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Front cover image: Overview of NOAA tsunami forecast system. Top frame
illustrates components of the tsunami forecast using the 15 November 2006
Kuril Islands tsunami as an example: DART systems (black triangles), pre-
computed tsunami source function database (unfilled black rectangles) and
high-resolution forecast models in the Pacific, Atlantic, and Indian oceans (red
squares). Colors show computed maximum tsunami amplitudes of the off-
shore forecast. Black contour lines indicate tsunami travel times in hours.
Lower panels show the forecast process sequence left to right: tsunami de-
tection with the DART system (third generation DART ETD is shown); model
propagation forecast based on DART observations; coastal forecast with high-
resolution tsunami inundation model.
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Foreword

coastal communities since the mid-twentieth century, when multiple

destructive tsunamis caused damage to the states of Hawaii, Alaska,
California, Oregon, and Washington. In response to these events, the United
States, under the auspices of the National Oceanic and Atmospheric
Administration (NOAA), established the Pacific and Alaska Tsunami Warning
Centers, dedicated to protecting United States interests from the threat posed
by tsunamis. NOAA also created a tsunami research program at the Pacific
Marine Environmental Laboratory (PMEL) to develop improved warning
products.

TSUNAMIS HAVE BEEN RECOGNIZED as a potential hazard to United States

The scale of destruction and unprecedented loss of life following the December
2004 Sumatra tsunami served as the catalyst to refocus efforts in the United
States on reducing tsunami vulnerability of coastal communities, and on 20
December 2006, the United States Congress passed the “Tsunami Warning and
Education Act” under which education and warning activities were thereafter
specified and mandated. A “tsunami forecasting capability based on models
and measurements, including tsunami inundation models and maps...” is a
central component for the protection of United States coastlines from the
threat posed by tsunamis. The forecasting capability for each community
described in the PMEL Tsunami Forecast Series is the result of collaboration
between the National Oceanic and Atmospheric Administration office of
Oceanic and Atmospheric Research, National Weather Service, National Ocean
Service, National Environmental Satellite, Data, and Information Service, the
University of Washington’s Joint Institute for the Study of the Atmosphere and
Ocean, National Science Foundation, and United States Geological Survey.

NOAA Center for Tsunami Research
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A Tsunami Forecast Model for Hilo, Hawaii

L. Tang"?, V.V. Titov?, and C.D. Chamberlin!*?

Abstract. This study describes the development, validation, and testing of a tsunami forecast model
for Hilo, Hawaii. Based on the Method of Splitting Tsunamis (MOST) model, the forecast model is ca-
pable of simulating 4 hr of tsunami wave dynamics at a resolution of 2 arc sec (~60 m) in 10 min of
computational time. A reference inundation model at a higher resolution of 1/3 arc sec (~10 m) was
also developed in parallel, to provide modeling references for the forecast model. Both models were
tested for 16 past tsunamis and a set of 18 simulated magnitude 9.3 tsunamis.

The error of the maximum wave height computed by the forecast model is within 35% when the
observation is greater than 0.5 m; when the observation is below 0.5 m the error is less than 0.3 m. The
error of the modeled arrival time of the first peak is within +3% of the travel time. The good agreement
between the model computations and observations, along with the numerical consistency between the
model results for the maximum amplitude and velocity, provide a quantitative validation and reliable
robustness and stability testing of the forecast model.

The validated Hilo forecast model was further applied to hazard assessment from 1435 scenarios of
simulated tsunami events based on subduction zone earthquakes of magnitude 7.5, 8.2, 8.7, and 9.3 in
the Pacific Ocean basin. The results show an impressive local variability of tsunami amplitudes even for
far-field tsunamis, and indicate the complexity of forecasting tsunami amplitudes at a coastal location.
It is essential to use high-resolution models in order to provide accuracy that is useful for the practical
guidance of coastal tsunami forecasts.

1. Background and Objectives

The National Oceanic and Atmospheric Administration (NOAA) Center for Tsu-
nami Research at NOAA’s Pacific Marine Environmental Laboratory (PMEL) has
developed a tsunami forecasting system for operational use by NOAA’s two Tsu-
nami Warning Centers, located in Hawaii and Alaska (Titov et al., 2005; Titov,
2009). The forecast system combines real-time deep-ocean tsunami measure-
ments from Deep-ocean Assessment and Reporting of Tsunami (DART) buoys
(Gonzdlez et al., 2005; Bernard et al., 2006; Bernard and Titov, 2007) with the
Method of Splitting Tsunami (MOST) model, a suite of finite difference numer-
ical codes based on nonlinear long-wave approximation (Titov and Synolakis,
1998; Titov and Gonzdlez, 1997; Synolakis et al, 2008) to produce real-time
forecasts of tsunami arrival time, heights, periods, and inundation. To achieve
an accurate and detailed forecast of tsunami impact for specific sites, high-
resolution tsunami forecast models are under development for United States
coastal communities at risk (Tang et al., 2008b; 2009). The resolution of these
models has to be high enough to resolve the dynamics of a tsunami inside
a particular harbor, including influences of major harbor structures such as
breakwaters. These models have been integrated as crucial components into
the forecast system.

oint Institute for the Study of the Atmosphere and Ocean (JISAO), University of Washing-
ton, Seattle, WA
2NOAA/Pacific Marine Environmental Laboratory (PMEL), Seattle, WA
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Hilo, Hawalii’s history of tsunami inundation (Dudley and Stone, 2000;
Pararas-Carayannis, 1969) concentrated population density, year-round tour-
ism, and transportation infrastructure all contribute to making it a crucial fore-
cast model for tsunami inundation (Figure 1). Hilo is often impacted by tsu-
namis generated in many tectonic regions of the Pacific Ocean Basin. The city
downtown was devastated when the 1946 Unimak tsunami generated south of
Unimak Island along the Aleutian Trench struck the Hawaiian Islands. It was
again badly damaged when, in 1960, a tsunami generated off the coast of Chile
traversed the Pacific Ocean. Hilo was chosen as the pilot site for testing of
coastal tsunami forecasting beginning in the late 1990s. The 17 November 2003
Rat Island tsunami provided the first real-time test of the Hilo forecast model,
along with NOAA’s forecast methodology, which became the proof of concept
for the development of the tsunami forecast system (Titov et al., 2005). This
tsunami was detected by three DART buoys located along the Aleutian Trench.
The real-time data were combined with the tsunami source function database
to produce a tsunami source of Ty 7.8 by inversion. The offshore model sce-
nario was used as input for the Hilo forecast model, which was the only fore-
cast model available at that time. The forecasted maximum wave height at Hilo
tide station is 0.43 m, while the observation is 0.45 m (-5% error); the error of
the arrival time of the maximum wave is less than 1 min. The accuracy of the
forecast is reflected by the excellent agreement between the model prediction
and observation. It was the first time in history that a forecast of a tsunami
time series was available to a coastal city before tsunami waves arrived. Since
then, the model was updated with the newest bathymetry and topography data
sources and produced accurate real-time forecasting for several past tsunamis
(Wei et al., 2008; Titov, 2009).

This report describes the development, testing, and application of the Hilo
forecast model. The objective in developing this model is to provide NOAAs
Tsunami Warning Centers the ability to assess danger posed to Hilo following
tsunami generation in the Pacific Ocean Basin with a goal to provide accurate
and timely forecasts to enable the community to respond appropriately. A sec-
ondary objective is to explore the potential tsunami impact to the city from
earthquakes at major subduction zones in the Pacific by using the developed
forecast model.

The report is organized as follows. Section 2 briefly introduces NOAA’s tsu-
nami forecast methodology. Section 3 describes the model development. Sec-
tion 4 presents the results and discussion, which includes sensitivity of the fore-
cast model to grid coupling schemes, model validation, verification, and testing
for past and simulated tsunamis. A tsunami hazard assessment study utilizing
the validated forecast model is also included. A summary and conclusion are
provided in section 5.
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2. Forecast Methodology

NOAA’s real-time tsunami forecasting scheme is a two-step process: (1) con-
struction of a tsunami source via inversion of deep-ocean DART observations
with pre-computed tsunami source functions; and (2) coastal predictions by
running high-resolution forecast models in real time (Titov et al., 1999; 2005;
Tang et al, 2009). The DART-constrained tsunami source, the correspond-
ing offshore scenario from the tsunami source function database, and high-
resolution forecast models cover the entire cycle of earthquake-generated tsu-
namis, generation, propagation, and coastal inundation, providing a complete
tsunami forecast capability.

2.1 Construction of a tsunami source based on DART
observations and tsunami source functions

Several real-time data sources, including seismic data, coastal tide gauge, and
deep-ocean data have been used for tsunami warning and forecast (Satake
et al., 2008; Whitmore, 2003; Titov, 2009). NOAA's strategy for the real-time fore-
casting is to use deep-ocean measurements at DART buoys as the primary data
source due to several key features. (1) The buoys provide a direct measure of
tsunami waves, unlike seismic data, which is an indirect measure of tsunamis.
(2) The deep-ocean tsunami measurements are in general the earliest tsunami
information available, since tsunamis propagate much faster in the deep ocean
than in shallow coastal areas where coastal tide gauges are used for tsunami
measurements. (3) Compared to coastal tide gauges, DART data with a high
signal-to-noise ratio can be obtained without interference from harbor and lo-
cal shelf effects. (4) The linear process of tsunamis in the deep ocean allows for
the application of efficient inversion schemes.

Time series of tsunami observations in the deep ocean can be decomposed
into a linear combination of a set of tsunami source functions in the time do-
main by a linear least squares method. We call coefficients obtained through
this inversion process tsunami source coefficients. The magnitude computed
from the sum of the moment of tsunami source functions multiplied by the cor-
responding coeflicients is referred to as the tsunami moment magnitude (Tywy),
to distinguish it from the seismic moment magnitude M,,;, which is the mag-
nitude of the associated earthquake source. While the seismic and tsunami
sources are in general not the same, this approach provides a link between
the seismically derived earthquake magnitude and the tsunami observation-
derived tsunami magnitude.

During a real-time tsunami forecast, seismic waves propagate much faster
than tsunami waves, so the initial seismic magnitude can be estimated before
the DART measurements are available. Since time is of the essence, the initial
tsunami forecast is based on the seismic magnitude only. The Ty, will update
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the forecast when it is available via DART inversion using the tsunami source
function database.

Titov et al. (1999; 2001) conducted sensitivity studies of far-field deep-water
tsunamis to different parameters of the elastic deformation model described
in Gusiakov (1978) and Okada (1985). The results showed that source magni-
tude and location essentially define far-field tsunami signals for a wide range
of subduction zone earthquakes. Other parameters have secondary influence
and can be pre-defined during forecast. Based on these results, tsunami source
function databases for the Pacific, Atlantic, and Indian oceans have been built
using pre-defined source parameters, length = 100 km, width = 50 km, slip = 1
m, rake = 90 and rigidity = 4.5 x 10'° N/m?. Other parameters are location-
specific; details of the databases are described in Gica et al. (2008). Pacific
Ocean unit sources are provided in Appendix B. Each tsunami source function
is equivalent to a tsunami from a typical Mw = 7.5 earthquake with defined
source parameters. Figure 2 shows the locations of tsunami source functions
in the Pacific Ocean.

The database can provide offshore forecasts of tsunami amplitudes and all
other wave parameters immediately once the inversion is complete. The tsu-
nami source, which combines real-time tsunami measurements with tsunami
source functions, provides an accurate offshore tsunami scenario without ad-
ditional time-consuming model runs.

2.2 Real-time coastal predictions by high-resolution
forecast models

High-resolution forecast models are designed for the final stage of the evo-
lution of tsunami waves: coastal runup and inundation. Once the DART-
constrained tsunami source is obtained (as a linear combination of tsunami
source functions), the pre-computed time series of offshore wave height and
depth-averaged velocity from the model propagation scenario are applied as
the dynamic boundary conditions for the forecast models. This saves the simu-
lation time of basin-wide tsunami propagation. Tsunami inundation is a highly
nonlinear process, therefore a linear combination would not, in general, pro-
vide accurate solutions. A high-resolution model is also required to resolve
shorter tsunami wavelengths nearshore with accurate bathymetric/topographic
data. The forecast models are constructed with the Method of Splitting Tsu-
nami (MOST) model, a finite difference tsunami inundation model based on
nonlinear shallow-water wave equations (Titov and Gonzdlez, 1997). Each
forecast model contains three telescoping computational grids with increasing
resolution, covering regional, intermediate, and nearshore areas. Runup and
inundation are computed at the coastline. The highest-resolution grid includes
the population center and tide stations for forecast verification. The grids are
derived from the best available bathymetric/topographic data at the time of
development, and will be updated as new survey data become available.

The forecast models are optimized for speed and accuracy. By reducing the
computational areas and grid resolutions, each model is optimized to provide
4-hr event forecasting results in minutes of computational time using a single
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processor, while still providing good accuracy for forecasting. To ensure fore-
cast accuracy at every step of the process, the model outputs are validated with
historical tsunami records and compared to numerical results from a reference
inundation model with higher resolutions and larger computational domains.
In order to provide warning guidance for a long duration during a tsunami
event, each forecast model has been tested to output up to a 24-hr simulation
after the tsunami generation.
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3. Model Development
3.1 Forecast area and tsunami data

The main Hawaiian Islands are the youngest and are located at the south-
ern portion of the Hawaii Archipelago. From northeast to southwest, the is-
lands form four natural geographic groups by shared channels and inter-island
shelves, including (1) Ni'ihau, Ka'ula Rock, and Kauai (Kauai complex) (2)
Oahu, (3) Molokai, Maui, Lanai, and Kaho'olawe (the Maui Complex), and (4)
Hawaii.

Hilo is located on the east coast of the Big Island of Hawaii. The port of
Hilo is one of the two deep draft harbors on the island. Figure 3 shows an
aerial photo of Hilo with a breakwater in Hilo Bay. The city is the second most
populous of all Hawaiian Island cities and the most densely populated on the
island of Hawaii itself, as shown in Figure 4. A National Ocean Service (NOS)
tide station in Hilo Harbor was established in November 1946. The present in-
stallation was in February 1989 (http://tidesandcurrents.noaa.gov/). The
water level sensor is located in the vicinity of Pier 2. At the sensor, the mean
tidal range (MN) is 0.508 m. Mean high water level (MHW) is 1.795 m, and
mean sea level (MSL) is 1.545 m. Mean high water is used as the reference level
for the forecast model to provide a worst case for inundation forecast.

Hilo has a long history of being impacted by destructive tsunamis (Pararas-
Carayannis, 1969; NGDC, 2009). The earliest record of a destructive tsunami
at Hilo occurred on 7 November 1837, which was generated by a magnitude
8.5 earthquake in South Chile (NGDC). In Hilo, “Lowlands were submerged,
houses were swept away, and 14 people were killed” (Pararas-Carayannis, 1969).
The first wave of 6.1 m above high-water mark was observed in Hilo Bay. On
13 August 1868, a tsunami generated by a magnitude 8.5 earthquake in North
Chile caused severe damage in Hilo. The watermark left on a coconut tree near
the railway station measured 4.6 m above the ordinary low water and 1.4 m
above ground. On 10 May 1877, a magnitude 8.3 earthquake in North Chile
generated a tsunami that caused severe damage in Hilo. The tsunami water
height was reported to be 3.7 m above the low watermark. Every house within
92 m of the beach at Waiakea was swept away. The total extent of human and
property impact to the Hilo area included 5 dead, 17 badly injured, and 37
houses destroyed. Total damage was estimated at $12,000 to $14,000 (Pararas-
Carayannis, 1969). On 31 January 1906, a tsunami generated by a magnitude
8.8 earthquake off the coast of Ecuador flooded the wharf and a tsunami wave
of 3.6 m above normal was visually observed. The 3 February 1923 Kamchatka
tsunami generated by a magnitude 8.3 earthquake was reported as having wa-
ter as high as 6.1 m above mean low sea level at the mouth of Wailoa River. The
bridge was destroyed, houses and wharves were badly damaged, and one man
was killed.
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The tsunami on 1 April 1946 was considered the most destructive tsunami
that ever hit the Hawaiian Islands in terms of loss of life and property (Pararas-
Carayannis, 1969). It was generated by an earthquake of magnitude 8.5 in the
Aleutian Islands. The tsunami claimed the lives of 159 people in the State of
Hawaii (122 from the Big Island) and caused $26 million in damage (Figure 1a—
e). In Hilo, 488 buildings were demolished and 936 were damaged. The Hilo
tide gauge was destroyed. Pier 1 was washed by the third wave, which was the
highest (Pararas-Carayannis, 1969). This earthquake prompted the establish-
ment of NOAA’s first Tsunami Warning Center in Ewa Beach on the southern
shore of Oahu.

On 4 November 1952, a tsunami originating in Kamchatka caused moderate
property damage of about $0.4 million in Hilo. All damage at Hilo was the result
of gentle flooding. A 0.45-m bore was reported in Wailoa estuary only. On 9
March 1957, an Aleutian tsunami caused an estimated $300,000 damage in Hilo
and total damage of $5 million for the Hawaiian Islands. Buildings along the
Hilo waterfront were badly damaged.

The 23 May 1960 Chile tsunami caused heavy damage in Hilo. Sixty-one
people were killed, 282 injured, and 537 buildings were destroyed (Figure 1f).
A total damage of $23 million was estimated. The highest wave was seen as
a wall of water about 6.1-m high moving toward the city, with a roar that was
heard offshore. This wave knocked out the power lines and inundated 600 acres
in the harbor area. Rocks weighing as much as 22 tons were washed 182 m
inland from the seawall. The period of waves after the third became shorter.
The tsunami continued across the Pacific and struck Japan 7 hr later, killing
142 people.

The latest destructive tsunami was generated by the Great Alaska Earth-
quake of 27 March 1964, which caused $15,000 damage in Hilo. As a population
center that has been repeatedly damaged by Pacific tsunamis, Hilo is in need
of a forecast model to aid site-specific evacuation decisions.

Tsunami water level data are available for 14 of the 16 tsunamis (Table 1)
in this study, while the tide station was either damaged or not functional dur-
ing the 1946, 1957, and 1960 tsunamis. The recorded maximum wave height is
3.84 m during the 1964 Alaska tsunami. The maximum recorded runup heights
at Hilo are 9.1, 3.9, 10.6, and 3.0 m for the 1946, 1957, 1960, and 1964 tsunamis,
respectively (Pararas-Carayannis, 1969). Inundation data are available for the
1946, 1957, and 1960 tsunamis in the area (Shepard et al., 1950; Fraser et al.,
1959).

3.2 Bathymetry and topography

Tsunami inundation modeling requires accurate bathymetry in the coastal area
as well as high-resolution topography and bathymetry in the nearshore area.
Digital elevation models (DEMs) were developed at a medium resolution of
6 arc sec (180 m) covering all of the major Hawaiian Islands (Figure 5), and a
high resolution of 1/3 arc sec (10 m) covering the east Hawaii area around Hilo
(Figure 6). Both grids include topographic and bathymetric elevations. The
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Table 2: MOST setup of the reference and forecast models for Hilo, Hawaii.
Reference Model Forecast Model
Coverage Cell nx Time Coverage Cell nx Time
Lat. [°N] Size X Step Lat. [°N] Size x Step
Grid Region Lon. [°E] (] ny [sec] Lon. [°E] "] ny [sec]
A Hawaii 18-23 36 x 36 699 x 500 2.25 18.0317-22.9983 120 x 120 210 x 150 8
199-205.98 199-205.9667
B  BigIsland, 18.693-21.428 6 x6 1531 x 1642 0.45 18.68-20.4155 18 x 18 334 x 347 2.0
Maui complex 202.848-205.398 203.738-205.403
C Hilo 19.7-19.79 10 x 10 1356 x 973 0.15  19.700-19.790 4x2 164 x 163 1.0
204.899-205.025 204.899-204.990
Minimum offshore depth [m] 1 1
Water depth for dry land [m] 0.1 0.1
Friction coefficient (n?) 0.00625 0.0009
CPU time for a 4-hr simulation ~34 hr <10 min

Computations were performed on a single Intel Xeon processor at 3.6 GHz, Dell PowerEdge 1850.

source grids were compiled from several data sources. Figures 5 and 6 show
the spatial extent of each data source used.

Raw data sources were imported to ESRI ArcGIS-compatible file formats.
Data values were converted, where necessary, to the WGS84 horizontal geode-
tic datum. In the point datasets, single sounding points that differed substan-
tially from neighboring data were removed. Gridded datasets were checked for
extreme values by examination of contour lines and, where available, by com-
parison between multiple data sources. All selected input datasets were con-
verted to the mean high water (MHW) vertical datum, when necessary, using
offsets on the National Ocean Service tidal benchmark datasheet for the Hilo
tide station.

3.3 Grid setups

Tang et al. (2009) show forecast model setup for several sites in Hawaii. Each
forecast model contains three levels of telescoping computational grids with
increasing resolution:

1. One regional grid of 2-arc-min (~3600 m) resolution covers the main
Hawaiian Islands (A grid).

2. Then the Hawaiian Islands are divided into four intermediate grids of 12
to 18 arc sec (~360-540 m) for the four natural geographic areas (B grid).

3. Each intermediate grid contains 2-arc-sec (~60 m) nearshore grids (C
grid).

By sub-sampling from the DEMs described in section 3.2, two sets of com-
putational grids were derived for Hilo, a reference model (Figure 7) and a fore-
cast model (Figure 8). The regional grids cover the major Hawaiian Islands
and the intermediate grids cover the Islands of Hawaii, Maui, Lanai, and east
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Molokai. Runup and inundation simulations are computed at the coastline in
the nearshore grids. Grid details at each level and input parameters are sum-
marized in Table 2. The input file parameters for running the forecast and ref-
erence models are presented in Appendix A.
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4, Results and Discussion

4.1 Sensitivity of modeled time series by the Hilo
forecast model to grid coupling schemes

MOST version 1.0 employs a two-way coupling scheme. The coupling is
achieved at each time step by interpolation of the low-resolution field from
the coarse to the fine resolution level, and vice versa. This two-way coupling
scheme has relatively rigorous requirements on bathymetric consistency as
well as on time steps between adjacent grids. Time steps used for the three tele-
scoping grids need to be carefully tested in order to provide stable model runs
of long duration. To overcome these difficulties, a one-way coupling scheme
was employed in MOST version 2.0, e.g., no interpolation of the fine-resolution
field to the coarser resolution level, for forecast purposes. This one-way cou-
pling scheme is robust and can handle bathymetric grids from varieties of data
sources with any time steps that satisfy CFL conditions. MOST version 2.0
passed the benchmark tests and in general provided good comparisons with
model results from version 1.0.

There are some exceptions for Hilo. Figure 9 compares the modeled tsu-
nami time series by MOST one- and two-way coupling schemes for 16 past
tsunamis. So far, we have seen that one-way coupling overestimates ampli-
tude of the 3rd trough and the 4th peak at Hilo tide station for five events, the
2010 Chile, 2007 and 2006 Kuril Islands, 2003 Rat Island, and 1996 Andreanov
tsunamis (Figures 9.1, 9.4, 9.5, 9.7, and 9.10). The reason is still under investi-
gation. We recommend double checking results for the Hilo forecast model by
using the two-way coupling scheme. In the next section, we discuss the results
computed by the forecast model using the two-way coupling scheme.

4.2 Validation, verification, and testing of the forecast
model

4.2.1 Validation

Both the reference model and the forecast model for Hilo were tested with the
16 past tsunamis summarized in Table 1. Tide gauge data of the recent tsu-
namis, Nos. 1 to 11, were from the NOAA National Water Level Observation
Network (NWLON) (Allen et al., 2008), while others were digitized from Shep-
ard et al. (1950), Zerbe (1953), Salsman (1959), Berkman and Symons (1964),
and Spaeth and Berkman (1967). The observations were filtered by a low-pass
Butterworth filter to remove tidal components with periods longer than a cut-
off period, such as 1 or 2 hr. Figure 10 shows observed and modeled tsunami
time series at Hilo tide station.
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The most recent tested event is the 27 February 2010 Chile tsunami. The
Chile tsunami was generated by a Mw 8.8 earthquake NNE of Concepcion,
Chile. In approximately 3 hours, the tsunami was recorded at DART station
32412. The real-time data was combined with the propagation database to pro-
duce a tsunami source. Figure 10.1 shows the comparison of observations and
model time series. The observed maximum wave height is 1.71 m, while the
model shows 2.24 m with the two-way coupling scheme. The 0.53-m error in
the maximum wave height is the largest error the forecast model has produced
among the tested past tsunamis. The model time series were shifted 9 min late
in the plot.

The 29 September 2009 Samoa tsunami was generated by a Mw 8.1 earth-
quake which occurred near the northern end of the Tonga Trench. Data re-
corded at DART stations 51425 and 51426 were inverted to produce a tsunami
source in real time. Figure 10.2 shows good agreements between the model
results and observations at Hilo.

A detailed description of the real-time experimental forecast for the 15 Au-
gust Peru tsunami can be found in Wei et al. (2008). At Hilo tide station, the
observed maximum wave height is 67 cm, while the forecast is 65 cm. The
forecast showed an arrival around 12 min earlier. After this 12-min time differ-
ence was adjusted in Figure 10.3, the forecast and observation matched well in
period.

The 13 January 2007 Kuril Islands earthquake occurred as normal faulting
(USGS, 2007). The Ty 7.9 source was inverted from tsunami data recorded at
three DARTS, 21414, 46413, and 21413, by a linear least squares fit to negative
tsunami source functions near the epicenter. The maximum wave height was
overestimated (Figure 10.4).

The Kuril Islands tsunami of 15 November 2006 provided ample tsunami
data and the first test of NOAA’s new experimental tsunami forecast system.
The tsunami source was inverted with tsunami data recorded at several DART
buoys along the Aleutian Trench. The modeled first waves agree well with the
observations (Figure 10.5).

The 3 May 2006 Tonga earthquake generated a tsunami that was detected
about 6 hr later by two offshore DARTSs located to the south of the Hawaiian
Islands. These data were combined with the TSF database to produce the tsu-
nami source by inversion (Tang et al., 2008a). Excellent agreement is obtained
for the first six waves over 2 hr, including the amplitudes, arrival time, and wave
period (Figure 10.6). The forecast model reproduced the maximum waves that
arrived 1.5 hr after the first arrival. Those are the 4th waves at Hilo. As shown in
Tang et al. (2008a), the Hilo forecast model also modeled well the large ampli-
tude later waves reflected from North America and scattered by South Pacific
bottom features that reached the Hawaiian Islands 16 hr and 18.5 hr, respec-
tively, after the earthquake.

The 17 November 2003 Rat Island tsunami provided the first real-time test
of NOAA’s forecast methodology, which became the proof of concept for the
development of the tsunami forecast system (Titov et al., 2005). This tsunami
was detected by three DARTs located along the Aleutian Trench. The real-time
data was combined with the TSF database to produce a tsunami source of Typy
7.8 by inversion. The offshore model scenario was then used as input to the
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earlier version of the Hilo forecast model, which was the only forecast model
available at that time. The model runtime is about 10 min by using a single
processor on a Dell PowerEdge 2650 with 2 Intel Xeon CPUs of 2.8 GHz, each
with 512 KB cache and 4 GB memory. The accuracy of the forecast is reflected
by the excellent agreement between the model prediction and observation at
Hilo tide station (Figure 10.7). This event was the first time in history that the
forecast of tsunami time series was available to a coastal city before tsunami
waves arrived. The offshore forecasts of the maximum tsunami amplitude and
arrival time are in Figure 2.

The 25 September 2003 Hokkaido earthquake generated tsunami waves of
very long periods recorded at the tide station. The wave amplitude decreased
slowly and steadily (Figure 10.8).

DART station 51406, located midway between South America and Hawaii,
was not deployed until 1 mon after the 23 June 2001 Peru tsunami. Therefore,
the source for this event was derived based on an inversion of Kahului tide
gauge records using the Kahului forecast model. It produced good comparisons
of first waves at the other three stations (Figure 10.9).

Deep-ocean research bottom-pressure recorder data are also available for
two other early tsunamis. The inversion of the 1994 Kuril Islands tsunami data
was done by using five BPR recordings, while the 1996 Andreanov used one
(Titov et al., 2005). Model results agree quite well with observations for the
first several waves (Figures 10.10 and 10.11). Only 6-min data are available at
Hilo tide station. The 6-min resolution was unable to fully resolve the tsunami
waves so the wave height at Hilo was under-recorded (Figure 10.11).

DART buoy records are not available for five destructive tsunamis, the
1964 Alaska, 1960 Chile, 1957 Andreanov, 1952 Kamchatka, and 1946 Unimak
events. Previous studies of seismic, geodetic, and water-level data have esti-
mated source parameters for some of the events (Kanamori and Ciper, 1974;
Johnson et al., 1994; 1996; Johnson and Satake, 1999; Lépez and Okal, 2006).
However, some of the sources are subject to debate and adjustment. Most of
the source estimates that have been done are based on low-resolution tsunami
propagation models. The forecast system provides a unique chance to rein-
vestigate the historical sources by inversion of the water level data with the
high-resolution-quality inundation and propagation models. Preliminary re-
sults are available for the 1964, 1957, 1952, and 1946 tsunamis. The incomplete
tide gauge records in Hawaii and the distance from the source to the developed
forecast models in the U.S. present a substantial challenge to the reinvestiga-
tion of the 1960 Chile tsunami. So the source parameters of the tsunami are
taken from Kanamori and Ciper (1974) in this study. Model results are plotted
in Figures 10.12 to 10.16, respectively.

Figure 11a shows the error of the maximum wave height computed by the
Hilo forecast model for the past tsunamis that have complete wave-height rec-
ords. When the observed maximum wave height is less than 0.5 m, the max-
imum computed error is less than 0.3 m. At small amplitudes, noise in the
observed signals and numerical error in the model are large compared to the
observations. When the maximum wave height is greater than 0.5 m, the error
is within +35%; this uncertainty can be attributed primarily to uncertainties in
the tsunami source, model setup, and bathymetry. Arrival time of the first wave
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peak in general agrees well with the observations, with errors less than +3% of
the travel time. So far, the largest discrepancy between the modeled and ob-
served first arrival time is the 12 min for the 2007 Peru tsunami. However, with
an earthquake epicenter 460 km to the northwest of the 2007 Peru earthquake,
the 2001 Peru tsunami has only a 3-min discrepancy in arrival time. This 12-
min arrival discrepancy is currently under investigation.

Tsunami waves are known to produce time series with complex frequency
structure that varies in space and time. To explore the tsunami frequency re-
sponses at different forecast sites, a complex Morlet wavelet transform was ap-
plied to both observations and model results. A description of the time series
of wavelet-derived amplitude spectra can be found in Tang et al. (2008a). As
an example, Figure 12 shows the real parts of the wavelet-derived amplitude
spectra for the observation and forecast at Hilo for the November 2006 Kuril Is-
lands tsunami. The modulated spectrogram shows the first incident wave has a
peak period near 20 min (Figure 12b). The tsunami quickly excited two major
oscillations with near 15- and 32-min periods in Hilo Harbor. Those changes
of frequency structure were correctly captured by the forecast time series com-
puted by the Hilo forecast model (Figure 12c).

The same approach was applied to the tsunami time series in Figure 10.
Figure 11b compares the observed and modeled peak wave periods. At Hilo,
the observed peak wave periods fall into one of the three groups near 15-, 22-,
or 32-min periods (+2 min) (Figure 11b). The Hilo forecast model produced
the peak wave periods reasonably well, especially in the highest frequency
group (15-min period).

Figure 13a shows the inundation at Hilo computed by the forecast model
for the 1946 Unimak tsunami. The modeled inundation, after being converted
to MLLW, correctly reproduced the inundation limit of the survey data from
Shepard er al. (1950) (Figure 13b).

4.2.2 Verification

The computed maximum water elevation above MHW and maximum current
of the 16 tsunamis are plotted in Figure 14. Both the reference and fore-
cast models produced similar patterns and values. The 1946 Unimak tsunami
caused the most severe impact on Hilo. In general, the tsunami wave amplitude
increases dramatically due to shoaling when the tsunami waves enter a near-
shore area shallower than 20 m and even more so because of local shelf and
harbor resonances and other coastal effects. This emphasizes the importance
of using high-resolution inundation models, which resolve the local coast and
harbor geometries, in order to achieve accurate tsunami amplitude forecasts
for coastal communities.

4.2.3 Robustness and stability tests

Recorded historical tsunamis provide only a limited number of events, from
limited locations. More comprehensive test cases of destructive tsunamis with
different directionalities are needed to check the stability and robustness for
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SIMs. The same set of 18 simulated Ty 9.3 tsunamis as in Tang et al. (2008b)
was selected here for further examination. Results computed by the forecast
model are compared with those from the high-resolution reference model in
Figures 15 and 16. Both models were numerically stable for all of the scenar-
ios. Waveforms computed by the forecast model agree well with those from the
reference model (Figure 15). Both models compute similar maximum water
elevation and inundation in the study area (Figure 16). These results indicate
the Hilo forecast model is capable of providing robust and stable predictions of
long duration for Pacific-wide tsunamis.

Tsunami waves in the study area vary significantly for the 18 magnitude 9.3
scenarios. These results show the complexity and high nonlinearity of tsunami
waves nearshore, which again demonstrate the value of the forecast model for
providing accurate site-specific forecast details. The No. 3 scenario in the mid-
dle of the Aleutian subduction zone generates severe inundation at Hilo. The
computed maximum water elevation reaches 7 m at the tide station.

4.3 Tsunami hazard assessment for Hilo from simulated
magnitude 7.5, 8.2, 8.7, and 9.3 tsunamis

A tsunami hazard assessment for a model site can provide forecast guidance
by determining in advance which subduction zone regions and tsunami mag-
nitudes pose the greatest threat to the location. The validated forecast models,
in combination with the forecast tsunami source function database, provide
powerful tools to address this long-term forecast. Here, we apply our forecast
modeling tools, including the previously described Hilo forecast model, to pro-
duce long-term forecast assessment for Hilo.

Four different magnitudes, Tyny 7.5, 8.2, 8.7, and 9.3, as in Tang et al
(2008b; 2009), were tested. The details of the simulated tsunami sources and
results are summarized in Figure 17. The maximum water elevation, 1y, at
Hilo tide station from Ty 7.5 tsunamis computed by the Hilo forecast model,
is plotted in bars in Figure 17b. Color represents the first arrival at the station,
which is the time when the water level reaches 20% of the height of the first
significant peak or trough. Bars in Figure 17a indicate the maximum elevation
at deep water offshore Hilo from the same sources, which are from the TSF
database. Figures 17c, d, and e show at Hilo tide station from Ty, 8.2, 8.7, and
9.3 tsunamis, respectively. The color represents the difference in time between
the arrival of the maximum elevation, f,,,x, and first arrival, #;. These results
show an impressive local variability of tsunami amplitudes even for far-field
tsunamis, which illustrate the complexity of forecasting tsunami amplitudes at
coastal locations. Tang et al. (2009) have shown that the location of the most
“effective” source for a given location also differs from site to site.

To further investigate the transformations of tsunami amplitudes from off-
shore to the tide gauges, we have looked at the ratios of these amplitudes. The
ratio of the offshore and nearshore 7npax for all computed scenarios are plot-
ted and the linear regression analyses were performed in Figure 18. To better
illustrate the data trends, both the logarithmic and Cartesian coordinates were
plotted with the same datasets. The logarithmic scales give a full picture of the
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wide range of values, while the Cartesian coordinates better illustrate the ac-
tual spread and trends of the data. In Figure 18b, the red dots, which represent
the Ty 7.5 tsunamis, are hardly seen due to the overlapping dots representing
other magnitude scenarios. The solid black lines are the best fit to the data.
The dashed black lines are the prediction bounds based on a 95% confidence
level. The results show:

1. The relationship between tide-gauge maximum amplitude and offshore
maximum amplitude appears to be complex and nonlinear in nature.

2. Larger amplitudes offshore do not necessarily produce larger amplitudes
at tide gauges, and larger tsunami magnitudes may not produce larger
waves either offshore, or at tide-gauges.

3. The simple relationships obtained through regression analysis (Figure
18a) are insufficient to provide warning guidance during an event. The
95% confidence interval is too wide to provide any certainty for the fore-
cast accuracy.

Tang et al. (2009) also show that the trends of offshore/tide gauge amplitudes
are site-specific. Different sites show different regression analysis curves. These
results indicate that high-resolution tsunami models are essential for providing
useful accuracy for coastal amplitude forecast. If the high-resolution tsunami
near-shore dynamics is not included in the forecast procedures, the accuracy
and the uncertainty of the amplitude forecast appear to be too high for practi-
cal guidance.
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5. Summary and Conclusions

This study describes the development, testing, and application of a site-specific
tsunami inundation model for Hilo for use in NOAAs tsunami forecast and
warning system. The final forecast model grid resolution was 2 arc sec (~60 m)
to enable a 4-hr inundation simulation within 10-min of computational time. A
higher-resolution reference inundation model of 1/3 arc sec (~10 m) was also
developed in parallel to provide modeling references for the forecast model.
Both models were tested for 16 past tsunamis and a set of 18 simulated magni-
tude 9.3 tsunamis.

The error of the maximum wave height computed by the forecast model is
within 35% when the observation is greater than 0.5 m; when the observation
is below 0.5 m the error is less than 0.3 m. The error of the modeled arrival
time of the first peak is within 3% of the travel time. Wavelet analysis of the
tsunami time series indicates that the peak wave period often coincides with
one of the resonant periods of the harbor where the tide gauge is located. This
peak period may partially depend on the geographic location of the tsunami
source.

The developed forecast models were further applied to hazard assessment
from 1435 scenarios of simulated magnitude 7.5, 8.2, 8.7, and 9.3 tsunamis
based on subduction zone earthquakes in the Pacific. The results demonstrate
the nonlinearity between offshore and nearshore maximum wave amplitudes.
The study indicates that use of a seismic magnitude alone for a tsunami source
assessment is inadequate to achieve such accuracy for tsunami amplitude fore-
casts. The forecast models apply local bathymetric and topographic informa-
tion, and utilize dynamic boundary conditions from the tsunami source func-
tion database, to provide site- and event-specific coastal predictions.
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Figure 1: Photos showing damage at Hilo caused by the (a—e) 1946 and (f) 1960 tsunamis (images courtesy of
Pacific Tsunami Museum). (a) Tsunami wave washing over and destroying the Hilo Harbor Pier (Immel Collec-
tion). (b) The badly damaged Pier 2 on the Hilo Waterfront (Smith Collection). (c) A person about to be overcome
by tsunami waves (Enskine Collection). (d) The Hilo Bay Waterfront (Nakagawa Collection). (e) Devastation to
downtown Hilo (Smith Collection). (f) Damage to property at Waiakea (Polhemus Collection).
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Figure 4: Population density, Hawaii (source: 2000 Census).
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B SHOALS LIDAR B NOS nautical chart digitized contours
- NOS surveys - USGS Seafloor Mapping Project
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USACE surveys

Figure 5: Bathymetric and topographic data source overview for the Hawaiian Islands with 6-arc-sec (~180 m)

resolution.
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Figure 6: Bathymetric and topographic data source overview for Hilo with 1/3-arc-sec (~10 m) resolution.
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Figure 7: Grid setup for the Hilo reference model with resolution of (a) 36" (1080 m), (b) 6” (180 m) and (c) 1/3"
(10 m). O, nested grid boundary; @, Hilo tide station.



34 Tang et al.

Figure 8: Grid setup for the Hilo forecast model with resolutions of (a) 120” (3600 m), (b) 18” (540 m) and (c) 2"
(60 m). O, nested grid boundary; @, Hilo tide station.
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