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Abstract This paper presents a framework and data for
spatially distributed assessment of tsunami inundation
models. Our associated validation test is based upon the
2004 Indian Ocean tsunami, which affords a uniquely
large amount of observational data for events of this
kind. Specifically, we use eyewitness accounts to assess
onshore flow depths and speeds as well as a detailed
inundation survey of Patong City, Thailand to compare
modelled and observed inundation. Model predictions
matched well the detailed inundation survey as well as
altimetry data from the JASON satellite, eyewitness
accounts of wave front arrival times and onshore flow
speeds. Important buildings and other structures were
incorporated into the underlying elevation model and
are shown to have a large influence on inundation
extent.

Keywords Tsunami - Inundation - Modelling -
Spatially distributed - Verification - Validation

1 Introduction

Tsunami are a potential hazard to coastal communities
all over the world. Several recent large events have
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increased community and scientific awareness of the
need for effective detection, forecasting and emergency
preparedness. Probabilistic, geophysical and hydrody-
namic models are required to predict the location and
likelihood of an event, the initial seafloor deformation
and subsequent propagation and inundation caused by
the tsunami. Engineering, economic and social vulner-
ability models can then be used to estimate the impact
of the event as well as the effectiveness of hazard
mitigation procedures (Arnold and Carlin 2003; Usha
et al. 2009). In this paper, we focus on modelling of the
physical processes only.

Various approaches are currently used to assess the
potential tsunami inundation of coastal communities.
These methods differ in both the formulation used to
describe the evolution of the tsunami and the numer-
ical methods used to solve the governing equations.
The structure of these models ranges from data-driven
neural networks (Romano et al. 2009) to non-linear
three-dimensional physics-based models (Zhang and
Baptista 2008). These models are typically used to pre-
dict quantities such as arrival times, wave speeds and
heights, as well as inundation extents and heights for
developing efficient hazard mitigation plans. Physics-
based models combine observed seismic, geodetic and
sometimes tide gauge data to provide estimates of
initial seafloor and ocean surface deformation. The
shallow water wave equations (George and LeVeque
2006), linearised shallow water wave equations (Liu
et al. 2009) and Boussinesg-type equations (Weiss et al.
2006) are frequently used to simulate tsunami propaga-
tion and inundation.

Inaccuracies in model prediction can result in in-
appropriate evacuation plans, town zoning and land
use planning, which ultimately may result in loss of
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life and infrastructure damage. Such inaccuracies are
caused by unknown distribution of surface roughness,
uncertainties in the parameterisation of the source
model, discretisation errors, effect of humans struc-
tures on flow, as well as uncertainties in the elevation
data including effects of erosion and deposition by the
tsunami event (Dao and Tkalich 2007; Gica et al. 2007).
Consequently, tsunami models must undergo sufficient
end-to-end testing to increase scientific and community
confidence in the model predictions.

Complete confidence in a model of such a physical
system cannot be established. One can only hope to
state under what conditions and to what extent the
model hypothesis holds true. Specifically, the utility of a
model can be assessed through a process of verification
and validation. Verification assesses the accuracy of the
numerical method used to solve the governing equa-
tions and validation is used to investigate whether the
model adequately represents the physical system (Bates
and Anderson 2001). Together these processes can be
used to establish the likelihood that a model represents
a legitimate hypothesis.

The sources of data used to verify and validate a
model can be separated into three main categories:
analytical solutions, scale experiments and field mea-
surements. Analytical solutions of the governing equa-
tions of a model, if available, provide the best means of
verifying any numerical model. However, analytical so-
lutions are frequently limited to a small set of idealised
examples that do not completely capture the more com-
plex behaviour of ‘real’ events. Scale experiments, typ-
ically in the form of wave-tank experiments, provide a
much more realistic source of data that better captures
the complex dynamics of flows such as those generated
by a tsunami, whilst allowing control of the event and
much easier and accurate measurement of the hydrody-
namic properties. Comparison of numerical predictions
with field data provides the most stringent test. The use
of field data increases the generality and significance
of conclusions made regarding model utility (Bates and
Anderson 2001).

Currently, the extent of tsunami-related field data is
limited. The cost of tsunami monitoring programs and
bathymetry and topography surveys as well as the rarity
of events prohibit the collection of data in many of
the regions in which tsunamis pose the greatest threat.
Even if the location and time of a tsunami event could
be predicted ahead of time, the hugely destructive force
of the tsunami and ephemeral nature of relevant field
data limit the amount and accuracy of data that can
be collected. The resulting lack of data has limited the
number of field data sets available to validate tsunami
models.
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Synolakis et al. (2008) have developed a set of stan-
dards, criteria and procedures for evaluating numer-
ical models of tsunamis. They propose a number of
analytical solutions to assess model veracity, five scale
comparisons (wave-tank benchmarks) and two field
events to assess the validity of a model.

The first field data benchmark introduced in
Synolakis et al. (2008) compares model results against
observed data from the Hokkaido-Nansei-Oki tsunami
that occurred around Okushiri Island, Japan on the
12 July 1993. This tsunami provides an example of
extreme run-up generated from reflections and con-
structive interference resulting from local topography
and bathymetry. The benchmark consists of two tide
gauge records and numerous spatially distributed point
sites at which modelled maximum run-up elevations
can be compared. The second benchmark is based upon
the Rat Islands tsunami that occurred off the coast
of Alaska on the 17 November 2003. The Rat Island
tsunami provides a good test for real-time forecast-
ing models since the tsunami was recorded at three
tsunameters. The test requires matching the tsunami
propagation model output with the tsunameter record-
ings to constrain the tsunami source model and then
using it to reproduce the tide gauge record at Hilo,
Hawaii.

In this paper, we develop a field test to be used in
conjunction with the aforementioned tests to validate
tsunami models. The benchmark proposed here focuses
on validating the inundation component of tsunami
models. A detailed inundation survey of Patong City,
Thailand in conjunction with eyewitness accounts of
onshore flow depths and velocities, the arrival times
and number of tsunami crests are used to compare
model and observed inundation. A description of the
data required to construct the test is given in Section 2.

Previous model field evaluations (Ioualalen et al.
2007; Watts et al. 2005) and benchmarks (Synolakis
et al. 2008) have focused on reproducing inundation at
point sites, which are often sparsely distributed. The
stakeholders in any tsunami study of inundation, such
as emergency planners, are generally more interested
in more detailed localised studies of tsunami impacts
on populated areas. Informed and defensible decisions
must be based upon detailed simulations that predict
local inundation extents, onshore flow velocities and
depths. Ideally validation studies should be tailored
accordingly.

Unlike the existing field benchmarks, the proposed
test facilitates localised and highly detailed spatially
distributed assessment of modelled inundation. To the
authors knowledge, it is also the first benchmark to as-
sess model inundation influenced by numerous human
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made structures. Additionally, eyewitness videos have
been considered to allow the qualitative assessment of
onshore flow patterns.

Although the benchmark proposed here focuses on
validating inundation models, we note that the gener-
ation and propagation components of tsunami models
are also important. Without accurate models of prop-
agation and inundation, defensible predictions of inun-
dation would be impossible. As with any validation test,
the following must be used in conjunction with other
appropriate tests to ensure conclusions drawn about the
model utility are defensible.

An associated aim of this paper is to illustrate
the use of this new field test to validate the three-
step modelling methodology employed by Geoscience
Australia to model tsunami inundation. A description
of the model components is provided in Section 3,
and the validation results are given in Section 4. In
Section 4.5, the effect of the presence of buildings on
inundation and onshore flow patterns is investigated.

The numerical models used to simulate tsunami im-
pact are computationally intensive, and high-resolution
models of the entire evolution process will often require
anumber of days to complete. Consequently, the uncer-
tainty in model predictions is difficult to quantify as it
would require a very large number of time consuming
simulations. However, model uncertainty should not be
ignored. Section 4.6 provides a discussion of the main
sources of uncertainty that affect model predictions.

2 Data

The sheer magnitude of the 2004 Sumatra—Andaman
earthquake and the devastation caused by the subse-
quent tsunami have generated much scientific interest.
As a result, an unusually large amount of post seismic
data has been collected and documented. Data sets
from seismometers, tide gauges, GPs surveys, satellite
overpasses, subsequent coastal field surveys of run-up
and flooding and measurements of coseismic displace-
ments as well as bathymetry from ship-based expedi-
tions and high-quality topographic data have now been
made available.

The evolution of a tsunami consists of three stages:
generation, propagation and inundation. Although this
benchmark focuses on validating model inundation,
consideration of the other two stages is also important.
Consequently, in this section, we present data not only
to facilitate validation of inundation extent but to also
aid the assessment of tsunami generation and propa-
gation. In an attempt to provide higher visibility and
easier accessibility for tsunami benchmark problems,

the data used to implement the proposed validation are
freely available at http://tinyurl.com/patong2004-data.
The published components are:

— Bathymetric data covering the Andaman Sea and
Patong Bay

— Elevation data covering Patong Bay and its imme-
diate surroundings as well as Patong City including
the majority of buildings in the inundation zone

— Survey of the maximum run-up in Patong City

— JASON satellite sea level anomaly data

Estimates of onshore wave speeds and depths extracted
from eyewitness videos and geodetic measurements of
vertical displacement at sites surrounding the rupture
zone are presented below.

2.1 Bathymetry data

The bathymetry data used in this study were derived
from the following sources:

— A 2-arc min data grid covering the Bay of Bengal,
DBDB2, obtained from US Naval Research Labs
(http://www7320.nrlssc.navy.mil/DBDB2_WWW)

— A 3-arcsec data grid obtained directly from NOAA
covering the whole of the Andaman Sea based on
the Smith and Sandwell 2-min data set (http://topex.
ucsd.edu/WWW_html/srtm30_plus.html), coastline
constrained using SRTM data (http://srtm.csi.cgiar.
org) as well as Thai Navy charts nos. 45 and 362

— Thai Navy chart no. 358 providing depth soundings
inside Patong Bay

These data sets were used to produce four nested
grids, used in this study. These grids are shown in
Fig. 1. The nested approach was chosen to match model
resolution requirements according to the principle that
shallow water flows are more sensitive to variations in
elevation data than deep water flows. Consequently,
the elevation data in shallow waters and onshore need
to be better resolved than elevation data further off-
shore. The four nested grids used here were derived as
follows:

— Twenty-seven-arc second grid obtained by interpo-
lating the 2-min DBDB2 grid. This is the coarsest
grid used in the simulations

—  Nine-arc second grid generated by sub-sampling the
3-arc sec grid from NOAA

—  Three-arc second grid formed as a subset of the 3-s
grid from NOAA

—  One-arc second grid created by digitising Thai Navy
bathymetry chart no. 358 followed by a gridding
procedure as described below. This grid is the
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Fig. 1 Nested elevation grids of the Andaman Sea with the highest resolution at and around Patong Bay

smallest and covers the Patong Bay area and imme-
diately adjacent regions. The digitised points and
contour lines from this chart are shown in Fig. 2

The gridding process for the finest grid was
performed using INTREPID, a commercial geophysi-
cal processing package developed by Intrepid Geo-
physics.! Any points that deviated from the general
trend near the boundary were deleted through a qual-
ity control process. The sub-sampling of larger grids
was performed by using RESAMPLE, a Generic Mapping
Tools program (Wessel and Smith 1998).

ISee http://www.intrepid-geophysics.com/ig/manuals/english/
gridding.pdf for details on the Intrepid gridding scheme.
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To the authors’ knowledge, the bathymetry data
documented here are the best available. It is extremely
difficult to estimate uncertainty in bathymetric data,
and consequently, we cannot include a discussion of the
errors in these data. Here, we direct the reader to a
discussion of the consistency of the DBDB2 data set,
one of the sources used in this paper, with several other
publicly available data sets (Marks and Smith 2006).

2.2 Topography data

A 1-s grid comprising the onshore topography and the
nearshore bathymetry for Patong Beach was created
from the Thai Navy charts (described in Section 2.1)
and from 1- to 10-m elevation contours provided by the
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Fig. 2 3D view of the
elevation data set used for the
nearshore propagation and
inundation in Patong City
showing digitised data points
and contours as well as rivers
and roads draped over the
data model

Coordinating Committee for Geoscience Programmes
in East and Southeast Asia (CCOP). The 1-s terrain
model for the community is shown in Fig. 2.

To provide increased resolution for the surveyed
area, two one third-second grids were created: one for
the saddle point covering Merlin and Tri Trang Beaches
(separate survey patch to the left in Fig. 3) and one
for Patong City and its immediate shore area (main
surveyed area in Fig. 3). These grids were based on the
same data used for the 1-s data grid. The Patong City
grid was further modified based on satellite imagery to
include the river and lakes towards the south of Patong
City which were not part of the provided elevation data.
In the absence of data, the depth of the river and lake
system was set uniformly to a depth of 1 m.

Again we are unable to estimate the uncertainty in
this topography data. The bathymetry data presented
here are the best available.

2.2.1 Buildings and other structures

Human-made buildings and structures can significantly
affect tsunami inundation. The footprint and number
of floors of the buildings in Patong City were extracted
from the data provided by CCOP. The heights of
these buildings were estimated assuming that each floor
has a height of 3 m and the resulting profiles were
added to the topographic data set within the inundation
model.

2.3 Inundation survey
Tsunami run-up in built-up areas can be the cause of

large financial and human losses, yet run-up data that
can be used to validate model run-up predictions is

scarce because such events are relatively infrequent.
Of the two field benchmarks proposed in Synolakis
et al. (2008), only the Okushiri benchmark facilitates
comparison between modelled and observed run-up.
One of the major strengths of the benchmark proposed
here is that modelled run-up can be compared to an
inundation survey which maps the maximum run-up
along an entire coastline rather than at a series of
discrete sites. The survey map was obtained from the
CCOP and is shown in Fig. 3.

The survey plots the maximum run-up of the 2004
Indian Ocean tsunami in Patong City. Here, we define
the maximum run-up as the difference between the
elevation of the maximum tsunami penetration and the
elevation of the shoreline during the period between
the arrival of the first and last of the three main waves.
The run-up ranged between 2 m in the river valley in
the south and 6.7 m on parts of the steep coast line.
According to Szczucinski et al. (2006), the average run-
up in Patong town was approximately 3 m and approxi-
mately 4.5 m on the southern shore of Patong Bay. The
maximum horizontal intrusion of the tsunami waters
from the shoreline ranged between 340 and 560 m.

Traces left by the tsunami, such as debris lines, water
marks or damage to vegetation caused by salt water
were used to estimate the maximum run-up. Due to the
nature of the survey, the authors believe the errors in
the measurements to be at least +30 cm.

The elevation of Patong Bay is reasonably varied,
possessing some regions with sharp slopes and other
flatter coastal plain areas. However, the topography in
inundation region and the adjacent areas is generally
quite flat. Szczucinski et al. (2006) investigated the
relationship between the slope of the local topography
and the maximum run-up and the maximum horizontal
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Fig. 3 Tsunami survey mapping the maximum observed inundation at Patong City, courtesy of the CCOP (Szczucinski et al. 2006)

intrusion in Patong Bay. Szczucinski et al. (2006) found
that there is no direct correlation between maximum
run-up heights and the slope of the local topography
where the measurements were taken. Moreover the
greatest distances of horizontal intrusion were achieved
on the smaller inclines. The maximum horizontal in-
trusion distances reached almost 1,500 m in some
locations.

2.4 Eyewitness accounts

Eyewitness accounts detailed in Papadopoulos et al.
(2006) report that many people at Patong Beach ob-
served an initial retreat (trough or draw down) of the
shoreline of more than 100 m followed a few minutes
later by a strong wave (crest). Eyewitness statements
place the arrival time of the first wave between 9:55 am
and 10:05 am local time or about 2 h after the source
rupture. Two waves of smaller amplitudes arrived
12-15 min after the preceding wave.

@ Springer

A 10-min window on the arrival time of the first wave
is not a stringent test of model performance. However,
matching the arrival time within the estimated uncer-
tainty can be considered a necessary condition which
must be met. If the predicted arrival time is outside the
bounds given, it would suggest a serious deficiency in
the modelling process.

Two videos were sourced’ both of which include
footage of the tsunami in Patong City on the day of
the 2004 Indian Ocean tsunami. Both videos show
an already inundated street. They also show what is
to be assumed as the second and third waves ap-
proaching and further flooding of the buildings and
street. The first video is in the very north, filmed from

2The footage is widely available and can, for example, be ob-
tained from http://www.archive.org/download/patong_bavarian/
patong_bavaria.wmv (Comfort Resort) and http://www.archive.
org/download/tsunami_patong_beach/tsunami_patong_beach.
wmv (Novotel).
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Fig. 4 Four frames from a
video where flow rate could
be estimated; circle indicates
tracked debris, from rop left:
0.0,5.0,7.1and 7.6 s

what is believed to be the roof of the Novotel Hotel
(7.906192° N, 98.29562° E).

The second video is in the very south, filmed
from the second story of a building next door to the
Comfort Resort near the corner of Ruam Chai St
and Thaweewong Road (7.888291° N, 98.292440° E).
Figure 4 shows stills from this video. Both videos were
used to estimate flow speeds and inundation depths
over time.

Flow rates were estimated using landmarks found
in both videos and were found to be in the range of
6 m/s (3 m/s) in the north and 2 m/s (£1.5 m/s) in the
south.?> Water depths could also be estimated from the
videos by the level at which water rose up the sides of
buildings such as shops. Our estimates are on the order
of 1 to 2.5 m. Without an on-site survey of the locations
at which the videos were taken, it is difficult to reduce
the large estimates of uncertainty in the flow depths
and speeds.

2.5 Geodetic data
The 2004 Sumatra—Andaman tsunami was generated

by a coseismic displacement of the seafloor resulting
from one of the largest earthquakes on record. The

3These error bounds were estimated from uncertainty in aligning
the debris with building boundaries in the videos.

mega-thrust earthquake started on the 26 December
2004 at 0h5853” UTC (or just before 8 am local
time) approximately 70 km offshore of North Sumatra
(http://earthquake.usgs.gov/eqcenter/eqinthenews/2004/
usslav). The rupture propagated 1,000-1,300 km along
the Sumatra—Andaman trench to the north at a rate
of 2.5-3 km s~! and lasted approximately 8-10 min
(Ammon et al. 2005). Estimates of the moment
magnitude of this event range from about 9.1 to
9.3 M,, (Chlieh et al. 2007; Stein and Okal 2007).

The unusually large surface deformation caused by
this earthquake means that a range of different geo-
detic measurements of the surface deformation is avail-
able. Here, we use the near-field estimates of vertical
deformation in Northern Sumatra (Subarya et al.
2006) and the Nicobar-Andaman Islands (Gahalaut
et al. 2006), coral measurements from Simeulue Island
(Subarya et al. 2006), field observations in the Nicobar—
Andaman Islands (Bilham et al. 2005) and position
of the pivot line determined from satellite im-
agery (Meltzner et al. 20060) collated by Chlieh et al.
(2007), to assess whether our crustal deformation
model of the 2004 Sumatra—Andaman earthquake is
producing reasonable results. These data are displayed
in Tables 3, 4, 5, 6 and 7 in Appendix 1, respectively.

Note that the geodetic data used here are a com-
bination of the vertical deformation that happened in
the ~10 min of the earthquake plus the deformation
that followed in the days following the earthquake
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before each particular measurement was actually made
(typically of the order of days). Therefore, some of
the observations may not contain the purely co-seismic
deformation but could include some post-seismic de-
formation as well (Chlieh et al. 2007). The final col-
umn of each of the geodetic data tables displays the
estimated measurement uncertainty in the deforma-
tion. It is impossible to estimate what percentage of
the deformation was caused by the initial earthquake
and the proportion caused by subsequent after-shocks
and shifts.

2.6 JASON satellite altimetry

During the 2004 Sumatra—Andaman event, the JASON
satellite tracked from north to south and over the
equator at 02:55 UTC nearly 2 h after the earthquake
(Gower 2005). The satellite recorded the sea level
anomaly compared to the average sea level from its
previous five passes over the same region in the 20—
30 days prior.

2.7 Validation check-list

In this section, we have presented the corresponding
data necessary to implement the proposed field vali-
dation test. The main focus of the study is to assess
the ability to predict inundation extent. Attention is
also given to reproducing onshore flow velocities and
depths; however, obtaining field data measuring these
quantities is often very difficult and subject to very
large uncertainties, as is the case here. Consequently,
the “fit’ of observed and modelled run-up, in the pro-
posed benchmark, has the greatest influence on con-
clusions regarding model validity. With this in mind,
we propose that a legitimate tsunami model should
reproduce the following behaviour:

— The inundation survey map in Patong City (Fig. 3)

— Aleading depression followed by two distinct crests
of decreasing magnitude at the beach

— The arrival times of each wave within 5 min of the
estimated values

— Predict the water depths and flow speeds, at the
locations of the eyewitness videos, that fall within
the bounds obtained from the videos

— The sason satellite altimetry sea surface anomalies
(see Section 2.6)

— The vertical deformation observed in northwestern
Sumatra and along the Nicobar-Andaman Islands
(see Section 2.5)

Ideally, the model should also be compared to mea-
sured time series of offshore wave heights and flow
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speeds, but the authors are not aware of the availability
of such data near Patong Bay. Here, we note that the
JASON satellite altimetry sea surface anomalies and the
vertical deformation data have been used in previous
inversion studies (Chlieh et al. 2007; Gahalaut et al.
2006; Grilli et al. 2006) to estimate the characteristics
of the Sumatra—Andaman earthquake. If a model uses
a description of the source obtained from such an in-
version, the comparison of predicted deformation and
anomalies with the observed data is a circular argument
and thus should be neglected.

3 Modelling the event

Numerous models are currently used to simulate
tsunami generation, propagation and inundation (Titov
and Gonzalez 1997; Satake 1995; Zhang and Baptista
2008). Here, we introduce the modelling methodology
employed by Geoscience Australia to illustrate the util-
ity of the proposed validation test.

The methodology used by Geoscience Australia
has three distinct components. Firstly, an appropriate
model is used to approximate the initial sea surface
deformation. This model is chosen according to the
cause of the initial disturbance. The second step in-
volves propagating the resulting wave in the deep ocean
using the hydrodynamic tool URSGA which is well
suited to modelling tsunamis over large distances. The
third and final step consists of using ANUGA (Nielsen
et al. 2005) to model the complex process of inundation.
This three-part methodology roughly follows the three
stages of tsunami evolution: generation, propagation
and inundation.

The use of two hydrodynamic models is intended
to enhance the modelling process by using models
which are individually well suited to one of the two
distinct phases of tsunami propagation and inundation.
URSGA is well suited to modelling tsunamis over large
distances, but its utility decreases with water depth un-
less an intricate sequence of nested grids is employed.
In comparison, ANUGA is designed to accurately
model the complex wetting and drying process of in-
undation. A description of the URSGA and ANUGA
models is provided in Appendix 2. This section presents
numeric and computational considerations needed to
validate the modelling practice of Geoscience Australia
against the new proposed validation test.*

4All data and software required to reproduce the simulation
documented here are available as part of ANUGA within its
validation test suite.
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3.1 Modelling deformation

We use the method of Wang et al. (2003) to model
seafloor deformation. The chosen method predicts
crustal deformation with a model that describes the
variation in elastic properties with depth. A slip model
of the earthquake to describe the dislocation is re-
quired. The elastic parameters used for this study are
the same as those in Table 2 of Burbidge et al. (2008).
The source parameters of the slip model used here to
simulate the 2004 Indian Ocean tsunami were taken
from the slip model G-M9.15 of Chlieh et al. (2007).
This model was created by inversion of wide range of
geodetic and seismic data. The slip model consists of
686 20 x 20 km sub-segments each with a different slip,
strike and dip angle. The dip sub-faults range from 17.5°
in the north and 12° in the south. Refer to Chlieh et al.
(2007) for a detailed discussion of this model and its
derivation.

3.2 Modelling propagation and inundation

The deformation model described here was used to pro-
vide a profile of the initial ocean surface displacement.
This wave was used as an initial condition for URSGA
and was propagated throughout the Bay of Bengal.
The rectangular computational domain of the largest
grid extended from 90° to 100° E and 0° to 15° N and
contained 1,335 x 1,996 finite difference points. Inside
this grid, a nested sequence of grids was used. The grid
resolution of the nested grids went from 27 arc sec
in the coarsest grid down to 9 arc sec in the second
grid and 3 arc sec in the third grid. The computational
domain is shown in Fig. 5.

After propagating the tsunami in the open ocean
using URSGA, the approximated ocean surface el-
evation and horizontal flow speeds were extracted
and used to construct a boundary condition for the
ANUGA model. The interface between the URSGA
and ANUGA models was chosen to roughly follow the
100-m-depth contour along the west coast of Phuket
Island. Data from the 3-s grid which are approximately
30 m apart was decimated to match the resolution cho-
sen in ANUGA. The computational domain is shown
in Fig. 5.

The west most boundary of the ANUGA domain
(red line) was used as the interface between the
URSGA and ANUGA models. Transmissive boundary
conditions were used on all other boundary segments.
We note that the domain utilised for the ANUGA
simulation only captures the arrival of wave fronts that
propagate directly from the source. Given the local
shape of the coastline, the assumption was made that

the effects of any reflections on the study region are
negligible.

The domain was discretised into 386,338 triangles.
The resolution of the grid was increased in regions
inside the bay and onshore to efficiently increase the
simulation accuracy for the impact area. The grid res-
olution ranged between a maximum triangle area of
1 x 10> m? (corresponding to approximately 440 m be-
tween mesh nodes) near the western ocean boundary
(roughly following the 100-m-depth contour) to 20 m?
(corresponding to approximately 6 m between mesh
nodes) in the small regions surrounding the inunda-
tion region in Patong City and intertidal zone. The
coarse resolution was chosen to balance accuracy with
computational costs whilst the fine resolution was cho-
sen to match the available resolution of topographic
data and building data in Patong City. Figure 6 shows
a section of the mesh covering the southern part of
the City.

Due to a lack of available roughness data, Manning
friction was set to a constant throughout the compu-
tational domain. For the reference simulation, a Man-
ning’s coefficient of 0.01 was chosen to represent a
small resistance to the water flow (Dao and Tkalich
2007; Linsley and Franzini 1979).

The URSGA model in this study was used to com-
pute the incident wave along the 100-m contour line
only. There is no such information available at each
side of the ANUGA domain towards the south and the
north. Consequently, a transmissive boundary condi-
tion was chosen for these segments, effectively replicat-
ing the time-dependent wave height present just inside
the computational domain. The velocity field on these
boundaries was kept at zero during the simulation.
Other choices include applying the mean tide value as
a Dirichlet boundary condition. Experiments as well
as the result of the verification reported here showed
that this approach tends to underestimate the tsunami
impact due to the tempering of the wave near the side
boundaries, whereas the transmissive boundary condi-
tion robustly preserves the wave.

During the ANUGA simulation, the tide was kept
constant in the offshore region at 0.80 m. This value was
chosen to correspond to the tidal height specified by the
Thai Navy tide charts (http:/www.navy.mi.th/hydro/) at
the time the tsunami arrived at Patong Bay. Although
the tsunami propagated for approximately 3 h before it
reached Patong Bay, the period of time during which
the wave propagated through the ANUGA domain is
much smaller, by the order of 2 h. The tide varied
£15 cm from the fixed tide level used over the duration
of the simulation. ANUGA does not have the ability
to simulate tidal fluctuations. Although not ideal, we
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Fig. 5 Computational
domain of the URSGA
simulation (inset: white and
black squares and main: black
square) and the ANUGA
simulation (main and inset:
red polygon)

Ko Payang

believe that this change in water level would have little
effect on the inundation map. The initial water level for
the river was set to O m.

4 Results

This section presents a validation of the modelling prac-
tice of Geoscience Australia against the new proposed
validation test. The criteria outlined in Section 2.7 are
addressed.
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4.1 Inundation

The ANUGA simulation described in the previous
section and used to model shallow water propagation
also predicts inundation. Maximum onshore inundation
depth was computed from the inundation model and
used to generate a measure of the inundated area.
Figure 7 (left) shows the observed and modelled in-
undation. In this figure, a point in the computational
domain was deemed inundated if at some point in
time it was covered by at least 1 cm of water. The
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Fig. 6 Section of the mesh
used by ANUGA to simulate
the tsunami inundation. The
finest mesh resolution is
approximately 6 m between
nodes which is sufficient to
resolve individual buildings
affecting the flows

blue regions indicate the areas where the predicted
inundation matched the inundation survey. The red
regions indicate areas where inundation was predicted
but not observed, and the yellow regions correspond to
areas of observed inundation that were not predicted.
The yellow regions are false positives. The inundation
map only depicts inundation extent and assumes that all
the land between the line of maximum inundation and
the ocean was inundated. Typically, the elevation of the
yellow regions is higher than the surrounds and were
not inundated.

Figure 7 (left) shows very good agreement between
the measured and simulated inundation. However,
these results are dependent on the classification used
to determine whether a region in the numerical simu-
lation was inundated. The precision of the inundation
boundary generated by the on-site survey is most likely
less than the 1-cm tolerance used in Fig. 7 (left), as
it was determined by observing watermarks and other
signs left by the receding waters. Consequently, the
measurement error along the inundation boundary of
the survey is likely to vary significantly and somewhat
unpredictably. An inundation threshold of 10 cm there-
fore was selected for inundation extents reported in this
paper to reflect the more likely accuracy of the survey
and subsequently facilitate a more appropriate compar-
ison between the modelled and observed inundation
area. Figure 7 (right) shows the simulated inundation
using a larger threshold of 10 cm. A comparison to

Fig. 7 (left) shows that the model predictions are not
overly sensitive to the threshold used. An animation
of this simulation is available on the ANUGA website
at https://datamining.anu.edu.au/anuga or directly from
http://tinyurl.com/patong2004.

4.1.1 Comparison to survey

To quantify the agreement between the observed and
simulated inundation, we introduce the measure

R A(Io) - A(Io N Im)
Pin = Adly)

which represents the proportion of the area of the
observed inundation region I, not captured by the
inundation region I, predicted by the model. Another
useful measure is the fraction of the modelled inunda-
tion area that falls outside the observed inundation area
given by the formula

A(Im) - A(Im n Io)
Alo)

Pout =

These values, for the two aforementioned simulations,
are given in Table 1. High values of pi, and p,y indicate
that the model is performing poorly, whereas lower
values of both quantities would indicate stronger agree-
ment between the model and the inundation survey.
Values of zero for both these quantities correspond to
a perfect agreement.

@ Springer


https://datamining.anu.edu.au/anuga
http://tinyurl.com/patong2004

1126

Ocean Dynamics (2010) 60:1115-1138

Patong Bay

W

i 1 1
Kilemeters

10 cm

I Modelled inundation Post tsunami survey [l Modelled and Observed Inundation

Fig.7 Simulated inundation versus observed inundation using an
inundation threshold of 1 cm (left) and 10 cm (right). Blue regions
indicate the areas where the predicted inundation matched the

4.2 Eyewitness accounts

The arrival time of the first wave took place between
9:55 and 10:05 as described in Section 2.4. The modelled
arrival time at the beach is around 10:02 as can be
verified from the animation provided in Section 4.1
or from Fig. 8 below. Subsequent waves of variable
magnitude appear over the next 2 h at approximately
10:20 and 10:47. The predicted arrival times of the first
and second wave are consistent with the eyewitness
accounts. However, the modelled arrival of the third

Table 1 pi, and poy of the reference simulation and all sensitivity
studies

Pin Pout
Reference model 0.21 0.20
No buildings 0.06 0.44
Friction = 0.0003 0.17 0.26
Friction = 0.03 0.33 0.09
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inundation survey. Red regions indicate areas where inundation
was predicted but not observed, and yellow regions correspond to
areas of observed inundation that were not predicted

wave is approximately 10 min behind the observed
arrival time. Chlieh et al. (2007) were also unable to
obtain an accurate representation of the magnitude and
timing of the third wave.

ANUGA can also be used to estimate onshore
depths and velocities. The time series of depth and
speed at the two sites at which the eyewitness videos
were taken are shown in Fig. 8. The estimated depths
and flow rates given in Section 2.4 are shown together
with the modelled depths and flow rates obtained from
the model in Table 2. The predicted maximum depths
and speeds are all of the same order of what was
observed, as is the approximate arrival time at the
two locations. The higher velocities observed at the
northern site are higher because of its close proximity
to the coast. Furthermore, unlike the southern site, the
path of the wave from the ocean to the observation site
is largely unimpeded.

Note that unlike the real event, the model estimates
complete withdrawal of the water between waves at
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Fig. 8 Time series obtained 16
from the two onshore

locations, north and south. g
Time is given in hours since
the earthquake event (7:59)
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the chosen locations and shows that the model must be
used with caution at this level of detail. Nonetheless,
this comparison serves to check that the peak depths
and speeds predicted are within the range of what is ex-
pected. The two eyewitness videos were taken in streets
surrounded by buildings. The width of these streets
was commensurate with the smallest triangles in the

Table 2 Observed depth and flows from the video footage com-
pared to values extracted from the inundation model

Depth (m) Flow (m/s)
Observed Modelled Observed Modelled
(peak) (peak)
North 1-2.5 1.4 3-9 33
South 1-2.5 1.5 0.5-3.5 2.6

15 2 25 3 35 4 45
Time (hours since event)

computational mesh. It is likely that a higher resolution
mesh is needed to more accurately capture flow speeds,
depths and the persistence of water between waves.
However, a refinement of the mesh should be accom-
panied by higher resolution estimates of topography
which are not available.

4.3 JASON satellite altimetry

Figure 9 provides a comparison of the URSGA-
predicted sea surface elevation with the JASON satel-
lite altimetry data. The figure provides a comparison
of the sea surface level anomaly observed by the Jason
satellite (data points) and predicted by the URSGA
model (solid line) at a number of locations (uniquely
determined by the latitude of the point). The graph is
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Fig. 9 Comparison of the 1.0
URSGA-predicted surface
elevation with the JASON

satellite altimetry data. The 08 of Sratpeak
URSGA wave heights have

been corrected for the time 0.6 1

the satellite passed overhead

compared to JASON sea

level anomaly

Sea Level (m)

Underestimation

« Jason Satellite
— URSGA Model -

Start of
. phase lag

-10 -5

not a snapshot of the ocean surface anomalies at one
instance in time but rather at a series of times at which
the satellite’s recording device was positioned at the
latitudes given on the horizontal axis of the figure. The
recordings were taken over a short period between 112
and 124 min after the initial disturbance.

The URSGA model replicates the amplitude and
timing of the wave observed at 2.5° S but underesti-
mates the amplitude of the wave further to the south
at 4° S. In the model, the southern most of these two
waves appears only as a small bump in the cross section
of the model (shown in Fig. 9) instead of being a distinct
peak as can be seen in the satellite data. Also note
that the URSGA model prediction of the ocean sur-
face elevation becomes out of phase with the JASON
data at 3° to 7° N latitude. Chlieh et al. (2007) also
observed these misfits and suggested that it is caused by
areflected wave from the Aceh Peninsula that is not re-
solved in the model due to insufficient resolution of the
computational mesh and bathymetry data. This is also a
limitation of the model presented here which could be
improved by nesting grids near Aceh. Given the local
shape of the coastline, the assumption was made that
the effects of any reflections on the inundation in the
study region are negligible.

4.4 Initial disturbance

The location and magnitude of the seafloor displace-
ment associated with the 2004 Sumatra—Andaman
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tsunami was calculated using the slip parameters of
the G-M9.15 model of Chlieh et al. (2007); refer to
Section 3.1. The slip parameters of this model were
derived through an inversion process based upon the
vertical deformation data provided in Section 2. Con-
sequently, a comparison of predicted deformation and
anomalies with the observed data would be a circular
argument. The comparison provided here is intended
only for illustrative purposes.

To quantify the difference between the predicted
and observed displacement, we use the reduced chi-
squared fit

1 l dbsi_dredi :
2 obs, pred,

e ()

where dps,; is the observed vertical displacement, dpyreq,;
is the predicted observed vertical displacement, o; is the
associated 1 — o uncertainty and N is the number of
observation sites. Using all the data in Tables 3, 4, 5,
6 and 7 in Appendix 1, we obtain x> = 57.8 At first,
this fit seems poor; however, Chlieh et al. (2007) note
that the uncertainties presented in Table 4 assigned by
Gabhalaut et al. (2006) do not attempt to account for
post-seismic deformation and thus are too conserva-
tive. To adjust for post-seismic deformation in Table 4,
Chlieh et al. (2007) suggest rescaling the uncertainties
by a factor of 15. Adopting this approach, the x? fit can
be reduced to 14.5. This value is consistent with the fit
reported by Chlieh et al. (2007).
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Figure 10 shows the predicted vertical component
of the coseismic crustal deformation calculated for the
earthquake compared to the observed vertical defor-
mation. Many of these measurements were taken up
to a month after the earthquake. Consequently, the
measurements are a combination of the vertical motion
caused by the earthquake plus any vertical motion
caused by the post-seismic deformation that occurred
after the earthquake. The observations also include any
vertical motion that happened between the time of the
initial GPS measurement and the earthquake itself (up
to 9 months in some cases). Such pre- and post-seismic
motion has the potential to be a significant propor-
tion of the total deformation for some sites (Chlieh
et al. 2007). The deformation model used here only
calculates the coseismic ‘instantaneous’ (i.e. first few
minutes) deformation since this is what causes the
tsunami. It does not include the pre- or post-seismic
motion in the weeks or months before or after the
earthquake. Therefore, we can expect some potentially
large differences between the calculated instantaneous
vertical motion and observed total vertical motion for
some sites, particularly those located in regions which
had large amounts of post-seismic deformation.

Despite this limitation, the average difference be-
tween the observed motion and the predicted motion
(including the pivot line points) was only 0.06 m. How-
ever, specific points in the model could differ from

the total vertical displacement observed by 1 m or
more (see Fig. 10). This is consistent with other studies,
like Chlieh et al. (2007). The mostly likely explana-
tion is that these specific sites had a large amount of
postseismic deformation, but other factors (e.g. tectonic
deformation before or after the earthquake, model or
measurement error) may also play a part for specific
points. Overall, we would argue, however, that the fit
of the model to the observations is still satisfactory
since the average misfit is small when compared to
the large uncertainties surrounding how much of the
observed motion in the data sets is coseismic. Note that
sites displayed in rows 1, 3, 9, 10, 12, 13 of Table 3 of
Appendix 1 were not used to calculate the x? error
nor are they shown in Fig. 10, as they fell outside the
computational domain.

4.5 Assessing the impacts of buildings on inundation

There have been numerous studies into the effects of
tsunamis on human structures (Lukkunaprasit et al.
2009; Ramsden 1996). However, less attention has been
given to the effect of buildings on inundation extent.
Run-up is often predicted without consideration of
the effect of structures and using coarse topography
data (Grilli et al. 2006; Ioualalen et al. 2007; Watts et al.
2005).

Fig. 10 Magnitude of the 300 T T T - -
modelled vertical component
of the seafloor displacement 5¢ r
(crosses) compared with s
observed deformation 200f B
(circle). The error bars
indicate the 1 — o
measurement uncertainty. —~ 100} P ® 4
The uncertainties given do E_ %
not include post-seismic — a3
deformation uncertainties 5
::‘;U ot 4 [ ] iﬁ 1
X
S 0 XX
1 |
0 -100f * 3 i .
3
= -200f ¢ - |
-300} ]
_4 00 L L L Il L
0 2 4 6 8 10 12 14
Latitude
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Some attempts have been made to capture the effect
of structures on inundation by simply increasing the bed
roughness (Imamura 2009). Another approach is to in-
clude the structures directly in the topographic model.
This section investigates the effect of the presence of
buildings in the elevation data set on model maximum
inundation as computed by ANUGA. The reference
model is the one reported in Fig. 7 (right) with a friction
coefficient of 0.01, buildings included and the boundary
condition produced by the URSGA model. Buildings
were included by increasing the elevation of all the
computational cells containing structures by the associ-
ated height of the structure. ANUGA currently cannot
model discontinuous topography. Consequently, once
all the cells are raised, a smoothing algorithm is applied
to ensure any discontinuities are removed. Around
buildings the computational mesh was made as small

755

754

=
1] 05
Reference T

2817

1

as possible to limit the number of triangles with small
slopes.

Figure 11 shows the maximum inundation extent
when the presence or absence of physical buildings is
included in the elevation. From Table 1, it is apparent
that densely built-up areas act as dissipators greatly
reducing the inundated area. Figure 12 shows the as-
sociated flow speeds in the presence and absence of
buildings (bare earth). It is evident that flow speeds
tend to increase in passages between buildings but slow
down in areas behind them as compared to the bare
earth scenario. Figure 13 shows the associated flow
depths in the presence and absence of buildings. The
total volume of water onshore at the time of maximum
inundation increases if buildings are removed from the
elevation data set. Without buildings, the total volume
of water onshore is 217,546 m?. With buildings, the total

755

Patong Bay

75y

Bare Earth

1 1 1

A 1 A
Kilometers

- Modelled inundation I:l Post tsunami survey - Modelled and observed inundation

Fig. 11 Model results show the effect of buildings in the elevation
data set. The left-hand image shows the inundation extent as
modelled in the reference model which includes buildings in the
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elevation data. The right hand image shows the result for a bare
earth model, i.e. entirely without buildings
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Fig. 12 The maximal flow speeds for the same model parameterisations found in Fig. 11. As expected, the presence of buildings reduces
the flow speeds behind them but tends to increase speeds in passages between buildings

onshore volume is 168,509 m>. Note that the total area
covered by the buildings in the observed inundation
region is 408,523 m2. The buildings appear to act as
a barrier that deflect some of the incoming volume of
water back offshore.

These results suggest that, when possible, the pres-
ence of human-made structures should be included
into the model topography. Simply matching point sites
with much lower resolution meshes or, indeed, areas
of artificially high friction than used here is an over
simplification. Such simulations cannot capture the fine
detail that so clearly affects inundation depth, flow
speeds and extent.

4.6 Additional influences on inundation
Discrepancies between the survey data and the mod-

elled inundation arise from errors and uncertainties
in both the field surveys and the models. The former

includes measurement errors in the GPS survey record-
ings and missing data in the field survey data itself. The
latter include unknown distribution of surface rough-
ness, uncertainties in the parameterisation of the source
model, discretisation errors, effect of humans structures
on flow, as well as uncertainties in the elevation data
including effects of erosion and deposition by the
tsunami event.

The results we have documented so far are depen-
dent on the value of the following model parameters:
Manning’s friction coefficient, the elevation at which
the tide is fixed and the slip parameters that charac-
terise the source. The model results are also dependent
on the model structure employed, i.e. on the assump-
tion that the effects of Coriolis force and dispersion can
be neglected and the location and type of boundary
conditions. These assumptions and parameters have
varying effects on the predicted inundation extent and
onshore flow patterns. Here, we note that the choices
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Fig. 13 The maximal flow depths for the same model parameterisations found in Fig. 11

made here and specified in Section 3 are based upon the
best available information and are representative of the
authors current modelling purposes and practices. A
comprehensive documentation of model uncertainties
and sensitivities demands an extensive investigation
which is beyond the scope of this paper. Our main aim
is to provide a spatially distributed validation test which
can be used to analyse the performance of tsunami
inundation models. Nevertheless, here we provide a
brief discussion on the factors which may influence the
accuracy of predicted inundation.

The estimation of the parameters characterising the
source is often regarded as the most difficult task of
tsunami modelling and is frequently subject to large
errors (Synolakis et al. 2008). This is particularly true
of real-time modelling (Gica et al. 2007). Epicenter
location, rake, dip and strike angles, fault length and
width, slip displacement and focal depth all have vary-
ing influence on predictions. The inference of these
parameters requires large amounts of information.
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The choice of Manning’s friction can also have
a large effect on inundation. According to Linsley
and Franzini (1979), appropriate values of Manning’s
coefficient range from 0.01 to 0.06 for tsunami propa-
gation over a sandy seafloor and the reference model
uses a value of 0.01. The smaller value is representative
of flow over surfaces like neat cement and smooth
metal, whilst the larger value corresponds to flow in
very rough channels. To investigate sensitivity to this
parameter, we simulated the maximum onshore inun-
dation using a Manning’s coefficient of 0.0003 and 0.03.
The higher friction value is associated with flow in areas
with stones and weeds. A similar range was explored by
Myers and Baptista (2001) for the Hokkaido Nansei-
Oki tsunami. The resulting inundation maps are shown
in Fig. 14 and the maximum flow speeds in Fig. 15.
The figure, along with Table 1, shows, as expected, that
the onshore inundation extent decreases with increas-
ing friction. Furthermore, despite the large change in
friction, only small changes in the inundation extent
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Fig. 14 Model results for different values of Manning’s friction coefficient shown to assess sensitivities. The left and right images show
the inundation results for friction values of 0.0003 and 0.03, respectively

are seen. This is consistent with the conclusions of
Synolakis et al. (2005), who state that the long wave-
length of tsunami tends to mean that friction is less
important in comparison to the motion of the wave. A
spatially variable representation of surface roughness
may improve the agreement between the modelled
and observed inundation extent, but such an approach
requires a detailed survey of Patong City which we were
unable to obtain.

The Coriolis force and dispersion have also been
shown to influence tsunami propagation results (Dao
and Tkalich 2007; Shuto 1991). Shuto (1991) investi-
gated the effect of Coriolis terms when simulating the
1969 Chilean Tsunami. Coriolis was shown to effect
wave amplitude but had negligible effect on arrival
time. In this study, the Coriolis force was modelled in
the large URSGA domain but neglected on the smaller
ANUGA domain. Unlike the shallow water wave equa-
tions used here, Boussinesq equations can be applied
to model the dispersive effects of tsunamis. Studies
have shown (Dao and Tkalich 2007; Shuto 1991) that

dispersive effects can influence tsunami propagation.
The effects are limited in shallow water and depen-
dent on the resolution of the computational mesh and
the length of the simulation (Grilli et al. 2007). The
wavelength of the tsunami also determines the impor-
tance of the dispersive terms. Dispersive terms have
notable influence on short wavelength tsunamis, arising
from submarine mass failure, and have less impact on
earthquake-induced tsunamis with long wavelengths.

During the ANUGA simulation, the tide was kept
constant in the offshore region at 0.80 m. In reality, the
tide varied =15 cm from the fixed tide level used over
the duration of the simulation. Although we believe
that this change in water level would have little effect
on the inundation map, a future sensitivity study should
investigate the validity of this assumption.

Here, we reiterate that the aim of this paper is to pro-
vide a spatially distributed validation of tsunami inun-
dation, which can be adopted and applied to any phys-
ically based tsunami model. Consequently, a numerical
investigation of the influence of these assumptions and
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Fig. 15 The maximal modelled flow speeds for the same model parameterisations found in Fig. 14

parameters is beyond the scope of this paper. Instead,
the above discussion is given to illustrate how the data
presented here can not only be used for validation and
model comparison but also for a spatially distributed
investigation of model sensitivities and uncertainties.

5 Conclusion

This paper proposes a new framework and field data
test for the assessment of tsunami inundation models.
Currently, there is a scarcity of appropriate validation
data sets due to a lack of well-documented historical
tsunami impacts. The test proposed here utilises the
uniquely large amount of observational data for model
comparison obtained during and immediately following
the Sumatra—Andaman tsunami of 26 December 2004.
The proposed benchmark is intended to aid validation
of tsunami inundation. However, additional tests are
presented to facilitate model evaluation for the gen-
eration and propagation phases as well. In an attempt
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to provide higher visibility and easier accessibility for
tsunami benchmark problems, the data used to con-
struct the proposed benchmark are documented and
freely available at http:/tinyurl.com/patong2004-data.
An associated aim of this paper was to further
validate the URSGA-ANUGA tsunami modelling
methodology employed by Geoscience Australia
which is used to simulate tsunami inundation. This
study shows that the tsunami modelling methodology
adopted is credible and able to predict detailed
inundation extents and dynamics with reasonable
accuracy. Model predictions matched well a detailed
inundation survey of Patong City as well as altimetry
data from the JASON satellite, eyewitness accounts of
wave front arrival times and onshore flow speeds.
Inundation was modelled with and without buildings
included in the topography data set. The presence of
buildings was shown to have a significant influence on
the simulated inundation extent. The presence of build-
ings also increased the onshore flow speeds and depths
whilst decreasing the total volume of water onshore.
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This result indicates that the influence of human-made
structures should be included, where possible, in any
future studies.

It is hoped that the data and tests documented here
will be applied to other tsunami models for validation
purposes. The data could also be used in a novel spa-
tially distributed sensitivity and uncertainty analysis of
tsunami inundation. To help achieve this goal, we pro-
vide a discussion of the factors that influence predicted
inundation.
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Appendix 1

Here, we provide the near-field geodetic data necessary
discussed in Section 2.5.

Table 3 Estimated vertical displacements in Northern Sumatra
(Subarya et al. 2006)

Longitude Latitude Up (1-0)Up
98.9449 2.64259 -8.05 7.33
97.4465 1.68602 -5.35 5.58
98.5075 3.14524 0.53 8.99
95.2435 5.43378 -17.17 5.97
95.2716 5.48000 —6.11 8.07
95.4873 5.56851 —4.62 6.37
97.9999 4.42753 -1.19 6.08
97.1585 5.08665 7.65 10.54
98.6823 2.52419 —12.28 8.69
98.8188 1.67586 —2.64 2.77
95.9333 5.33080 3.54 4.90
99.1472 2.44756 —1.29 6.17
99.0890 2.10263 —11.44 6.99
95.3877 2.95996 209.88 4.58
95.5183 4.60702 —60.10 4.20
95.3654 4.84193 —58.38 8.41
95.2030 5.24116 —22.66 12.11
95.0572 5.71287 —14.21 9.08

The longitude and latitude (decimal degrees), vertical compo-
nents and its uncertainties (centimetres) are given for each site.
The data shown here can be found as part of Table 1 in Chlieh
et al. (2007)

Table 4 Estimated vertical displacements and uncertainties (cen-
timetres) of campaign GPS station in the Nicobar-Andaman
Islands from Gahalaut et al. (2006)

Longitude Latitude Up (1-0)Up
93.027 13.278 49 5
92.932 12.376 —48 6
92.773 12.216 =36 5
92.983 12.036 —18 2
92.721 11.649 —96 6
92.676 11.178 =71 5
92.569 10.696 —26 2
92.804 9.225 —111 1
93.124 8.302 —285 4
93.549 8.036 —135 4
93.541 7.514 -216 5
93.934 7.004 —160 3

The longitude and latitude (decimal degrees), vertical compo-
nents and its uncertainties (centimetres) are given for each site.
The data shown here can be found as part of Table 2 in Chlich
et al. (2007)

Table 5 Estimated vertical displacements and uncertainties
(centimetres) derived from coral measurements on Simeulue
Island (Subarya et al. 2006)

Longitude Latitude Up (1-0)Up
95.763 2.709 131 5
95.716 2.749 147 16
95.714 2.807 148 16
95.836 2914 34 16
95.872 2.613 101 5
95.937 2.548 46 5
95.992 2.569 48 5
95.763 2.861 132 5
95.918 2.844 22 5
95.804 2.924 46 5

The data shown here can be found in Table 6 in Chlieh et al.
(2007)

Table 6 Estimated vertical displacements and uncertainties
(centimetres) derived from field observations in the Nicobar—
Andaman Islands (Bilham et al. 2005)

Long. Lat. Up (1-0)Up
93.08 13.25 70 100
92.8 12.42 150 100
92.25 11.55 150 100
92.55 10.6 100 100
92.75 11.75 —150 100
92.7 9.2 100 100
92.82 9.15 —100 100
93.85 6.8 —150 100
93.35 7.9 —200 100

The data shown here can be found in Table 7 in Chlich et al.
(2007)

@ Springer



1136

Ocean Dynamics (2010) 60:1115-1138

Table 7 Position of the pivot line and uncertainties (centimetres)
determined from satellite imagery (Meltzner et al. 2006)

Long. Lat. Up (1-0)Up
93.36102 13.46991 0 25
93.29639 13.27142 0 25
93.23042 13.12814 0 25
93.13868 12.94974 0 25
93.03164 12.76625 0 25
92.93989 12.63372 0 25
92.86853 12.47061 0 25
92.78697 12.27183 0 25
92.71052 12.06284 0 25
92.63406 11.85896 0 25
92.56780 11.72643 0 25
92.50663 11.62959 0 25
92.46076 11.47667 0 25
92.45566 11.33395 0 25
92.49644 11.16575 0 25
92.62896 11.01793 0 25
92.72581 10.89050 0 25
92.74620 10.79366 0 25
92.75219 10.68587 0 25
92.75639 10.61016 0 25
92.73600 10.14632 0 25
95.98676 2.97826 0 25
96.06413 2.86430 0 25
96.13779 2.73399 0 25
96.20577 2.59235 0 25
96.24543 2.47904 0 25
96.26809 2.33740 0 25
96.25676 2.20709 0 25
96.20577 2.05412 0 25
96.04714 1.78784 0 25

The data shown here can be found in Table 8 in Chlieh et al.
(2007)

Appendix 2

Here, we provide details of the hydrodynamic models
used to simulate tsunami propagation and inundation
presented in Section 3.

5.1 URSGA

The URSGA model described below was used to simu-
late the propagation of the 2004 Indian Ocean tsunami
across the open ocean, based on a discrete represen-
tation of the initial deformation of the seafloor. For
the models shown here, the uplift is assumed to be
instantaneous and creates an initial displacement of the
ocean surface of the same size and amplitude as the co-
seismic seafloor deformation. URSGA is well suited to
modelling propagation over large domains and is used
to propagate the tsunami until it reaches shallow water,
typically the 100-m-depth contour.

@ Springer

URSGA is a hydrodynamic code that models the
propagation of the tsunami in deep water using a finite
difference method on a staggered grid. It solves the
depth integrated nonlinear shallow water equations in
spherical coordinates with friction and Coriolis terms.
The code is based on Satake (1995) with significant
modifications made by the URS corporation, Thio et al.
(2008) and Geoscience Australia (Burbidge et al. 2008).
URSGA is not publicly available.

5.2 ANUGA

The utility of the URSGA model decreases with water
depth unless an intricate sequence of nested grids is
employed. In comparison, ANUGA, described below,
is designed to produce robust and accurate predic-
tions of inundation but is less suitable for earthquake
source modelling and large study areas because it is
based on projected spatial coordinates. Consequently,
the Geoscience Australia tsunami modelling method-
ology is based on a hybrid approach using models like
URSGA for tsunami propagation up to an offshore
depth contour, typically 100 m. The wave signal and the
velocity field are then used as a time-varying bound-
ary condition for the ANUGA inundation simulation
on boundary segments that are in the direct path of
the incoming tsunami (refer to Section 3.2). All other
boundaries are transmissive.

ANUGA is a free and open source hydrodynamic
inundation tool that solves the conserved form of the
depth-integrated nonlinear shallow water wave equa-
tions using a finite-volume scheme on an unstructured
triangular mesh. The scheme, first presented by Zop-
pou and Roberts (1999), is a high-resolution Godunov-
type method that uses the rotational invariance prop-
erty of the shallow water equations to transform the
two-dimensional problem into local one-dimensional
problems. These local Riemann problems are then
solved using the semi-discrete central-upwind scheme
of Kurganov et al. (2001) for solving one-dimensional
conservation equations. The numerical scheme is pre-
sented in detail in Roberts and Zoppou (Zoppou and
Roberts 2000; Roberts and Zoppou 2000) and Nielsen
et al. (2005). An important capability of the finite-
volume scheme is that discontinuities in all conserved
quantities are allowed at every edge in the mesh.
This means that the tool is well suited to adequately
resolving hydraulic jumps, transcritical flows and the
process of wetting and drying. Consequently, ANUGA
is suitable for simulating water flow onto a beach or dry
land and around structures such as buildings. ANUGA
has been validated against the wave tank simulation
of the 1993 Okushiri Island tsunami (Nielsen et al.
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2005; Roberts et al. 2006) and dam break experiments
(Baldock et al. 2007). ANUGA has also been used in
an interdisciplinary framework to develop mitigation
strategies in the fields of spatial planning and coping
capacity (Taubenbock et al. 2009). More information
on ANUGA and how to obtain it are available from
https://datamining.anu.edu.au/anuga.

The coupling of URSGA and ANUGA is subject to
numerical errors. These errors include a discretisation
error, resulting from the linear interpolation of the
URSGA solution onto the boundary of the ANUGA
domain, an inability to capture flows, such as ocean
currents, from ANUGA to URSGA and the inability
to model the propagation of the tsunami through any
transmissive boundaries. The magnitude of these errors
is extremely problem dependent as difficult to estimate
and thus not discussed further.

References

Ammon C, Ji C, Thio H, Robinson D, Ni S, Hjorleifsdottir V,
Lay HTL, Das S, Helmberger D, Ichinose G, Polet J, Wald
D (2005) Rupture process of the 2004 Sumatra—Andaman
earthquake. Science 308:1133-1139

Baldock TE, Morrison N, Shimamoto T, Barnes MP, Gray D,
Nielsen O (2007) Application and testing of the ANUGA
tsunami model for overtopping and coastal sediment trans-
port. In: Coasts and ports. http://espace.library.uq.edu.au/
view/UQ:162408

Bates P, Anderson M (2001) Model validation: perspectives in
hydrological science. In: Chap. Validation of hydraulic mod-
els. Wiley, New York, pp 325-356

Bilham R, Engdahl R, Feldl N, Satyabala S (2005) Partial and
complete rupture of the Indo—Andaman plate boundary.
Seismol Res Lett 76:299-311

Burbidge D, Cummins P, Mleczko R, Thio H (2008) A probabilis-
tic tsunami hazard assessment for Western Australia. Pure
Appl Geophys 165:2059-2088. doi:10.1007/s00024-008-0421-x

Chlieh M, Avouac JP, Hjorleifsdottir V, Song THA, Ji C, Sieh
K, Sladen A, Herbert H, Prawirodirdjo L, Bock Y, Galetzka
J (2007) Coseismic slip and afterslip of the great My 9.15
Sumatra—Andaman earthquake of 2004. Bull Seismol Soc
Am 97(1A):S152-S173. doi:10.1785/0120050631

Chlieh M, Avouac JP, Hjorleifsdottir V, Song THA, Ji C, Sieh
K, Sladen A, Herbert H, Prawirodirdjo L, Bock Y, Galetzka
J (2007) Electronic supplement to Coseismic slip and after-
slip of the great My 9.15 Sumatra—Andaman earthquake
of 2004. Bull Seismol Soc Am. http://www.seismosoc.org/
publications/BSSA_html/bssa_97-1a/05631-esupp/

Dao M, Tkalich P (2007) Tsunami propagation modelling-a sen-
sitivity study. Nat Hazards Earth Syst Sci 7:741-754

Gahalaut VK, Nagarajan B, Catherine JK, Subhash K, Sinha
MS (2006) Constraints on 2004 Sumatra—Andaman earth-
quake rupture from GPS measurements in Andaman—
Nicobar islands. Earth Planet Sci Lett 242(3-4):365-374.
doi:10.1016/j.epsl.2005.11.051

George D, LeVeque R (2006) Finite volume methods and adap-
tive refinement for global tsunami propagation and inunda-
tion. Sci Tsunami Hazards 24(5):319-328

Gica E, Teng M, Liu PF, Titov V, Zhou H (2007) Sensitiv-
ity analysis of source parameters for earthquake-generated
distant tsunamis. J Waterw Port Coast Ocean Eng 133(6):
429-441

Gower J (2005) Jason 1 detects the 26 December 2004 tsunami.
EOS 86(4):37-38

Grilli S, Ioualalen M, Asavanant J, Shi F, Kirby J, Watts P (2006)
Source constraints and model simulation of the December
26, 2004 Indian Ocean tsunami. J Waterw Port Coast Ocean
Eng 133:414-428

Grilli S, Toualalen M, Asavanant J, Shi F, Kirby J, Watts P (2007)
Source constraints and model simulation of the December
26, 2004 Indian Ocean tsunami. J Waterw Port Coast Ocean
Engineering 133(6):414-428. doi:10.1061/(ASCE)0733-950X
(2007)133:6(414). http://link.aip.org/link/?QWW/133/414/1

Imamura F (2009) Tsunami modeling: calculating inundation
and hazard maps. In: Bernard E, Robinson A (eds) The
sea: tsunamis, vol 15. Harvard University Press, Cambridge,
pp 321-332

Ioualalen M, Asavanant J, Kaewbanjak N, Grilli ST, Kirby JT,
Watts P (2007) Modeling the 26 December 2004 Indian
Ocean tsunami: case study of impact in Thailand. J Geophys
Res 112:C07024. doi:10.1029/2006JC003850

Arnold KAM, Carlin A (eds) (2003) Building safer cities: the
future of disaster risk. In: Disaster risk management series.
The World Bank, Washington, DC

Kurganov A, Noelle S, Petrova G (2001) Semidiscrete central-
upwind schemes for hyperbolic conservation laws and
Hamilton-Jacobi equations. SIAM J Sci Comput 23(3):
707-740

Linsley R, Franzini J (1979) Water resource engineering.
McGraw-Hill, New York

Liu Y, Shi Y, Yuen D, Sevre E, Yuan X, Xing H (2009) Compar-
ison of linear and nonlinear shallow wave water equations
applied to tsunami waves over the China Sea. Acta Geotech
4(2):129-137. doi:10.1007/s11440-008-0073-0

Lukkunaprasit P, Ruangrassamee A, Thanasisathit N (2009)
Tsunami loading on buildings with openings. Sci Tsunami
Hazards 28(5):303-310

Marks K, Smith W (2006) An evaluation of publicly available
global bathymetry grids. Mar Geophys Res 27:19-34

Meltzner AJ, Sieh K, Abrams M, Agnew DC, Hudnut KW,
Avouac JP, Natawidjaja DH (2006) Uplift and subsidence
associated with the great Aceh—Andaman earthquake of
2004. J Geophys Res 111:B02407. doi:10.1029/2005JB003891

Myers E, Baptista A (2001) Analysis of factors influencing sim-
ulations of the 1993 Hokkaido Nansei-Oki and 1964 Alaska
tsunamis. Nat Hazards 23(1):1-28

Nielsen O, Roberts S, Gray D, McPherson A, Hitchman A (2005)
Hydrodynamic modelling of coastal inundation. In: Zerger
A, Argent R (eds) MODSIM 2005 international congress on
modelling and simulation. Modelling and Simulation Society
of Australia and New Zealand, Christchurch, pp 518-523.
http://www.mssanz.org.au/modsim05/papers/nielsen.pdf

Papadopoulos GA, Caputo R, McAdoo B, Pavlides S, Fokaefs
AKYV, Orfanogiannaki K, Valkaniotis S (2006) The large
tsunami of 26 December 2004: field observations and eyewit-
nesses accounts from Sri Lanka, Maldives Is, and Thailand.
Earth Planets Space 58:233-241

Ramsden J (1996) Tsunamis forces on a vertical wall caused by
long waves, bores, and surge on a dry bed. J] Waterw Port
Ocean Coast Eng 122(3):134-141

Roberts S, Nielsen O, Jakeman JD (2006) Simulation of tsunami
and flash flood. In: International conference on high perfor-
mance scientific computing: modeling, simulation and opti-
mization of complex processes. Hanoi, Vietnam

@ Springer


https://datamining.anu.edu.au/anuga
http://espace.library.uq.edu.au/view/UQ:162408
http://espace.library.uq.edu.au/view/UQ:162408
http://dx.doi.org/10.1007/s00024-008-0421-x
http://dx.doi.org/10.1785/0120050631
http://www.seismosoc.org/publications/BSSA_html/bssa_97-1a/05631-esupp/
http://www.seismosoc.org/publications/BSSA_html/bssa_97-1a/05631-esupp/
http://dx.doi.org/10.1016/j.epsl.2005.11.051
http://dx.doi.org/10.1061/(ASCE)0733-950X(2007)133:6(414)
http://dx.doi.org/10.1061/(ASCE)0733-950X(2007)133:6(414)
http://link.aip.org/link/?QWW/133/414/1
http://dx.doi.org/10.1029/2006JC003850
http://dx.doi.org/10.1007/s11440-008-0073-0
http://dx.doi.org/10.1029/2005JB003891
http://www.mssanz.org.au/modsim05/papers/nielsen.pdf

1138

Ocean Dynamics (2010) 60:1115-1138

Roberts S, Zoppou C (2000) Robust and efficent solution of the
2D shallow water wave equation with domains containing
dry beds. The ANZIAM Journal 42(E):C1260-C1282

Romano M, Liong SY, Vu M, Zemskyy V, Doan C, Dao M,
Tkalich P (2009) Artificial neural network for tsunami fore-
casting. J Asian Earth Sci 36(1):29-37. doi:10.1016/].jseaes.
2008.11.003.  http://www.sciencedirect.com/science/article/
B6VHG-4V35475-1/2/91dface8aal777e5d8bcd15d8ce95a55

Satake K (1995) Linear and nonlinear computations of the
1992 Nicaragua earthquake tsunami. Pure Appl Geophys
144(3):455-470

Shuto N (1991) Numerical simulation of tsunamis—its present
and near future. Nat Hazards 4:171-191

Stein S, Okal E (2007) Ultralong period seismic study of the
December 2004 Indian Ocean earthquake and implications
for regional tectonics and the subduction process. Bull
Seismol Soc Am 97(1A):S279-S295

Subarya C, Chliech M, Prawirodirdjo L, Avouac JP, Bock
Y, Sieh K, Meltzner A, Natawidjaja D, McCaffrey R
(2006) Plate-boundary deformation associated with the
great Sumatra-Andaman earthquake. Nature 440(2):46-51.
doi:10.1038/nature04522

Synolakis C, Bernard E, Titov V, Kanoglu U, Gonalez F (2008)
Validation and verification of tsunami numerical mod-
els. Pure Appl Geophys 165:2197-2228. doi:10.1007/s00024-
004-0427-y

Synolakis C, Okal E, Bernard E (2005) The megatsunami of
December 26 2004. Bridge 35:26-35

Szczucinski W, Chaimanee N, Niedzielski P, Rachlewicz G,
Saisuttichai D, Tepsuwan T, Lorenc S, Siepak J (2006) Envi-
ronmental and geological impacts of the 26 December 2004
tsunami in coastal zone of Thailand—overview of short and
long-term effects. Pol J Environ Stud 15(5):793-810

Taubenbock H, Goseberg N, Setiadi N, Lammel G, Moder F,
Oczipka M, Klupfel H, Wahl R, Schlurmann T, Strunz
G, Birkmann J, Nagel K, Siegert F, Lehmann F, Dech S,
Gress A, Klein R (2009) “Last-mile” preparation for a po-
tential disaster—interdisciplinary approach towards tsunami

@ Springer

early warning and an evacuation information system for the
coastal City of Padang, Indonesia. Nat Hazards Earth Syst
Sci 9:1509-1528

Thio H, Somerville P, Inchinose G (2008) Probabilistic analysis
of tsunami hazards in Southeast Asia. J Earthq Tsunami
1:119-137

Titov V, Gonzalez F (1997) Implementation and testing of the
method of splitting tsunami (MOST) model. NOAA Tech-
nical Memorandum

Usha T, Murthy M, Reddy N, Murty T (2009) Vulnerability as-
sessment of car Nicobar to tsunami hazard using numerical
model. Sci Tsunami Hazards 28(1):15-34

Wang R, Martin FL, Roth F (2003) Computation of defor-
mation induced by earthquakes in a multi-layered crust—
FORTRAN programs EDGRN/EDCMP. Comput Geosci
29:195-207

Watts P, Ioualalen M, Grilli S, Shi F, Kirby J (2005) Nu-
merical simulation of the December 26, 2004 Indian
Ocean tsunami using a higher-order Boussinesq model. In:
Ocean waves measurement and analysis Sth international
symposium

Weiss R, Wunnemann K, Bahlburg H (2006) Numerical mod-
elling of generation, propagation and runup of tsunamis
caused by ocean impacts: model strategy and technical
solutions. Geohpys J Int 167:77-88. doi:10.1111/j.1365-246X.
2006.02889.x

Wessel P, Smith W (1998) New, improved version of generic
mapping tools released. EOS Trans AGU 79:579

Zhang Y, Baptista A (2008) An efficient and robust tsunami
model on unstructured grids. Part I: inundation bench-
marks. Pure Appl Geophys 165(11):2229-2248. doi:10.1007/
s00024-008-0424-7.  http://www.springerlink.com/content/
h041546220105441

Zoppou C, Roberts S (1999) Catastrophic collapse of water sup-
ply reservoirs in urban areas. J Hydraul Eng 125(7):686-695

Zoppou C, Roberts S (2000) Numerical solution of the
two-dimensional unsteady dam break. Appl Math Model
24:457-475


http://dx.doi.org/10.1016/j.jseaes.2008.11.003
http://dx.doi.org/10.1016/j.jseaes.2008.11.003
http://www.sciencedirect.com/science/article/B6VHG-4V35475-1/2/91dface8aa1777e5d8bcd15d8ce95a55
http://www.sciencedirect.com/science/article/B6VHG-4V35475-1/2/91dface8aa1777e5d8bcd15d8ce95a55
http://dx.doi.org/10.1038/nature04522
http://dx.doi.org/10.1007/s00024-004-0427-y
http://dx.doi.org/10.1007/s00024-004-0427-y
http://dx.doi.org/10.1111/j.1365-246X.2006.02889.x
http://dx.doi.org/10.1111/j.1365-246X.2006.02889.x
http://dx.doi.org/10.1007/s00024-008-0424-7
http://dx.doi.org/10.1007/s00024-008-0424-7
http://www.springerlink.com/content/h041546220l05441
http://www.springerlink.com/content/h041546220l05441

	Towards spatially distributed quantitative assessment of tsunami inundation models
	Abstract
	Introduction
	Data
	Bathymetry data
	Topography data
	Buildings and other structures

	Inundation survey
	Eyewitness accounts
	Geodetic data
	JASON satellite altimetry
	Validation check-list

	Modelling the event
	Modelling deformation
	Modelling propagation and inundation

	Results
	Inundation
	Comparison to survey

	Eyewitness accounts
	JASON satellite altimetry
	Initial disturbance
	Assessing the impacts of buildings on inundation
	Additional influences on inundation

	Conclusion
	Appendix 1
	Appendix 2
	URSGA
	ANUGA

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


