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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,1 LAURA S. L. KONG,2 and KENJI SATAKE3

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
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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 et 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 BATISTA (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

1984 P.R. Cummins et al. Pure appl. geophys.,



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).

GREENSLADE and TITOV (2008), on the other hand, use a tried and tested tsunami code

(MOST – see TITOV 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 DIDENKULOVA 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

Vol. 165, 2008 Tsunami Science Four Years After the 2004 Indian Ocean Tsunami 1985



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.

VILIBIĆ 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. VILIBIĆ 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,

1986 P.R. Cummins et al. Pure appl. geophys.,



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 km3. TINTI et 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 HEIDARZADEH et al. (2008) presented a deterministic assessment of

tsunami hazard in the northwestern Indian Ocean by considering a series of six large (Mw

8.3) tsunamigenic earthquake scenarios along the Makran subduction zone. They used the

tsunami model TUNAMI-2 (GOTO 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 TsunamiWarning 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
1 and VASILY V. TITOV

2

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

1 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

(TITOV 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. T1 (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 (BIRD, 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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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 Mw 7.5 earthquake with a

rectangular fault 100 km by 50 km in size and 1 m slip. These are similar to the T1 Mw

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 et 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., 1 minute)

and the model is run for 24 hours of model time.

Table 1

Rupture details for T1 scenarios

Magnitude (Mw) Width (W) (km) Length (L) (km) Slip (u0) (m)

7.5 50 100 1

8.0 65 200 2.2

8.4 80 400 3

9.0 100 1000 8.8
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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 Mw 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 Mw 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 (Hmax) 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 Mw 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
Mw 8.0 event. The distribution of Hmax 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
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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

(a)

(b)

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 Mw

Vol. 165, 2008 A Comparison Study of Two Forecasting Systems 1997



7.9. This was subsequently raised to Mw 8.2 for the second and all subsequent bulletins.

USGS has analyzed the event to be Mw 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 Mw 8.4 scenario with

epicenter located at (100.53�E, 4.9�S). The distribution of Hmax 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 Mw 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.

Figure 3

Time series of surface elevation at the Hilo tide gauge and from the inundation model fed by the two scenario

databases.
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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).

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

TOSHITAKA BABA,1,2 RICHARD MLECZKO,2 DAVID BURBIDGE,2 PHIL R. CUMMINS,2

and HONG KIE THIO
3

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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(a) (b)

(c) (d)

(e) (f)

Figure 1

Bathymetric maps for: (a) the entire computational domain (90’’ grid spacing, a combination of the GA250 and

DBDB2 bathymetry grids)), (b) GBR area (30’’ grid spacing) and (c-f) areas near tide gauges (10’’ grid spacing),

both based on the GA250 bathymetry grid. Red squares show the areas of finer bathymetry used in the tsunami

computation. Star and triangles indicate the epicenter of the 2007 Solomon Islands earthquake and tide gauges,

respectively.
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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 THIO 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� ± 45�. The total

maximum dimensions of the fault plane were assumed to be 300 km 9 100 km. This was

divided into 20 km 9 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 9 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-R(dobs-dcal)
2/Rdobs

2 ) was

66%, where dobs and dcal 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 OKADA

(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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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

(a)

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

vertical displacement [m]

(b)

(c)

Figure 2

(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.
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Figure 3

(a) Variance reductions as a function of fault-dip angle calculated for observed vs. synthetic P, S, surface wave,

and a combination of all of these. The curves are deviations from the value obtained from assuming a dip angle

of 15 degrees. A clear peak was found around a dip angle of 35 degrees by the S-wave curve. (b) Variance

reductions as a function of dip for S-waves recorded at TLY, MAJ, INC and KUR (see Fig. 2a).

Figure 4

Comparison between the calculated (black) and observed teleseismic waveforms (red) of the 2007 Solomon

Islands earthquake. Station names and components (P: vertical component P wave, S: SHwave, R: Rayleigh wave,

L: Love wave) are shown. Zero level of the calculated body waves was shifted downward for ease of comparison.
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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

DBDB2 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 1c–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 tsunamiwavewere 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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