidence that the Makran
tsunami of 1945 was associated with other phenomena such as landslides and attributed
the large runup of 12—-15 m to it. Based on their detailed runup modeling, HEIDARZADEH
et al. (2008a) concluded that the tectonic source of the 1945 tsunami was capable of
producing 4-5 m runup in the near-field (i.e., Pasni), as reported by AMBRASEYs and
MELVILLE (1982). Some authors (e.g., AMBRASEYS and MELVILLE, 1982; BiLHAM et al.,
2007) reported that the largest tsunami wave (i.e., wave of 12—15 high) arrived at Pasni
about 1.5-2 hours after the earthquake, which supports HEIDARZADEH et al.’s (2008a)
interpretation of it as belonging to another phenomenon like a submarine landslide.
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Table 1
Seismic parameters of the Makran tsunami of 1945 and the maximum regional earthquake (M,, 8.3) used in this
study.
Name of event Dip Slip Strike Depth Length Width Slip Moment Uplift
(O G) © (km) (km) (km)  (m) (N m)* (m)
Maximum Regional 7 89 270 27 200° 80P 85> 4.08 x 10*' 2.8
Earthquake (M,, 8.3)
1945 Makran Earthquake 7 89 246 27 130 70 6.6 180 x 10*' 2.0
M, 8.1)

 The rigidity of the earth is about 3.0 x 10’ N/m? in the Makran region; after BAYER er al. (2006).
® Estimated using empirical relations of WeLLs and CoppErsmiTH (1994) and calibrated using the data of the
Makran earthquake of 1945.

Here, the algorithm of MaNsINHA and SMYLIE (1971) was used to calculate the seafloor
deformation due to the earthquake. This algorithm calculates the ground deformation
using input seismic parameters that include the strike, dip, and slip angles, the amount of
slip, the dimensions of the rupture area (length and width), and the earthquake depth
(SynoLakis, 2003). The seismic parameters estimated in the study by BYRNE et al. (1992)
and calibrated by HEIDARZADEH et al. (2008b), were used for tsunami generation modeling
which were: 246°, 7°, 89°, 6.6 m, 130 km, 70 km, and 27 km, respectively (Table 1).
The maximum calculated uplift using these seismic parameters was about 2 m which was
in agreement with the actual observed uplift during the 1945 event.

The numerical model TUNAMI-N2 was used for simulation of propagation and
coastal amplification of long waves. The model was originally authored by Nobuo Shuto
and Fumihiko Imamura of the Disaster Control Research Center in Tohoku University
(Japan) through the Tsunami Inundation Modeling Exchange (TIME) program (Gorto et
al., 1997). TUNAMI-N2 is one of the key tools for developing studies for propagation
and coastal amplification of tsunamis in relation to different initial conditions (YALCINER
et al., 2002). Also, a similar methodology is used in the numerical model MOST (Method
of Splitting Tsunami) developed by Trtov and Synorakis (1998). TUNAMI-N2 and
MOST are the only two existing nonlinear shallow water codes, validated with laboratory
and field data (YEH et al., 1996).

In this study, we applied bathymetry data provided through the GEBCO (General
Bathymetric Chart of the Oceans) digital atlas (IOC et al., 2003). The total number of
grid points in the computational domain was 369852, which was 833 x 444 points. The
time step was selected as 3.0 s to satisfy the stability condition. The duration time of
wave propagation was 4 h in our simulations. Figure 4 presents the results of the
numerical modeling of tsunami for the Makran earthquake of 1945. As shown, the
distribution of the tsunami wave height along various Makran coasts reproduces most
features of the historical observations during this event. Our numerical model
successfully reproduces the wave height of about 4-5 m at Pasni as well as 1.5 m in
Karachi. The modeling results showed that the largest wave arrives in Karachi about
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Figure 4
Distribution of the maximum positive tsunami wave heights along the Arabian Sea coasts due to the Makran
tsunami of 1945 (after HEIDARZADEH et al., 2008b).

120 min after the earthquake, which is in approximate agreement with the historical
reports. In addition, Figure 4 shows that the simulated wave heights at the southern coasts
of Iran and northern coasts of Oman are less than 1 m, thus it is reasonable since there is
scant information regarding the effects of the Makran tsunami of 1945 on these coasts.
Also, this is consistent with the results of OkaL ef al. (2006b) who attempted to find
eyewitnesses of the 1945 tsunami in Oman, but found none, although OxaL (2008,
personal communication) found one eyewitness who reported 3 m runup in Sur.

4. Tsunami Scenarios

The maximum regional earthquake magnitude (M,, 8.3) in the MSZ, estimated in the
Section 2, was used for tsunami hazard assessment. Empirical relations proposed by
WELLs and CoppeErsMITH (1994) were employed to relate the moment magnitude of the
earthquake (M,, 8.3) to the fault parameters (rupture length, rupture width and fault
displacement). Other seismic parameters were the same as those of the 1945 event
(Table 1). However, we used a strike angle of 270° for our source scenarios as the MSZ is
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nearly straight. We note that the predictions made by WELLs and CoppersmITH’S (1994)
relations were not directly used here, but we calibrated them using the actual seismic
parameters of the Makran earthquake of 1945. As shown in Table 1, the maximum
regional earthquake (M,, 8.3) features a seismic moment of about 4.08 x 10*' N m
(4.08 x 10°® dyne x cm).

As the entire length of the MSZ is about 1000 km and since every M,, 8.3 earthquake
is capable of rupturing about 200 km of the plate boundary, we considered 6 tsunami
scenarios with a 25 km overlap between adjacent scenarios (Fig. 5).

5. Results of Deterministic Modeling
The results of tsunami modeling for all of the tsunami scenarios are presented in

Figure 5. Also, Figure 6 presents the maximum wave height of the scenario tsunamis as
they travel across the Arabian Sea for the case of S4 (Fig. 6a) and S5 (Fig. 6b) along with



Vol. 165, 2008 Tsunami Hazard in the Northwestern Indian Ocean 2053

Wave Height(m) 753 2 1 05

| |
Sur —~ ~— ) . (C)
Karachi I N — e
.-'/-\‘\ .-"I.\‘.
/ ~ \ AT e
! \ oy ./ ‘-.\_ o~
/ v\ oA~S \/ Yomy NS
J/ \ /N v ] A
A i
I 1 I I I I I
0 30 60 90 120 150 180 210 240
Time (min)
Figure 6

Maximum wave height of the scenario-tsunami as it travels across the Arabian Sea for the case of scenarios S4
(a) and S5 (b), along with the time histories of tsunamis in selected coastlines for the case of S5 scenario (c).

the time histories of the tsunami waves in selected offshore gauges for the case of
scenario S5 (Fig. 6¢).

Based on Figure 5, the maximum calculated tsunami wave height was about 9.6 m
which was due to scenario S2 along the southern coast of Iran. Results showed that, by
moving the maximum regional earthquake (#,, 8.3) along the MSZ, the tsunami will
reach a height of 4-9.6 m along the southern coasts of Iran and Pakistan, 3—7 m along the
northern coast of Oman, 1-5 m along the southern coast of Oman, and 1-4.4 m along the
eastern coast of Makran. In their preliminary estimation of the tsunami hazard associated
with the MSZ, HEIDARZADEH et al. (2008b) concluded that the southern coasts of Iran and
Pakistan will experience the largest wave heights and thus are the coasts with the highest
hazard in the northwestern Indian Ocean. However, our results based on the current more
comprehensive study, revealed that the northern coast of Oman has hazard as high as the
southern coasts of Iran and Pakistan.

Figures 6a,b show that most of the tsunami’s energy travels perpendicular to the
strike of the fault segment which is evident from the theory of directivity (BEN-
MEeNAHEM and RosenmAN, 1972). HEDARZADEH et al. (2008b) showed that tsunamis
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originating from the middle and eastern part of the MSZ due to a 1945-type earthquake
(M,, 8.1), have minor effects on the Omani and Emirian coasts. Our results, based on
an M, 8.3 earthquake as the tsunami source, support their conclusion, since the
maximum wave heights generated by the S4 and S5 scenarios were less than 1 m on
the Omani and Emirian coasts (Figs. 6a,b). Therefore, we may conclude that the
directivity of tsunami is an important factor when dealing with the tsunami hazard in
the northwestern Indian Ocean. HEIDARZADEH ef al. (2008b) reported up to 2 m of
tsunami wave height along the Emirian coast due to a 1945-type earthquake. Our
simulations showed a wave height of up to 5 m along this coast. Hence, we repeat the
statement made by HEIDARZADEH et al. (2008b) that the tsunami hazard of the Emirian
coast cannot be neglected.

According to Figure 6c¢, the tsunami for case S5 will reach the nearest coast (e.g.,
Jiwani and Pasni) within about 15 min. However, the tsunami travel times to more
distant coasts are longer, e.g., about 45 min for the Omani coast, 35 min for Chabahar,
and 75 min for Karachi and Jask. Regarding such a short travel time, we believe that
the only warning available will be the ground shaking for the nearest coast to the
tsunami source, and it is unlikely that a local tsunami warning system could be
effective in warning the nearest coast, e.g., Jiwani and Pasni in this case. However,
such a system can be used to warn (or to sound an ‘all clear’ for, which is also an
important function of a warning system) the coasts located far to the east, west, or
south of the rupture zone, e.g., Jask, Muscat, and Karachi in this case. Therefore, we
recommend the development of a tsunami warning system in the northwestern Indian
Ocean.

We emphasize that public education is a must. According to SyNoLAkis and BERNARD
(2006), in an era of global citizenship, more comprehensive educational efforts on
tsunami hazard mitigation are necessary worldwide. SynoLakis and KonG (2006) reported
that simply educating the local populations and training emergency managers in countries
at risk in the Indian Ocean region is not enough. In any coastline vulnerable to a tsunami
attack, it is important that everyone can identify the precursors of a tsunami attack and
knows to evacuate to high ground or inland as quickly as possible, or, if necessary, how to
more safely vertically evacuate to well-built structures that are likely to survive
(SynorLakis and Kong, 2006). SynoLakis and OxaL (2005) reported that the 1999 Vanuatu
tsunami was a milestone in tsunami hazard assessment, showing the value of education as
a mitigating factor of the death toll during near-field tsunamis. However, we note that the
public must be informed clearly about the level of an expected tsunami threat and about
areas at risk.

6. Discussion

The present tsunami hazard assessment was performed by considering the maximum
regional earthquake (M,, 8.3) as the tsunami source whose return period is about
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1000 years. However, we believe that this earthquake does not represent the worst
possible earthquake in the MSZ. Following the 2004 Indian Ocean tsunami and taking
into account the lessons learned from this mega-tsunami, OxaL (2007) proposed that the
maximum earthquake size expected from a subduction zone depends on the length over
which a fault system extends continuously along a convergent plate boundary. This
continuous segment is about 500 km for the MSZ as the segmentation of this subduction
zone was confirmed by BYRNE ef al. (1992). By applying the empirical relations of WELLS
and CoppersMITH (1994), the corresponding earthquake magnitude will be about 8.6 in
moment magnitude scale. It is evident that such an earthquake and consequent tsunami
will be a very rare event, having a far longer return period than that of the maximum
regional earthquake (M,, 8.3).

As discussed by HEIDARZADEH et al. (2008b), we note that TUNAMI-N2 treats the
coastline as a vertical wall, and hence flooding was not permitted in our simulations. In
other words, runup calculations were not performed, however the maximum positive
tsunami heights along the coast were calculated which provide a reasonable approxi-
mation of the runup heights (TINTI et al., 2006; YALCINER et al., 2002). Therefore, it is
possible that our results (Fig. 5) underestimate or overestimate the runup heights in some
areas where the actual beach topography may have a pronounced influence on the
hydrodynamics of tsunami runup.

7. Conclusions

To more accurately evaluate tsunami hazard in the northwestern Indian Ocean, a
series of tsunamis each resulting from the maximum regional earthquake (M,, 8.3) were
simulated. The main findings are:

(1) Based on the results of seismic hazard analysis, the maximum regional earthquake
magnitude in the MSZ is M,, 8.3 with a return period of about 1000 years.

(2) The maximum calculated tsunami wave height was about 9.6 m which was obtained
along the southern coast of Iran.

(3) The tsunami will reach a height of 4-9.6 m along the southern coasts of Iran and
Pakistan, 3—7 m along the northern coast of Oman, 1-5 m along the southern coast of
Oman, and 1-4.4 m along the eastern coast of Makran.

(4) As was previously reported by HEIDARZADEH et al. (2008b), our results showed that
the tsunami hazard of the Emirian coast cannot be neglected.

(5) Our results confirmed HEIDARZADEH et al.’s (2008b) conclusion that tsunamis
originating from the middle and eastern part of the MSZ have minor effects on the
Omani and Emirian coasts.

(6) We recommend the development of a tsunami warning system in the northwestern
Indian Ocean.
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(7) We emphasize the value of education as an essential measure for mitigating the
possible death toll from tsunamis in the northwestern Indian Ocean.
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A Probabilistic Tsunami Hazard Assessment for Western Australia
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Abstract—The occurrence of the Indian Ocean Tsunami on 26 December, 2004 has raised concern about the
difficulty in determining appropriate tsunami mitigation measures in Australia, due to the lack of information on
the tsunami threat. A first step in the development of such measures is a tsunami hazard assessment, which gives
an indication of which areas of coastline are most likely to experience tsunamis, and how likely such events are.
Here we present the results of a probabilistic tsunami hazard assessment for Western Australia (WA). Compared
to other parts of Australia, the WA coastline experiences a relatively high frequency of tsunami occurrence. This
hazard is due to earthquakes along the Sunda Arc, south of Indonesia. Our work shows that large earthquakes
offshore of Java and Sumba are likely to be a greater threat to WA than those offshore of Sumatra or elsewhere
in Indonesia. A magnitude 9 earthquake offshore of the Indonesian islands of Java or Sumba has the potential to
significantly impact a large part of the West Australian coastline. The level of hazard varies along the coast, but
is highest along the coast from Carnarvon to Dampier. Tsunamis generated by other sources (e.g., large intra-
plate events, volcanoes, landslides and asteroids) were not considered in this study.

Key words: Tsunami, probabilistic hazard assessment, Western Australia, earthquake recurrence, Sunda
Arc, subduction zone.

1. Introduction

Western Australia appears to experience larger tsunamis with a higher frequency of
occurrence than other parts of Australia, primarily due to its proximity to the zone of
tectonic activity known as the Sunda Arc, which skirts the southern edge of the
Indonesian archipelago. In addition to the Indian Ocean Tsunami of 2004, four tsunami
events have affected the coast of Western Australia with runup (maximum inundation
height above sea level reached by the tsunami) of 2 meters or more (Fig. 1), with the
maximum recorded runup of 9 meters originating from the July 2006 Java earthquake.
Although tsunamis have as yet caused no confirmed fatalities in Australia, dozens of
bathers on some WA beaches were dragged out to sea (and subsequently rescued by boat)
during the 2004 Indian Ocean Tsunami, and campers at Steep point (the purple bar in
Fig. 1) were lucky to escape with their lives following the tsunami caused by the 2006
Java earthquake (The Western Australian, 19 July, 20006).

! Geoscience Australia, GPO Box 378, Canberra, ACT 2601, Australia. E-mail: phil.cummins@ga.gov.au
2 URS Corporation, 566 El Dorado Street, Pasadena, CA, U.S.A.
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Assessing just how often and where significant tsunami runup might occur, however,
is a difficult problem that would require either an extensive catalogue of historical
tsunami inundation events, or sophisticated numerical modelling of the shoaling and
inundation that occurs when a tsunami reaches the shoreline. The former does not exist
for Western Australia, since there is little or no historical record prior to the 1800s. To the
best of the authors’ knowledge there has not previously been a probabilistic tsunami
hazard assessment specifically for WA, although some preliminary assessments based on
limited historic data or a restricted set of numerical models have been completed (RynN
and Davipson, 1999; BurBIDGE and Cummins, 2007). Here we present the first
probabilistic tsunami hazard assessment for WA expressed in terms of an offshore
tsunami amplitude which has a given probability of being exceeded per year. Offshore is
defined here to be a water depth of 50 m or greater. Because the modelling of tsunami at
this depth or greater is considerably simpler and is less sensitive to shallow bathymetry,
thousands of potential sources of tsunami can be simulated, and the results combined into
an aggregate ‘offshore tsunami hazard map’ that should provide some indication of which
broad areas of the Western Australian coast are susceptible to tsunami impacts. These
areas can then be taken as the focus of subsequent work using more detailed inundation
modelling.

The tsunami hazard assessment described here was commissioned by the Fire and
Emergency Services Authority of Western Australia (FESA) to cover the coastline of
Western Australia. The coastline at which tsunami hazard has been assessed is therefore
that of continental Australia west of 130°E longitude. Although results for other
coastlines may appear in some figures, the hazard assessment presented here may not be
valid for these coastlines (e.g., local tsunami may not have been adequately considered
for Christmas Island or Indonesia). The sources considered to have a significant tsunami
impact on the coastline of Western Australia are those in the Indian Ocean — in
particular the Sunda Arc, east of 90°E longitude and west of 135°E longitude (Fig. 2).

The only type of tsunami source considered in this study are subduction zone
earthquakes generated along the Sunda Arc, because they are by far the most frequent
source of tsunamis that affect the coast of Western Australia. Three quarters of the
world’s tsunamis are caused by earthquakes (Gusiakov, 2005), and of the 18 historical
Indian Ocean-wide tsunami events, only one was not caused by an earthquake (DoMINEY-
Howes et al., 2006). The other sources of tsunamis are:

Volcanic eruptions. The 1883 eruption of Krakatau is the only known major volcanic
eruption that has triggered a tsunami which has affected Western Australia. The Krakatau
eruption caused a moderate (1-2 m runup) tsunami which was observed all along the WA
coast (see Fig. 1). The recurrence time for major eruptions at Krakatau is thought to be
21,000 years (BEAUREGARD, 2001). The potential for other volcanoes in the region
generating a tsunami large enough to contribute to the tsunami hazard off WA is unclear.

Asteroid/meteorite impacts. These are a concern for any coastal community, with
estimates of return times of 11,000 and 30,000 years for a (respectively) 2 m and a 5 m
maximum amplitude offshore tsunami impacting Perth (WarD and AspHauG, 2000). More
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Figure 1
WA Tsunami runup observations and the corresponding tsunamigenic events, with events color-coded to match
the runup observations. The basemap shows the bathymetry off the West Australian Coast. M, is the moment
magnitude, while VEI is the Volcanic Explosivity Index, with 6 for Krakatoa being one of the largest in recorded
history. There are no recorded observations in Australia of the tsunami events of 1833 and 1861. The length of
the columns increases with the height of the observed runup (the scale of the columns is shown in the bottom left
hand corner of the figure).

recent work, however, suggests that both the rates and tsunami impacts of the 200-300 m
meteors that dominate this hazard source are grossly overestimated (BLanp and
ARTEMIEVA, 2003; MELosH, 2003; Korycansky and LyNETT, 2005)—although CHESLEY
and WaRrD (2006) still consider the higher rates and impacts plausible.

Submarine landslides. Submarine landslides near the coast have the potential to
produce large, local tsunamis. While there is evidence of large, potentially tsunami-
generating submarine slope failures off Australia’s eastern coast (JENKINS and KEENE,
1992), the sparsity of data along the western coast precludes any definitive statement
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Figure 2
A map of major faults and islands in Indonesia discussed in this study, from Birp (2003). The northward
extension of the Andaman suduction zone (dashed blue line) is from AcHaryyA (1998). In the text we refer to
plate boundaries by the name of the nearest island (shown in bold type).

about the frequency of submarine slope failures. It is also thought that ocean-wide
tsunamis can be produced by massive failure of a volcanic edifice (WARD and DAy, 2001).
Although an argument could be made for possible edifice collapse at Heard/McDonald
Island, there is no information on the likelihood of such an event occurring.

While there is some evidence that suggests ‘megatsunami’, possibly generated by the
non-earthquake sources described above, may have impacted Western Australia during
the past millennium (Nott and BryanT, 2003), the evidence is not conclusive. In any
case, what we do know of the above non-earthquake sources of tsunamis suggests the
recurrence times of such events will be 10,000 years or more.

In this study, we will only quantitatively estimating the tsunami hazard to WA from
tsunamis generated by earthquakes along the Sunda Arc. Not including the other non-
Sunda Arc sources like landslides has the effect of underestimating the total tsunami
hazard. The magnitude of this effect is difficult to estimate because of the large
uncertainty in the frequency of many of these non-Sunda Arc zone sources. However, we
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feel that they have the potential to be significant to the hazard for return periods of
10,000 years or longer. Therefore, all hazard maps shown in this paper are for return
periods of 2000 years or less, where we feel that tsunamis generated by earthquakes
along the Sunda Arc are probably the dominant source of the hazard to WA.

2. Sunda Arc Earthquake Sources of Tsunami

In this study we consider the most likely source of tsunamis, earthquakes in the Sunda
Arc from the Andaman Islands in the west to Aru in the east (Fig. 2). Although CumMINS
(2007) has suggested that the earthquake potential for the Sunda Arc extends further
northward along the coast of Myanmar, as indicated by the dashed line in Figure 2,
tsunamis generated by earthquakes along this extension have not been considered here,
because they do not direct significant energy towards WA. We also consider tsunamis
from the Flores thrust fault to the north of Timor and the Seram subduction zone. In the
following sections we discuss the three main regions of the Sunda Arc subduction zone
that could produce tsunamis that could affect WA: Sumatra, Java, and Sumba. Unless
otherwise specified, we use the moment magnitude values from the Global CMT project
(http://www.globalcmt.org/) in this section. However, we acknowledge that various other
researchers may give other estimates which can differ by up to about 0.3 units from the
USGS value for specific events by using other methods to calculate the magnitude.

The northern most section (called here the Andaman section) was the site of the M,
9.3 (SteIN and OkaL, 2007) 2004 Andaman earthquake. While this event created the huge
Boxing Day tsunami in the northern Indian Ocean, its effects along the WA coast were
comparatively small. We consider the Andaman section to be the entire subduction zone
from 13°N to the Island of Nias. The Sumatran section lies offshore the Island of Sumatra
between the triple junction and the Sunda Strait. The Java section is the subduction zone
directly to the south of the Island of Java between the Sunda Strait and approximately
113°E. The Sumba section continues to the east until the subduction zone ends just to the
west of the Island of Timor. In the hazard assessments we also include several of the plate
boundaries surrounding the Banda Sea; namely: Timor, Tanimbar, Aru, Flores and
Seram. Finally, we also discuss the diffuse seismicity between the Indian and Australian
plates to the northwest and west of WA.

The purpose of this section is to define the range of sources used in the tsunami hazard
map. The discussion of seismicity in the various segments of the Sunda Arc presented here
will allow us to establish the combinations of source mechanisms and maximum
magnitudes to be used in the logic tree that will serve as the source specification for our
hazard map, as described in, e.g., GEIsT and Parsons (2006). Details of this logic tree are
presented in Table 1. The dip values for the subduction zones were found by averaging the
0-50 km dip angles of Cruciant et al. (2005). The maximum seismogenic depth was found
by matching the maximum depth of the sub-faults to observed seismicity along each fault.
The other columns in Table 1 are determined in the following sections.
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Table 1

Geometry and physical properties of the fault segments used in the probabilistic tsunami hazard assessment

Segment Name Maximum Dip Maximum Number Slip-rate

Magnitude (deg) Seismogenic p-a.> (mm/yr)
M) Depth (km) M, 7.0

Andaman Megathrust 9.3/9.5! 14 50 0.043

Sumatra Megathrust 9.3/9.5" 15 50 0.075

Java Megathrust 8.5/9.0/9.3/9.5> 16 60 0.093

Sumba Megathrust® 8.5/9.0/9.3/9.5 14 60 0.075

Sumba Normal® 8.5/9.0' 55 47 0.075

West Timor Thrust 7.5/8.0" 20 17 23.0

East Timor Strike-Slip 7.5/8.0" 73 48 17.3

Tamibar Normal 7.5/8.0" 55 41 41.0

Wetar-Flores Thrust 8.0/8.5! 20 17 345

South Aru Strike-Slip 7.5 73 48 47.8

Aru Normal 7.5 55 41 41.0

South Seram Thrust 7.5 20 17 75.7

Seram Megathrust 8.5/9.1' 14 30 0.031

West Seram Thrust 7.5 20 17 64.9

' Two models with these maximum magnitudes are considered for this fault segment, each weighted with a 50%
chance of being correct.

2 Four models with these maximum magnitudes are considered for this fault segment, each weighted with a
25% chance of being correct.

3 Two models are considered for the Sumba section of the Sunda Arc, one with only a megathrust and another
with both a megathrust and a normal fault; each model is weighted with a 50% chance of being correct.

2.1. Sumatra-Andaman

Historically most of the larger earthquakes offshore Sumatra appear to be shallow-
dipping thrust fault events on the megathrust, as were the 26 December, 2004 M,, 9.3
Andaman earthquake and the 28 March, 2005 M,, 8.6 Nias earthquake, and more recent
events in September 2007 (Fig. 3). Great (i.e., larger than magnitude 8.0) thrust
earthquakes have also occurred in historic times, prior to the events of 2004 and 2005.
NewcoMmB and McCanN (1987) document the occurrence of three major tsunamigenic
earthquakes in 1797, 1833 and 1861. More recent analyses of coral microatolls
(ZACHARIASEN et al., 1999, and NaTAwIDIAJA et al., 2006) have shown that these events
likely ranged from magnitude 8.5 to 8.7.

Since 1976, a much smaller number of normal faulting events have occurred to the
west of the trench on the outer rise (Fig. 3). This type of earthquake appears to occur
much less frequently than the megathrust events, and their magnitudes appear to be
considerably smaller (rarely greater than My, = 7). We therefore discount such events as
contributing significantly to the tsunami hazard in Western Australia.

Between the trench and the coast, some strike-slip earthquakes have occurred off
Sumatra since 1976. These are thought to be a combination of events on the Mentawai
and the Great Sumatran faults. Motion on these faults appears to reflect strain partition of
the oblique subduction (BURBIDGE and Braun, 1998) in the Sumatra section of the Sunda
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Earthquake focal mechanisms of all the earthquakes in the Global CMT catalogue for the eastern Indian Ocean

region since 1976 with M,, > 7.0 and depth less than 100 km, as well as the mechanism of OxAL and REYMOND

(2003) for the 1938 earthquake. The background shows the bathymetry from the ETOPO2 elevation model.
Earthquakes discussed in the text have their years indicated.

Arc. The Great Sumatran fault will not produce any tsunami since it is entirely onshore,
so it is not included in the tsunami hazard analysis. The Mentawai fault might generate a
tsunami, however because it is a strike-slip fault the amount of uplift is likely to be quite
small even for a large earthquake. The Mentawai fault is therefore not included in the
probabilistic tsunami hazard analysis because it probably has a small maximum
magnitude, a low rate of earthquake occurrence, and the earthquakes that do occur are
unlikely to generate large tsunamis.

For the reasons described above, only megathrust earthquakes are considered to
contribute to the tsunami hazard in WA for the Sumatra-Andaman section of the Sunda
Arc. While the maximum magnitude may be only as large as the largest historical event
My, = 9.3, SteEIN and OkaL, 2007), the wide megathrust seismogenic zone demonstrated
by 2004 and later earthquakes suggests that even larger events may be possible. We
therefore consider two branches to the logic tree for this section of the Sunda Arc, one
with maximum magnitude of 9.3 and the other with maximum magnitude of 9.5.

2.2. Java

Like the Sumatra section, most of the larger earthquakes offshore Java appear to have
been megathrust events. The two largest ones (the M,, 7.8 1994 and M,, 7.7 2006 Java
events, see Fig. 3) are both considerably smaller and occurred closer to the trench than the
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largest Sumatra events in the same period. Both of these events created significant tsunamis
along the WA coast (Fig. 1). The 2006 event created the largest confirmed tsunami runup in
Australian history at Steep Point (approximately 9 m, purple bar in Fig. 1). These events
also created a damaging tsunami in Java and killed hundreds of people. Both of these events
are examples of “tsunami earthquakes” which produce larger tsunamis than expected for
their earthquake magnitude. Historical reports (NEwcoms and McCaNN, 1987) indicate that
earthquakes in 1875 and 1859 were large, causing more shaking to Java than recent events,
but it is hard to estimate exactly how large any earthquakes may have been before the
widespread use of seismographs (i.e., anything before the twentieth century). Other
historical earthquakes in 1840, 1859 and 1921 affected an extent of coast similar to the
more recent earthquakes and shook Java to a similar level.

While there is now no question that earthquakes of magnitude 9 and greater occur in
the western Sunda Arc off northern and central Sumatra, the maximum magnitude of
earthquakes occurring in the eastern Sunda Arc off Java is unknown. On the one hand,
there are arguments that, because the Australian plate being pushed beneath Java is
relatively old, the cooler temperature of the interplate contact will lead to a narrow
seismogenic zone, hence smaller earthquakes can be expected off Java (Rurr and
Kanamori, 1980; Hynpman and WaNG, 1993; OLESKEVICH et al., 1999). This argument is
supported by the apparent lack of a wide zone of interplate coupling suggested by
geodetic measurements (Bock et al., 2003). Cooler temperatures would also lead to
higher densities, lower buoyancy and potentially weaker coupling which may also
influence the maximum magnitude and/or rate of seismic moment release. On the other
hand, other studies suggest there is little dependence of subduction zone seismicity (rate
or maximum magnitude) on plate age (Birp and KaGaN, 2004; NisHENKO, 1991; PAcHECO
et al., 1993), in which case there is no basis for inferring that magnitude 9 earthquakes
cannot occur off Java. WELLS et al. (2003) have argued that the presence of sedimentary
basins between the trench and the coast (the forearc of the subduction zone) correlates
with regions of increased megathrust earthquake slip, and since Java and Sumatra both
have well developed forearc basins (see, e.g., the seismic reflection profiles of Kopp,
2002), it might be argued that both can host very large earthquakes. Finally, another
school of thought suggests that large earthquakes occur when some of the incoming
sediment is subducted into a channel between overriding and subducting plates (RUFF and
KanaMori, 1980; Rurr 1989). According to Laske and MasTERs’ (1997) global sediment
thickness map, there is a thickness of several kilometers of sediment along the Java
trench and even more for southern Sumatra, arguing again for a high maximum
magnitude for megathurst earthquakes off Java.

In summary, the age of the plate argues against large earthquakes off Java, but the
sediment subduction, rapid convergence and presence of forearc basins argues for it. It
should be noted that none of these indications can definitively prove that large
earthquakes can or can not occur at a particular subduction zone. In our opinion, the
possibility of a large earthquake occurring off Java cannot be ruled out, and we therefore
consider a wide range of possible maximum magnitudes for megathrust earthquakes off
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Java: 8.5, similar to the largest historical events, but also 9.0, 9.3 and 9.5 (Table 1) to
account for the possibility that much larger events occur but are not reflected in the
historical record.

2.3. Sumba

To the east of Java there is a major change in the mode of seismicity seen along the
Sunda Arc. There have been several major (above magnitude 6.0) normal faulting
earthquakes along this section of the Arc. There has also been a host of smaller normal
faulting earthquakes right along the trench from Timor to about 113°E. This is a highly
unusual pattern of earthquakes for a subduction zone since they are usually dominated by
shallow dipping thrust fault earthquakes rather than normal faulting earthquakes. The
largest earthquake in this normal faulting sequence was the M,, 8.3 Sumba 1977 event
(Fig. 3) which caused a significant tsunami along the northwest coast region of Australia
to the south (Fig. 1). This event was located to the south of the trench and had an
extensive series of aftershocks, most of which also had normal faulting mechanisms
(SPENCE, 1986). The 1977 Sumba event was the largest earthquake to have occurred
anywhere along the Arc from the Andaman Sea to Timor during the twentieth century.

The extensive normal faulting along this section of the Sunda Arc suggests that a
major change in stress occurs between 113°E and Timor. This could be due to the
relatively old (and thus dense) crust subducting along this section of the Arc. The plate
itself may be breaking off along a major normal fault at the trench (SpENCE, 1986). This
would have the effect of decoupling the megathrust and is consistent with the small
number of earthquakes between the trench and the coast. Although there are some
earthquakes with a shallow-dipping focal mechanism beneath the Island of Sumba itself
(which is consistent with an active megathrust) these are fairly small and quite rare.

In the hazard model, we have two branches to the logic tree representing two different
fault models for this section of the Sunda Arc. One has a normal fault extending from
113.5°E to Timor and the other is a shallow-dipping megathrust along the same section of
Arc (see Table 1 for details).

2.4. Banda Sea

The tectonic history of the eastern Sunda Arc around the Banda Sea has been the
subject of many decades of debate. It has been described by some as one of the most
complicated tectonic regions on Earth. The Java trench becomes much more shallow
south of Timor. From here to Aru it is known as the Timor Trough. There is no evidence
of any large (greater than magnitude 6.0) earthquakes to the south of Timor, though some
smaller earthquakes have occurred there. They occur on steeply dipping fault planes, are
fairly small, and have only occurred south of West Timor. Most of the major earthquakes
in this area have occurred to the north of Timor along the Flores and Wetar thrusts (the
pink boundary in Fig. 2 running from east to west and lying just to the north of Timor).
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The faults associated with these events are also quite steeply dipping. In between the
Flores and Wetar thrusts and the Timor Trough, there is a complicated mixture of
earthquake types with no clear dominant mechanism.

To the east, near the Islands of Tanimbar and Aru (Fig. 2), there has been only one
major event since 1976 (a My, 6.9 event in 1988). The events in this region have
extensional focal mechanisms. To the north of the Island of Seram we again see shallow-
dipping thrust earthquakes between the trench and under the island itself, just like those
off the southern coasts of Java and Sumatra. This suggests that a southward-dipping
active subduction zone exists in this area beneath the island.

An analysis of GPS measurements by Bock et al. (2003) has shown that the
convergence rate between the Australian Plate and the islands of the Sunda Arc
immediately to its north decreases dramatically east of Sumba. The convergence rate
between the Australian Plate and Timor is low, while the islands further to the north (e.g.,
Sulawesi) are moving much faster towards Australia than Timor is. This suggests that
most of the relative convergence is being accommodated to the north of Timor along the
Wetar and Flores thrust faults. The GPS data also indicate that the area around Aru and
Tanimbar is extensional since it is moving away from the Australian plate.

In our opinion, the most likely explanation for all these observations is that
subduction ceased between Timor and Aru when the Australian plate started to collide
with Timor (between 2 million and 10 million years ago). Timor consists of lighter
continental crust and so will resist subduction. Most of the convergent motion is now
being taken up by the Wetar and Flores thrust faults to the north of Timor. The area to the
east near Aru appears to be now undergoing rifting, probably also because of the Timor-
Australia collision. The Seram area appears to be the only active subduction zone left in
the Banda Sea area.

There is no consensus on the nature of the tectonics in the Banda Sea itself. Some
argue that the area is convergent (Birp, 2003); others argue that it is mostly strike-slip
(McCAaFrreY, 1988). The latter is more consistent with the recent focal mechanisms;
however they are quite complex and subject to multiple interpretations. The largest
earthquake in the Banda Sea itself was the 1938 event (Fig. 3). This event has been
estimated to have a magnitude of about My, 8.6 with a thrust mechanism and to be
approximately 60 km deep (OxaL and REymonD, 2003). It created only a relatively small
tsunami for an earthquake of this size, which appears to have caused damage local to the
source but did not produce a significant impact in Australia. We believe that any
earthquake with a plausible magnitude produced in the central to northern Banda Sea
could well produce a local, damaging tsunami in the Banda Sea region. However, any
tsunami generated here would be very unlikely to reach Western Australia with a
damaging height due to the number of islands between the Banda Sea and Australia.

Due to the great uncertainties and the low likelihood of a hazardous tsunami from the
central to north Banda Sea reaching Western Australia, the central Banda Sea itself is not
included as a source for the WA tsunami hazard maps. However, the Seram subduction
zone, the Timor-Australian plate boundary and the Flores and Wetar thrusts are all
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included as earthquake sources in the probabilistic tsunami hazard map, as indicated in
Table 1.

2.5. Central Indian Ocean

In June 2000 an My, 7.9 event occurred about 150 km to the southeast of the Cocos
(Keeling) Islands in the middle of the Indian Ocean (the isolated focal mechanism in
Fig. 3). Analysis of the event indicates that the earthquake started as a strike-slip event
but then may have triggered a simultaneous earthquake on another fault (a compound
rupture). The second fault has variously been argued to be another strike-slip fault or a
thrust fault (ABERCROMBIE et al., 2003). This earthquake was typical, if large, example of
the earthquakes that occur right across the Indian Ocean. Events in this region tend to be a
mix of thrust and strike-slip earthquakes. The central Indian Ocean is one of the most
seismically active ocean basins, however, its level of activity is still considerably less
than the Sunda Arc.

The central Indian Ocean region is currently thought to be a diffuse plate margin
separating the Indian and Australian plates (Brp, 2003). Australia and India are
approaching each other by less than 8 mm/yr (Birp, 2003). Unlike other oceanic plate
margins this convergence is being accommodated over a region, which is at least 25
degrees in longitude and 15 degrees in latitude. One transect of the region counted 134
active faults over a distance of 2100 km (CHAMOT-ROOKE et al., 1993). The deformation
in this region appears to be accommodated by a complex mix of:

e strike-slip earthquakes along pre-existing transforms formed at the Australian-
Antarctic spreading center;

e pre-existing normal faults formed at the spreading center and reactivated as reverse
faults; and

e recently formed thrust faults scattered throughout the Indian Ocean.

Since the convergence is spread over so many small faults, the individual slip rate
on any fault is probably less than 0.1 mm/yr. Cumulatively this adds up to the still
very small ~8 mm/yr of relative convergence between the Indian and Australian
plates.

There are far too many faults in this area to consider in a probabilistic tsunami hazard
assessment using unit sources (like the one done for this study). One would have to use an
areal source, similar to the method used in seismic hazard studies in other intra-plate
regions, since there is also no known fault map for the area. The slip rates are probably
low, so it is quite likely that the effect on the hazard maps to follow will be very small.
However, it is worth keeping in mind that there is a small, but non-zero, chance of a
major earthquake (up to at least magnitude 8) occurring anywhere in the Indian Ocean. If
they are large enough and located close enough to the coast, they may produce a
hazardous tsunami. The return periods for a hazardous tsunamigenic events is likely to be
very long for any particular fault.
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Given the high maximum magnitude and the frequent earthquakes, by far the most
likely source of tsunamigenic earthquakes that could affect WA is the Sunda Arc
subduction zone off Sumatra and Java. However, it should be remembered that it is still
possible (albeit very unlikely) to get tsunamigenic events from earthquakes which could
be located anywhere in the Indian Ocean. Such events could potentially be included in a
future study of tsunami hazard in this region using area-based sources.

3. Tsunami Hazard Analysis Method

The goal of hazard assessment is to estimate how likely hazardous events are and how
large their effects might be. There are two approaches used for hazard assessment: A
scenario or deterministic approach that usually focuses on a maximum credible event and
historical experience, and a probabilistic approach that considers a broad range of
potential events and their likelihoods. In the case of tsunami, the former is normally used
for developing inundation maps and evacuation procedures. Because they contain little or
no information about likelihood, however, scenario-based methods are of limited
usefulness for broader policy and planning decisions. We therefore consider a
probabilistic approach here.

Probabilistic Tsunami Hazard Analysis (PTHA, see, e.g., Liu ef al. 2007; GEeisT and
Parsons, 2006; Warp and AspHAUG, 2000; RikiTAKE and Aipa, 1988) was rarely
considered until recently—i.e., since the occurrence of the 2004 Indian Ocean Tsunami.
PTHA is based on Probabilistic Seismic Hazard Analysis (PSHA, see CorNELL, 1968;
MCcGUuIRE, 1976), which is widely used for insurance, planning and design purposes.
PSHA considers the probability that some measure of earthquake ground motion, such
as Peak Ground Acceleration, may be exceeded at a location of interest. The
implementation of PTHA used here, which was described by THio et al. (2008), instead
considers the probability that a tsunami wave height will be exceeded immediately
offshore at a location of interest. Like almost all implementations of PSHA, the
theoretical development of PTHA begins with the assumption that events causing a
tsunami exceeding some height follow a time-independent Poisson process (see, e.g.,
page 128 of KrRAMER, 1996). Under this assumption, the probability of at least one event
occurring in ¢ years that has an offshore tsunami height 4 greater than A, at the
location of interest i is:

Pi(hzhcrit) =1 —exp(=¢' (herir)1), (1)

where qSi(hcm) is the annual mean number of events per year that will cause an offshore
tsunami height exceeding h,;, at the location of interest i. qS’A(hC,,-,) is also known as the
annual frequency of exceedence. The reciprocal of qSi(hc.m) is known as the ‘return
period’, T (herie) = V@ (herig). ' (herir) is calculated as the sum over all source zones of the
mean number of earthquakes resulting in tsunamis satisfying & > A, at the location of
interest:
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&' (herie) = Z/N](M ZMi-m)- (2)

Here N; (M > M:,.) is the annual number of earthquakes that occur in source zone j,
whose magnitude exceeds M.,;,, which is the magnitude of an earthquake that produces a
tsunami whose offshore height is %, at location i. M:,;, here will be determined by
numerically modelling tsunamis from various magnitude earthquakes to the coast.
The calculation of the functional form of N; (M > M:..) can be based on the historic
occurrence of subduction zone earthquakes and/or a relationship between the frequency
and magnitude of earthquakes, such as the well-known Gutenburg-Richter law. This is
considered in more detail in the next section.

3.1. Earthquake Frequency

The simplest way to estimate N; (M > M., for earthquakes or tsunamis is from the
frequency at which the event has occurred historically. Unfortunately this method is
rarely possible for large earthquakes because they happen so infrequently. Before the
2004 Andaman earthquake, no event greater than magnitude 8 was known to have
occurred on this fault, so the above method would give a value for Napgaman(M > 8.0) of
zero before 2004, a serious underestimate. The last time an event of this size or larger
occurred along this part of the subduction zone may have been long before historical
records began. Records of seismicity are rarely long enough to estimate earthquake
frequency reliably with this empirical method.

Our alternative method for estimating N; (M > M.,;,) for the Sunda Arc subduction
zones segments proceeds as follows:

1. Obtain the most comprehensive global catalogue of earthquakes;

2. Determine which events were generated at subduction zones and remove the rest;

3. Work out for this catalogue how many subduction zone earthquakes per annum occur
globally above a given magnitude;

4. Find the best recurrence model which fits this data (e.g., the tapered Gutenburg-
Richter model). This now gives us the global annual frequency of a subduction zone
earthquake Ng (M > M,) for any magnitude M,;

5. Determine the annual frequency of earthquakes above magnitude M,, N;”h(M > M,),
for subduction zone j. We use the following equation to do this:

viL,

> (L)’

1

N (M >M,) = No(M > M,)

(3)

where v; is the rate of convergence of subduction zone j and L; is its length. The sum in
the denominator is taken over all subduction zones in the world large enough to host an
earthquake of size M, or greater. The minimum length of the subduction zone required to
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host an event of size M, is assumed to be Ly, = M, /o, where o = 2.0 x 1072 km™!
from ScHortz (2002). This is quite a conservative minimum and is well below the
observed length of historic events above magnitude 7 (the minimum magnitude
considered here).

6. Determine the fraction of earthquakes for a given subduction zone that is likely to be
on the megathrust (as opposed to some other fault in the subduction zone area like the
Great Sumatran fault). When the angle of convergence is low the strain is partitioned
between strike-slip faults landward of the outer-arc high and slip on the megathrust.
Using the formula of BURBIDGE and Braun (1998) we can calculate this angle for each
subduction zone (assumed to be about 16 degrees for all the megathrust faults used
here). For subduction zones with this obliquity angle or less (partitioned subduction
zones) we assume that the annual frequency of an earthquake on the megathrust can be
found by:

con
vV

Ni(M >M,) = N (M > M) ’2 —, (4)
(V)™ + (vj)

where v is the convergent component perpendicular to the fault and the lateral

component is Vi For all other (non-partitioned) subduction zones N;(M > M,) is
assumed to be the same as N';”b(M > M,).

For steps 1-3 we used the results of Birp and Kacan (2004). In this paper they
classified earthquakes from the PacHeco and Sykes (1992) catalogue according to the
nearest plate margin to the earthquake which is appropriate for that earthquake’s focal
mechanism. They found that all earthquakes across the globe could be approximated by
fitting the tapered Gutenburg-Richter (G-R) relationship. The (non-tapered) G-R
relationship states that the number of events with magnitude greater than M, obeys the
following relationship:

log[Ng(M >M,)] =a—b x M,, (3)

where a and b are two constant numbers. They found that b is always close to 1.0 for small
earthquakes, despite the different geological settings. However, for large earthquakes the
earthquakes became exponentially less common. So they use a tapered G-R relationship to
better fit all earthquakes, large or small. The tapered relationship is given by:

Notmzm) = (1) "exp (), ©)

where f§ = 2/3b, m is the seismic moment, m, is the seismic moment threshold of the
catalogue (i.e., the minimum seismic moment that can be reliably determined) and m is
the “corner” seismic moment. The seismic moment is related to the magnitude by
(Purcaru and BERCKHEMER, 1978):
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logm = 1.5M +9.1. (7)

The corner moment (m¢) roughly corresponds to the magnitude at which the G-R
relationship began to taper significantly. It is related to the corner magnitude, M, by
equation (7).

Brp and Kacan (2004) found that the main difference between earthquakes in
different geological settings were with their estimates of a and M for each setting. In the
case of subduction zone earthquakes, BIrp and Kacan (2004) argued that there is no
statistically significant justification for subdividing the subduction zone setting into
smaller subsets (e.g., subduction zones subducting old crust versus subduction zones
subducting new crust). The only effect they noticed was that a increases with the rate of
subduction (i.e., how fast the plates were moving closer together). The faster the plates
converge the more earthquakes above a certain magnitude occur, hence a is larger. For
subduction zones they found that M- was equal to 9.58. The 90% confidence interval for
this estimate of M had a lower limit of 9.18, but had an unbounded upper limit because
of the lack of earthquakes with these high magnitudes in the historic record.

From Birp and KacaN’s (2004) data we can calculate their estimate of a for all
subduction zones lumped together (based on the Pacheco catalogue and the maximum
probability method described in Birp and Kacan (2004)). According to their catalogue,
on average 0.5 events greater than M,, 8.0 happen per year somewhere on one of the
world’s subduction zones. For a Poisson process, this means that the probability of an
event greater than M,, 7.5 ocurring somewhere on the globe per year is about 38%.

However, while this is a good estimate of a global frequency of occurrence, we really
need an estimate for the specific subduction zones in this study: Sumatra, Java, Sumba and
Seram. To calculate this we use equation (3). This equation was chosen in order to partition
Ng (M > M,) into different subduction zones according to the area being subducted per
annum on the subduction zone (vL). Essentially, this implies that earthquakes of a given
magnitude are more likely to occur somewhere on a large, fast-moving subduction zone than
on a small and/or slowly converging subduction zone. This is motivated by the observation
that earthquakes more frequently occur (have a higher a) on faster moving subduction zones
than small ones because the rate at which the faults are loaded to failure is faster on rapidly
converging subduction zones than on slowly moving subduction zones (BIrRD and KaGan,
2004). We believe it is also reasonable to assume that an earthquake is more likely to occur
on a longer subduction zone than a smaller one because there are simply more places for an
earthquake to happen on a large fault than a small one. The accumulation of tectonic
moment on the large fault would be much more rapid, and thus the release of seismic
moment can be expected to be more rapid too (Kacan, 2002). The frequency of a very large
earthquake occurring on a subduction zone with length less than Ly is zero because the
fault is simply too small to host such a large event. Note that splitting up the global
seismicity in this way implicitly assumes that the coupling on any given subduction zone is
not significantly different from the global average for seismic coupling along megathrusts.
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The length and velocity of every subduction zone in the world was calculated using
Birp’s (2003) digitized plate model. Sections of subduction zones within “orogenic
zones” are considered to be distinct from those not within orogenic zones. This splits
zones such as the Sunda Arc into two (because Sumatra is within an orogenic zone but
Java and Sumba are not). Triple junctions also act to segment subduction zones (i.e., they
act like a rupture barrier so that earthquakes on one side cannot propagate to the other).
Finally, the Sumba and Java sections were also split into two because of the major change
in focal mechanisms that occur there.

When the angle between the fault and the direction of convergence is smaller than a
critical angle, the strain is partitioned between strike-slip faults landward of the fault and
the megathrust. The strike-slip faults take all the lateral motion, while the thrust fault
takes up the convergent component of the motion. Using an argument based on work
minimization (BURBIDGE and Braun, 1998), one can show that the only megathrust fault
considered in this study that will be strain partitioned is Sumatra. This is consistent with
the fact that only Sumatra has large strike-slip faults between the trench and the coast.
Since some of the deformation will be occurring on faults other than the megathrust, this
will reduce the frequency of events on the much more tsunamigenic megathrust fault. To
represent this we reduce the frequency of all partitioned subduction zones by using
equation (4).

Figure 4 shows the return period (the inverse of the annual frequency of exceedence)
vs. magnitude for the global subduction zone earthquake catalogue and for six specific
subduction zone segments: Java, Sumatra, Sumba, Seram, Nankai (off Japan) and
Southern Chile. Our method implies that an event of any given magnitude and year is
much more likely on the Java zone, since it is fast and long, and much less likely on
Seram, since it is shorter and slower. The Sumba section of the Sunda Arc ends up having
much the same frequency of occurrence as the Sumatra section. However, it is important
to remember that the Sumba section may or may not be seismically coupled (see
discussion in Section 2.3). Since the Sumba section is shorter than the Sumatra section it
has a lower maximum magnitude than Sumatra. Events around M,, 9.5 are only possible
on long subduction zones like Sumatra, South Chile and Java because of the large area
required for a great earthquake of this size. The curves for individual subduction zones
flatten at high magnitudes because the tapering of global frequency of earthquakes is
almost exactly cancelled by the reduced number of faults big enough to host large
earthquakes (the number of large faults decreases exponentially above a certain size,
nearly cancelling the exponential taper in equation (6)). This means for the PTHA
calculations to follow, we will assume a linear GR relationship up until a given value
maximum magnitude. The maximum magnitude chosen depends on fault length and
earthquake history along that particular fault.

Nankai and Chile curves are shown in Figure 4 because they have two of the longest
catalogues of seismicity anywhere on the globe. The return periods estimated from these
catalogues (SchuoLtz, 2002, for Nankai, and the Servicio Sismologico Universidad
de Chile’s website for South Chile) are also shown in Figure 4. There have been 11
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Figure 4
Subduction zone earthquake return period as a function of magnitude. The black line is an empirical model
based directly on the maximum probability subset of the Pacheco catalogue (Birp and KacGan, 2004). The red
line is based on the BIRD and KaGAN’s (2004) best fit to these data using the tapered Gutenburg-Richter model.
The other lines are the mean return periods for some of the other subduction zones. The zones shown are: Java
(cyan), Sumatra (blue), Nankai (brown), Seram (green) and South Chile (orange). The curve for Sumba overlaps
Sumatra but has a lower maximum magnitude. The stars with the error bars show the estimated return times
from the catalogue by Servicio Sismologico Universidad de Chile and the history of Nankai seismicity described
by Schortz (2002).

events greater than 8.0 on the Nankai subduction zone in the last 1500 years (ScHOLTZ,
2002). Using the historical method this catalogue gives a return period (mean spacing
between events of M > 8.0) of 124 + 93 years. This is statistically indistinguishable
from the value calculated with our method (131 years). Similarly the spacing between the
two events of magnitude 8.6 or greater (661 years) is very close to our predicted value
(640 years).

There is also an extensive seismic catalogue for the southern Chilean subduction zone
(the location of the magnitude 9.5 event in 1960). According to the Servicio Sismologico
Universidad de Chile’s website there have been 7 events greater than 8.0 since 1570. This
gives a return period of 65 + 41 years which compares well with the calculated return
period of 61 years. The return period for 8.5 or greater events has been observed to be
128 £ 46 years; our model estimates this to 187 years, again quite close (and still within
two standard deviations of the observation). Since the Nankai and Chile subduction zones
fit this method quite well, this gives us some confidence that the method we are using
here to calculate the return periods is reliable.
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The return periods for magnitude 8.0 or greater events for Java, Sumatra, Sumba,
Andaman and Seram subduction zones are (respectively) 98 years, 121 years,
122 years, 212 years and 287 years. According to our method, large events occur
more frequently on the Java and Sumatra sections of the Sunda Arc than the others
studied in this paper. The Sumba megathrust (if coupled) has a similar rate to the
Sumatra megathrust. Note that this method does not take into consideration any change
in the rate due to the other factors mentioned in the introduction (e.g., sediment, plate
age or presence of forearc basins). While these may be linked to the frequency of
exceedance, there is currently no way of quantitatively estimating their effect on the
earthquake frequency or maximum magnitude. Since this method fits the observations
for Nankai and Chile so well, these features may not even be necessary to predict
subduction zone earthquake reoccurrence to the accuracy of the historical observations.
So for the purposes of this study we will use the values shown in Figure 4 for the
subduction zones of interest.

Note that the rates here are for the total seismic release for the subduction zone faults
and thus would be comprised of both mainshocks and aftershocks for earthquakes smaller
than approximately M,, 7. Thus the observed rate of M,, 7 or smaller events cannot be
accurately estimated, even though their return times are less than the instrumental
catalogue length, since the number of aftershocks over the last thirty years depends on the
number of great (M, 84) events over that period. The current rate of M,, 6 and above for
Sumatra, for example, is somewhat higher than a direct extrapolation of the curve shown
in Figure 4 would suggest, but this is to be expected since the modern catalogue includes
a great earthquake and numerous aftershocks above magnitude 6. Thus the instrumental
rate of M, 6 and above over the last few decades may not representative of the long-term
rates.

The best value for the maximum magnitude used in the PTHA calculations is highly
uncertain, as discussed in Section 2. One can assume that the maximum magnitude is
simply a function of length (using ScHoLTZ’s, 2002, formula) or we can assume that it is
the largest earthquake known for the area. The length restriction limits the Seram
subduction zone to a maximum magnitude of approximately 9.1. The Java, Sumatra and
Andaman subduction are all long enough to host events up to (and even beyond)
magnitude 9.5 (the size of the 1960 Chilean earthquake).

4. Hazard Assessment Results

By combining the information summarized above, we can use the PTHA method to
produce a synthetic catalogue of hypothetical earthquakes which includes an estimate of
their frequency. The maximum height of the resulting tsunami is then calculated by
breaking each fault comprising the tsunamigenic source zones of the Sunda Arc into an
array of unit sources. We then numerically model the amount of vertical deformation
expected from 1 m of slip on each unit source using WANG et al.’s (2005) crustal
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Table 2

Crustal properties of the linear elastic crustal layers used to calculate the vertical component of the sea-floor
deformation for each unit source

Layer Depth beneath Compressional Shear wave Density
surface (km) wave speed (km/s) speed (km/s) (kg/m3)
0-1 4.5 24 2,700
1-13 5.6 33 2,700
13-30 6.2 3.7 2,900
30+ 7.9 4.6 3,300

deformation model. The crustal model uses three layers above a vertical half space. The
parameters of each layer and the halfspace are shown in Table 2.

We then use the vertical component of the crustal deformation as the initial condition
for a staggered grid finite-difference numerical model to propagate each tsunami to the
coast. The model solves the linear shallow water wave equations over a 2 minute
bathymetry grid. The bathymetry data used is a combination of global bathymetry model,
DBDB2 V2 (2004) and a downsampled version of Geoscience Australia’s 250 m
bathymetry model for Australia.

The results of these computations are stored in a rapidly accessible library of unit
source ‘Green’s functions’ (i.e., the solution to a differential equation for a point source
forcing term). Any one of the tsunami used for the calculation of (j)i(hc.r,-,) can then be
simulated by appropriately scaling and summing the results for the combination of unit
sources that most closely represents the actual earthquake to be simulated. (Note that this
type of source decomposition is mathematically valid only for the linear shallow water
simulations used in this study—e.g., they would not be valid for non-linear inundation
simulations). For this study, over 5000 earthquakes were simulated in this manner using
about 500 unit sources, each corresponding to a 50 km x 50 km subfault. The subfaults
were spaced evenly along the strike and down the dip of each fault.

At the end of this process, we now have a maximum tsunami amplitude estimate for
each hypothetical earthquake. Since we also have an estimate of the frequency of the
earthquake, we can then calculate the wave height which has the required probability of
being exceeded (i.e., the tsunami hazard) for points along the WA coast. Below we
consider three ways of visualising the hazard: hazard curves, hazard maps, and
deaggregated hazard.

4.1. Hazard Curves and Uncertainty

While the goal of any hazard assessment is to give a best estimate of likelihood and
impact, it is also important to address the issue of how uncertain these estimates may be.
All of the parameters summarized in Table 1 are known with only limited precision, so
they all contribute to the uncertainty in this hazard assessment. Other parameters, such as
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Figure 5 >
Some hazard curves for points off the coast of WA and Java. All the points are in water close to 50 m deep. The
x axis shows the return period, and the y axis shows the wave height exceedances. The blue, cyan, orange and
red curves are four models with different estimates of the maximum magnitude earthquake possible on the Java
subduction zone (8.5, 9.0, 9.3 and 9.5, respectively). The red curve is usually the “worst case” scenario since it
assumes the largest maximum magnitude. The green and black curves are two different models of the Sumba
subduction zone. The black curve assumes that the megathrust fault is completely uncoupled and the green one
assumes that it is completely coupled to the subducting plate. The thick purple line is our preferred model which

is a weighted mean of all the other curves on these figures.

the elasticity of the crust which controls the sea-floor deformation and therefore the size
of the initial wave, also contributes to the uncertainty in the final hazard assessment.
However, at least for the longer return periods, we believe that two of the largest sources
of uncertainty are our poor knowledge of (a) the maximum magnitude of the largest
earthquake along the Java section of the trench (anax) and (b) the presence or absence of
a normal fault along the Sumba section of the Sunda Arc. Figure 5 shows some hazard
curves (i.e., exceedance height of offshore tsunami as a function of return period) for
selected locations off the coast of WA and one for a location on the south coast of Java
(near the town of Cilacap). The preferred model is the purple curve in Figure 5. For the
preferred model we have given an equal weighting to the M{nax = 8.5 (blue), 9.0 (cyan),
9.3 (orange) and 9.5 (red) models in the logic tree (i.e., they each have a 25% chance of
being correct) and the two Sumba models (i.e., both the normal only (black) and
megathrust only (green) fault models have a 50% chance of being correct). Over 5,100
events were included in the preferred (evenly weighted) model, one for each branch of
the logic tree. For most locations the preferred model (the purple curve) has a similar
hazard curve to the anax = 9.0 model (the cyan curve). Note that this is the “deep-
water” wave height at depths of around 50 m. At depths shallower than this the wave
shoals significantly and runups could be several times the values shown here. The exact
runup amplification factor will vary significantly along the coast depending on the details
of the local bathymetry.

The spread in the hazard estimates for the longer return periods shown in Figure 5
gives some idea of the effect of model uncertainty on our hazard estimates. For small
return periods the different models do not tend to have much effect on the hazard. At the
longer return periods the uncertainty in MJ,,, has a considerable impact on the hazard for
locations along the Java coast (like Cilacap) and locations south of about Exmouth (e.g.,
offshore Fremantle). For locations along the northwest shelf, the model chosen for the
Sumba section can also have a significant impact on the wave heights. If only the normal
fault is active (the black curve), the hazard is much lower than if only the megathrust is
active (the green curve) or if they have a 50/50 chance of being active (the cyan curve).
Constraining the wave heights at the longer return periods is always going to be quite
uncertain because our historic catalogues do not go back far enough to constrain the
maximum magnitudes or (in the case of Sumba) even the type of earthquake we can
expect at the zone.
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There are other sources of uncertainty which we were not able to include since we
needed to keep the number of branches of the logic tree to reasonable values (5,100
branches in this case). For example there is the uncertainty due to errors in the
bathymetry, uncertain crustal properties (e.g., elastic parameters) and fault geometry
(e.g., dip, rupture area, rupture width, etc). We also assume uniform slip and use the
linear shallow water wave equation to solve the propagation of the tsunami. Non-uniform
slip is likely to be more important closer to the source (Geist, 2002), but can also be
important in the far field, particularly if islands are in the rupture zone of the earthquake.
Nonlinear effects on the wave propagation (such as dispersion) may also become
important (HoriLLoO et al., 2006). All these uncertainties, could in principle, be included in
a probabilistic hazard analysis by adding more branches to the appropriate logic trees.
However, in practice this is limited by the computational resources available to do the
PTHA. Future PTHA are likely to cover a wider range of possibilities than can be
considered here, but Figure 5 should give at least some indication of the likely effect of
some of the uncertainty for at least M,.x-

4.2. Hazard Maps

Figure 6 shows the maximum wave heights for different return periods for points
interpolated to the 50 m contour off the coast of WA for the preferred model (the purple
curve in Figure 5).

The maximum wave heights increase very rapidly with return period. For return
periods approaching 2000 years it is very likely that at least one major earthquake (above
magnitude 8.5) will occur somewhere along the Java-Sumba sections of the Sunda Arc
and create a significant wave. These large waves could inundate a large section of the
coast within a few hours, greatly complicating emergency response.

For any given return period, the hazard is largest for WA in the Shark Bay to
Exmouth region. The continental shelf tends to reflect energy away from the northwest
coast so its hazard tends to be smaller to the northeast of Exmouth. The hazard south of
Shark Bay is much lower since it is not in the direct path of any tsunami generated along
the Sunda Arc. The hazard along the south coast of WA is very small from tsunami
generated by Sunda Arc subduction zone earthquakes since this area of the coast is
protected by the Australian landmass.

4.3. Deaggregated Tsunami Hazard

The above results present the variation of offshore tsunami exceedance heights as a
function of return period and location along the WA coast. These are based on an
aggregate of many different tsunami generated in different parts of the Sunda Arc. These
exceedance heights are, therefore, not associated with any particular earthquake or any
particular part of the Arc. As discussed above, risk analyses and inundation maps require
that inundation modelling be conducted at locations of interest, but these numerical
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Figure 6

Maximum wave heights along the WA coast (interpolated to the 50 m depth contour) with mean return period of
(a) 100 years, (b) 500 years, (c) 1000 years and (d) 2000 years.

computations can only be realistically performed on a per-event basis. Some objective
decision must be made then, about which earthquake or set of earthquakes should be used
for inundation modelling at a particular location.

The decision of which scenario(s) to simulate for a particular location of interest is
complicated by the fact that tsunami propagation is very sensitive to bathymetry, so that it
is difficult to tell which part of a coastline will be most affected by a tsunami excited by a
given source. This is illustrated in Figure 7a, where the pattern of energy radiated by the
17 July, 2006 Java earthquake is shown. As has been the case for most historical tsunami
in WA, most parts of the coast did not experience a significant tsunami during this event,
but the combined influence of deep ocean and near-shore bathymetry resulted in
pronounced focussing of tsunami energy at a few very limited stretches of coastline. In
this case, such focussing lead to a 9 m tsunami runup at Steep Point (purple bar in Fig. 1),
the highest ever measured in Australia.






