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This study conducted a physical model experiment to invegjiate inundation processes
in a complex coastal city model using the Hybrid Tsunami OperFlume in Ujigawa
Open Laboratory (HyTOFU). The physical model was construed at a 1:250 scale as
an idealization of the coastal town of Onagawa. Two tsunami awveforms were used,
hydraulic bore and solitary wave, which were produced by a punp-type wave generator
and a mechanical piston-type wave generator, respectivelyat HyTOFU. Tsunami wave
generation similar to the 2011 Tohoku earthquake tsunami i@nagawa was successfully
reproduced, and the spatial distribution of the tsunami wag propagation and inundation
processes on land was clearly observed. A comparison of expémental and numerical
models was performed using two-dimensional (2D) and quadiree-dimensional (Q3D)
models. The 2D and Q3D results agreed well with the experimeal results in terms
of maximum water surface elevations and arrival times for kyaulic bore conditions.
For solitary wave trials, the maximum water surface elevatis of the 2D results were
underestimated, and the arrival times in the numerical mode were slower than those in
the experimental results. In this study, as a benchmark fohe 2011 Tohoku earthquake
tsunami, the dataset of tsunami inundation is provided, wish will be useful to validate
other numerical tsunami models.

Keywords: tsunami, inundation, physical modeling, pressure , Onagawa

INTRODUCTION

Coastal urban cities are some of the most vulnerable regibreatened by natural disasters.
The consequence of catastrophic disasters in coastal iegi@cts human life on a large scale,
and the number of fatalities and amount of nancial loss aexbming worse. According to the
2011 Tohoku Earthquake Tsunami Joint Survey Group report,dsurinundation heights were

observed along a 2,000-km stretch of the Japanese coast fakkaidlo to Kyushu, where the

maximum run-up heights of> 20 m were distributed along 290 km of coast, and over 408 km
of land was inundatedN(ori et al., 201). Kron (2013)stated that the 2011 Tohoku earthquake
tsunami became the costliest natural disaster in the worldh aittotal loss of US $210 billion.

Additionally, 15,844 victims made the 2011 event the seabeatlliest tsunami in the last two

decades after the more than 220,000 fatalities in the 20fidnrOcean tsunami event.
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In the 2011 Tohoku earthquake tsunami, the tsunamiAdriano et al., 2016 The validation of the numerical model is
inundation was reported to be larger than expected, and thetill unclear due to the simpli cation of the numerical schem
infrastructure destruction occurred over awide ranlye(ietal., and the limitations of the observation data, particularly fm
2011; Mase et al., 20.3 0 minimize the e ects of atsunamiand extreme tsunami occurrencériggs et al. (2008hoted that
to reduce the infrastructure destruction along the coastglons the physical model is one of the best instruments to simulate
in future events, understanding the tsunami inundation ove the complex physics of tsunami transformation, such as the
the coastal urban cities is very important. The dynamic feggu inundation and overland ow, wave-breaking process, and wave
of tsunami inundation, such as tsunami ow depth, inundation forces on structures with the ease of controlling input partere
depth distribution, ow velocity, and hydrodynamic force,gy  and conditions. Therefore, the physical model test is betieve
essential roles in analyzing structural building damage etal.  to be an essential solution to understand the complex tsunami
(2013)found that the inundation depth and ow velocity had processes in nearshore and coastal areas.
signi cant e ects on the failure of coastal infrastructurench Many research studies have performed the physical model
buildings. However, prediction of tsunami inundation baseul  test to investigate the tsunami inundation in coastal areas
the inundation depth and velocity still lacks accuracy beseau (Bridges et al., 2013; Palermo et al., 2013; Thomas et al.,
tsunami behavior is also a ected by beach slope conditions angn14; Kihara et al., 2015; Prasetyo et al., 2016; Yasuda et al
the shape of structuresi@in et al., 201p The interaction between 201§. However, only a few studies have been conducted in
tsunami inundation, bathymetry conditions, and structaren complex urban cities. For examplépomiczek et al. (2016a)
land is very complex but should be considered to determine thghvestigated the tsunami ow patterns in complex arrays of box
tsunami damage. Moreover, the onshore tsunami behavior angtructures representing macro-roughness elements. Thepces
tsunami inundation processes associated with the forcengcti of an idealized macro-roughness obstacle signi cantly seect
on structures are not yet well-understood and should beffert the onshore wave propagation by changing the water surface
investigated, particularly for large tsunami events. pro le compared to the bare-earth con guration. More detailed

One lesson learned from the 2011 tsunami is that adequaifivestigations about the e ects of macro-roughness elesient
understanding of tsunami processes in nearshore regions angh inundation processes were conducted ®yx et al. (2008)
inundation characteristics in the urban area is very impotta and Park et al. (2013)They performed a physical model of a
When the tsunami enters the shallow nearshore area, thgunami run-up in the city of Seaside, Oregon. They also used
wavelength and velocity decrease, while the wave heigteiases  rectangular blocks as a representation of buildings andlegsial
signi cantly, leading to a devastating force. Accordingtayashi  houses on a at topography. A numerical analysis using
et al. (2011)and Kawai et al. (2013)the 2011 tsunami water COULWAVE was also conducted to verify the model sensitivity
surface elevation pro le recorded on GPS buoys was complex ifith the experimental results. However, to improve the valitat
terms of characteristic and shape. The tsunami was trangfdrm and veri cation process of the numerical model results, an
from the initial impulsive wave with a steep and high crest in aexperimental model with high-resolution bathymetric and
short period followed by a wave train with high constant heigh topographic data of the tsunami inundation over a coastal isity
for a long period.Koshimura and Hayashi (201resented needed Park et al., 2073
a thorough observation of overland ow conditions at the  Another key issue is the reproduction of an appropriate
nearshore of Onagawa (38630.24N, 14126%50.32%) based tsunami-like wave for the laboratory model test. Many
on the interpretation of video footage on March 11, 2011, asise researchers have modeled various waves, such as a solitary,
in Figure 1 In the rst 3min, the water level rose about 2m. N-shape, or long-sinusoidal waveforms, as an idealizatioa o
Then, the water level rose dramatically and quickly readt®d tsunami wave pro le. The solitary wave generation in a tsunami
maximum height of about 15m above sea level. Its height woulgxperimental model has been used widely on both small and
be considered the target maximum surface elevation of ti6 20 |arge scales. For example, the piston-type wave generator has
Tohoku tsunami. The duration of the tsunami run-up was aboutcommonly been used to generate solitary waves (Elgimna
14 min, and the ow velocity was about 6-8 m/s. To improveet al., 2009: Oshnack, 2010; Park et al., p08@nolakis (1986,
the technique of generating a numerical and physical model 0f987) conducted the experiments using a piston-type wave
the tsunami, a reproduction of the 2011 tsunami-like wavéhwit generator to investigate the run-up of long waves and syiita
a combination of high-resolution bathymetric and topographi wavesAllsop et al. (2008and Rossetto et al. (201 developed a
data has proven more challenging, especially in the case ahurbpneumatic wave generator to generate the solitary and N-wave
coastal cities. with a full wavelengthGoseberg et al. (2018)sed the pump-

In the last few decades, the use of numerical models hafiven wave generations to produce single sinusoidal, prgéoh
improved rapidly due to the development of the numericalsolitary, and N-wave waveforms with enhanced accuracy and
scheme and computational resources. Using the numericalpplicability in experimental tests. However, those labasato
model, o shore tsunami propagation and generation can beexperiments are not yet appropriate or applicable to the real-scale
accurately estimated and predicted. However, current nucaér  tsunami.Madsen et al. (200&rgued that the use of the solitary
scheme is not strong enough to model the tsunami hydrodymamiwave as a representation of a tsunami is inappropriate due to the
processes including the tsunami inundation and run-updiscrepancies and lack of geophysical justi cation between the
associated with the complex bathymetry condition, topographyrealistic scenario conditions and the model-scale expettme
and macro-roughness elements in the coastal area (@agk particularly regarding the wavelength or wave periods. Moegov
et al., 2013; Pringle and Yoneyama, 2013; Miyashita et /5,20 this may cause a misinterpretation of the experimental result
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FIGURE 1 | Observed inundation heights (TTJS Survey Grougylori et al., 2011) and time histories of inundation depth and ow velocity at Oagawa town
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considering the physical quantities, such as the pressure ¢ne 1:250 of physical model. The details of the experimental and
velocities whose signi cant temporal distributions are oégt numerical model setup will be discussed in the followingisest
interest Goseberg et al., 20113 _
The objectives of this study are the following: Experimental Setup
1) Reproduce the 2011 Tohoku earthquake-like tsunami wit%hls experlmentyvas conducted at_the Uigawa Open Lab_oratc_)ry,
. . ) isaster Prevention Research Institute (DPRI), Kyoto Universi
higher detail and accuracy; . . .
. ; . . . using the HyTOFU. The HyTOFU is composed of a main ume,
2) Investigate local tsunami behavior, tsunami inundatiand ) .
. sub tank, ow pump with recti er, and wave generator. Flume
other hydrodynamic processes on complex land structurea. - . .
. ) ) : . imensions are 45m long, 4 m wide, and 2m deep. The 1:250
in coastal areas with high-resolution topographic and . .
physical model (4 6m) was based on an aerial laser scanned

bathymetrlc data . . . digital elevation model before 2011 and was constructed in
3) Validate the numerical model of the two-dimensional (2D) . P .
the main ume as shown irFigures 2B,C The physical model

non-linear shallow water equation model (NSWE) and the o .
. . . . _represents the bathymetry condition of the Onagawa shork wit
quasi-three-dimensional (Q3D) model on the Euler equation .
) ) a.13.7m long at sea oor section from the wave generator,
of the regional ocean model system (ROMS) using a datas]et X . . :
- ) ollowed by 1:10 planar slope section, and ending with a beach
of physical experimental results based on the 2011 Tohoku_ . .
. ) Section where the Onagawa model was installed. The sea oor
earthquake tsunami event; and - )
: o . section was constructed from concrete and plastered withosmo
4) Provide the tsunami inundation dataset as a benchmark for . ) .
) . cement mortar, while the slope section was made of a coated iro
the 2011 Tohoku earthquake tsunami that will be useful to
. . . plate. The constant water depth was set as the mean water level
validate other tsunami numerical models.
at 0.84 m. The Onagawa town pro le was downscaled and xed
This study has created a physical model of a tsunamin place with detailed accuracy, consisting of real topograplay an
inundation in a coastal city using the innovative tsunamivea urban coastal infrastructure (e.g., buildings, houses, stneets
generator in the Hybrid Tsunami Open Flume in Ujigawaas well as hills and mountains) comprising macro-roughness
Laboratory (HyTOFU). The tsunami waveform was generate@lements. Vegetation and debris were notincluded. Thelingls
by two di erent mechanisms: a pump-type wave generator thatind other structures were made with painted plywood, and the
produces a hydraulic bore or hydraulic bore waveform, and @regular shapes, such as the hills, were made from painted
mechanical piston-type wave generator that produces a splitapolystyrene foam. The schematic view of the physical model in
waveform Hiraishi et al., 2015, 2016; Prasetyo et al., 2045 the ume is depicted inFigure 2C. The x-axis andy-axis in
comparison between the physical and numerical model resulthie gure are the de ned wave directions from o shore and the
was examined using two di erent numerical models, a 2D modeimiddle of the wave ume, respectively. The shoreline is ledat
based on NSWE and a quasi-3D model based on the Euld7.15m from the wave maker.
equation (Q3D-ROMS). In this study, two tsunami waveforms were used: the hydraulic
bore wave and solitary wave, which were produced by a pump-
type wave generator and mechanical piston-type wave generator,
PHYSICAL MODELING respectively. The maximum discharge of the pump generator is
0.833 ni/s, or equivalent to a 0.1 m increase in the water surface
The town of Onagawa in Miyagi Prefecture is selected for paysicelevation. The piston paddle was able to generate a solitarg wa
modeling due to the size of the experimental facility and townup to 1.0m using a 2.5m maximum stroke. Several tests were
Onagawa is located in the northern part of Tohoku, part of theperformed to achieve the target maximum inundation depths at
Sanriku ria coastline, and is one of the coastal urban regiorbenchmark locations (B1 and B2) for both solitary waves and
that was devastated by the 2011 Tohoku earthquake tsunantihe hydraulic bore. The test was repeated two times for each
According toSuppasri et al. (2013there were 816 fatalities with experiment. The coordinate system of the model is aligned as
an additional 125 missing (about 12% of the total populatiorg an follows: x is positive in the direction of the wave propagation
3,888 houses were damaged (about 85% of the total housing)shoreward withx D O at the zero position of the piston-type wave
Onagawa. The geomorphology in this area is characterized agyaneratory is positive to the north withy D 0 on the middle of
ria coast with steep terrain and a narrow bay, resulting ie th the ume, andz is positive upward witlz D 0 on the bottom of
large tsunami run-up in the 2011 Tohoku earthquake tsunamthe ume.
event. The recorded inundation height in the Sanriku cokestea ] -
was two times higher than that measured on the Sendai plain, bunstrumentation and Conditions
the area inundated by the tsunami was smaller than that on th&o measure the water surface elevation of the target tsunami
Sendai plain [{lori et al., 201). Considerable post-survey data wave, 13 capacitance-type wave gauges were installed in the
are available. For example, the inundation depths that oedirr ume. One wave gauge was set up at the sea oor section. Two
at the coastal area (B1) and the Onagawa hospital (B2) weweave gauges were installed on the slope, and the remaining wav
observed at about 15m and 1.95m from the ground level baseghuges were placed in the model on the urban section. The wave
on the interpretation of the video footage on March 11, 20htl a gauges were mounted on a beam in the ume axis and could
on the surveyed data, respectivétigure 2A shows the location be adjusted by an automatic up and down apparatus (EPT5-50
of Onagawa town in the Sanriku region and the boundaries o0KENEK). The wave gauge model number is CH-604E KENEK
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FIGURE 2 | Area of study in the physical and numerical modeling/A) Target area of study indicated dashed-yellow line [benchmé points, (B1) at the coast, (B2) on
the Onagawa Hospital].(B) The aerial laser scanned of 1:250 Onagawa physical model, &(C) The schematic view of the Onagawa model in the ume (black dot:
wave gauge indicated WG1-WG13; cross dot: ADV indicated ADMADV?2).
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TABLE 1 | Coordinates of wave gauges, ADV, and pressure sensors in the To investigate the wave forces acting on the model strusture
physical model. on land, 19 pressure sensors were placed on the building
models. The sensors were installed at the lowest elevation of
the structures on either the front or lateral sides of specic
x(m) y(m) x(m) y(m) x(m) y(m) buildings. The sensors PS-05KC are manufactured by Kyowa
and have a maximum rate capacity of 50 kPa with a sampling
rate of 200Hz and natural frequencies ofLlOkHz with the
rated output of 0.250-0.317m V/V 1% and a resistance
of 350e 10%. The pressure sensors were calibrated before
each experiment.

Tsunami wave propagation on land was observed in order to

Wave gauge ADV Pressure sensor

WG1 9.15 0.00 ADV1l 17.15 050 P1 21.92 0.86
WG2 17.15 0.00 ADvV2 21.15 050 P2 22.24 0.55
WG3 21.15 0.00 ADvV3 225 053 P3 22.38 0.57
WG4 22.20 0.40 ADvV4 223 0.16 P4 22.47 0.53
WG5 22.34 0.47 ADV5 21.48 056 PS5 22.54 0.60

WG6 2252 054 P6 2237 020 jhvestigate the temporal and spatial distribution of the tsunam
WG7 2331 0.80 Pr 2239 18 jpyndation. The inundation propagation was captured using a
WG8 2399  1.09 P8 2241 010 4K video camera, SONYFDR-AX30. The resolution of the image
WG9 2284 0.9 PO 2287 017 deviceis 18.9 megapixels for photographs and 8.29 megapixels
WG10 2224  0.69 P10 2331 088  for video. The frame rate is 30 fps. The camera was mounted
WG11 2282  0.70 P11 2220 034  over the physical model with a xed position. Before running an
WG12 2301  0.84 P12 2240 060  experiment, uorescent dye was added into the water near the
WG13 2342  0.88 P13 2278 0.72 shore, and several ultraviolet (UV) lights were installedrahe

P14 2299  0.80 model. In dark conditions, the uorescent dye will glow when
P15 2214 1.00 exposed to UV light. Therefore, the leading edge of the tsunami
P16 2251 0.25 inundation was automatically detected and tracked by thaeco

P17 2235 0.48 Tests were conducted 15-20 min apart to allow the water
P18 22,61 0.58 surface to calm. The building and coastal areas were dried
before each experiment using air blowers. The generation of
solitary and hydraulic bore waves was performed to achieve
with a sampling rate of 20 Hz. The linearity error i90.3% of 7.50cm of water surface elevation at WG4, the lowest onshore
the full scale, and the responsivity is 10 Hz. Moreover, thé rsmeasurement location (corresponding to 15m high on the real
wave gauge (WG1) was locatedxaD 9.15m from the wave scale) and 0.98 cm at WG9, the highest of measurement locatio
generator, and WG2 was installed at the onset of the beaple slo (corresponding to 1.95m high on the real scale). The wave
atx D 17.15m, while WG3 was located near the coastlinelat period of 60 s corresponded to 14 min on the real scale. In this
21.15m. In addition, WG4, which was set as benchmark B1, wasudy, two di erent inundation experiments of hydraulic bore
set at the front of the beach &tD 22.2 m, and WG9 (benchmark and solitary waves were conducted using the pump-type wave
B2) was set at the hospital atD 22.84 m. Other wave gauges generator with 0.133 Afs discharge (denoted as Case 1) and the
were installed on the land side with a speci ed location, stei mechanical piston-type wave generator with a 3 cm initial wave
in Table 1 Five wave gauges were placed parallel along the stréegight (denoted as Case 2), respectively.

at the southern side of the physical model (WG4-WG8), and

four wave gauges were placed at the northern side of the plhysica

model (WG10-WG13). All wave gauges were calibrated befoUMERICAL MODELING

each experiment.

Water velocities were measured using an acoustic Dopplérhe numerical modeling based on NSWE and the Euler equation
velocimeter (ADV). Two ADV Vectrino Il pro lers were used have been widely used to model the tsunami inundation (e.g.,
to measure the ow velocity seaward of the model, andmamura, 1996; Goto et al., 1997; Titov et al., 2005; Wang and
three ADV Vectrino single-point were used to measure theliu, 2006. The 2D-NSWE is used in TUNAMI-N2Goto et al.,
inundation velocity landward of the coastal areas. The ADV11997, which has been used to simulate tsunami propagation
and ADV2 were mounted on a beam at same location of WG2rom o shore to inland areas in Japan and other countries.
and WGS3, respectively, while the other ADVs were installedhe Q3D numerical model based on the Euler equation
around building structures on the land side. To minimizeis used in the ROMS Shchepetkin and McWilliams, 2005
the noise when measuring wave velocity in small inundatiorSeveral studies have been conducted to investigate tsunami
depth conditions, kaolin (clay mineral) was added into theinundation behavior acting on coastal buildings using bofh 2
ume during the experiment. The ADVs are manufactured and Q3D modelsMiyashita et al. (2015¢xamined a series of
by Nortek Vectrino with a sampling rate of 100Hz for numerical simulations using Q3D and 2D models to estimate th
velocity measurements with an accuracy 00.5% of the characteristics of surface elevation and velocity of a tsuria
measured value 1 mm/s. The velocity range incremented by real city conditions. The e ectiveness of an o shore breatava
0.1 m/s to a maximum of 3.0 m/s. The range of samplingdf Kamaishi Bay in lwate Prefecture o the Paci ¢ Coast foeth
volume was up to 30mm with a distance of 45-75mm2011 Tohoku earthquake tsunami was examined using 2D and
from a probe. Q3D models Pringle and Yoneyama, 2013; Mori et al., 2014
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Governing Equation where f is the Coriolis parameter, (x, y, z t) is the
A series of numerical simulations was performed to estimlage t dynamic pressurefF,and K, are forcing terms, andDyand
characteristic water surface elevation and spatial distidim of D, are di usive terms. Under the hydrostatic approximation,
a tsunami inundation in the Onagawa physical model test. Théhe vertical pressure gradient balances the buoyancy farde a
numerical modeling was conducted for inundation using twopressure can be written as follows:

di erent methods. The rstnumerical model used a conventain

2D-NSWE, which was derived assuming it was irrotational @ D 79' 9)
and viscid with hydrostatic pressure distribution. The 2D- @ o

NSWE method was developed _in house, bu_t it follows th‘?/vhere‘ (X y, z t) D (Pl o) is the dynamic pressureP
standa_rd methodplogy of tsunami wave modeling. The secc_mg the total hydrostatic pressure, and, is the density of
numerical model is the Q3D-ROMS based on the Euler equatiofoer The Q3D model di ers in the vertical velocity pro le in

with curvilinear-sigma coordinates. This model also as88m 1 narison with the 2D-NSWE, although both models assume
hydrostatic pressure distribution but allows arbitrarytdisution hydrostatic pressure.

of vertical velocity without irrotational and viscid assptions.

The Q3D model can resolve both the tsunami wave motion andNumerical Setup

bathymetry e ects independently from discretization. The numerical models directly used bathymetry and topography
In the 2D-NSWE, the governing equations consist oflaser scanned data with 1 mm resolution from the Onagawa

continuity and momentum equations. Based on the shallovewat physical model in the ume. The computational area was

theory, the continuity equation can be described as follows: determined to be 9.2m length in the-direction and 4.0m

in the y-direction. The astronomical tide was not included in

e C @ C a D 0O, (1) the computations, and the water depth was set to the mean
@ @ Q@ water level.
where is the sea-surface elevation, antdand N are depth- In the 2D-NSWE, the grid size was set as 1cm. The wet-

averaged volume uxes in the-axis andy-axis directions, dry and radiation boundary conditions were applied to both

respectively. The equations of momentum are written as failow € onshore and o shore boundaries. The bottom roughness
conditions were used based on the Manning model with
M _ @ M? @ MN @

roughness coe cients of 0.025 for the seaward side and Of@13

bx
@ c @ D c @ D c QD@ c—D0 ( the Iapdward sidgr(otani et al.,. 1998 The total computational
@ _ @ MN @ N2 @ ) time is 3,000 time steps with a time step of 0.05s. The
=~Cc= — Cc—= — cgb=c-—2D0, (3) computationaloutputintervalis1s.The given o shore bounga
@ @ D Q@ 7 b condition is the surface elevation at the open boundary (WG2)
M D udzDu hC DuD, (4) In the Q3D-ROMS, a recte}ngular co_ordinate.sysltem and
2N Arakawa-C grid was adapted in the horizontal direction, and

sigma coordinates were used in the vertical direction with 1
layers. The horizontal grid size was set as 4 cm. The wet+dty a
radiation boundary conditions were also applied to both onshore
whereu andv are thex andy components of water velocity)  and o shore boundaries. The total computational time is 10

D (h C ) is total water depthh is the still water depthg is the  time steps with a time step of 0.0125 s. The computational output
gravitational acceleration, angy and p,y are the bottom friction interval is 1s. The o shore boundary condition is the sudac
in the x- and y-directions, which are functions of the friction elevation at the open boundary (WG2) o shore. The north and
coe cient f and the total water deptb. south ends are closed boundaries.

The Q3D-ROMS model employs a set of free-surface, For both models, a series of water surface elevations of the
sigma (terrain-following) coordinate, and hydrostatic mitive  physical model at WG2 was used as the initial tsunami water level
equations derived byShchepetkin and McWilliams (2005) input. The characteristics of the inundation over the urbaea
The continuity equation for an incompressible uid is written in Onagawa are analyzed using two models with experimental
as follows: results in the next section.

@_ @ _ .o
& c @ C G Do, (6) RESULTS AND DISCUSSION

Experimental Results

In this section, the spatial distribution of tsunami inundatio
time histories of water surface elevation, wave pressure@md
velocities are presented for both Case 1 (hydraulic bore)CGask

N D vdzDv hC DvD, (5)
h

whereu, v, and w are the &, y, z) components of the vector
velocity. The momentum equations in the standard coordinat
in the x- andy-directions are written as follows:

@ @ 2 (solitary wave). Botin-situ instruments and video images are
@ Cv ru fvD @ CFRCDy, (") usedfor analysis.

@ d @ The spatial distribution of the tsunami inundation area and
@ v rvCfub @ CRCDy, @) depth in the physical model were analyzed. The leading edge
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of tsunami inundation on the model was extracted by analyzin
experimental videos with a frame frequency of 30 fps. The image A 9
intensity was adjusted to enhance the uorescent dye anaedg 8 | Maxtarget surface elevation —wo.
detection using the Sobel method, which was applied to detect
the leading edge of the water. We divided the area of inténést
two regions: the northern and southern sides of the modet (se
orientation inFigure 2). On the southern side, the tsunami wave
can directly enter the street freely from WG4 to the most idan
location of WG8 without any disturbance from other obstaobe
buildings. On the other hand, the array of wave gauges albag t
street on the northern side from WG10 to WG13 was shielded
by several buildings. The topographic elevation of the sauthe
region ranged from coastal areas to landward fr@.009 to -1
C0.024 m in model scale. In the northern region, topographic
elevation was steeper than the southern region and rangeul fro
C0.012 toC0.050 m.

waterlevel [cm]

0 20 40 60 80 100 120
time [sec]

[o:]

O =2 N W & O O N © ©

Time Histories of the Water Surface Elevation _vwvg
Time histories of the water surface elevation for Case 1 atWG
(benchmark location B1) and WG9 (benchmark location B2) are
shown inFigure 3A. Thex-axis indicates the time duration, and
the y-axis indicates the variation of the water level. After the
wave propagated from o shore, the leading edge of the tsunami
wave reached WG4 atD 12 s for Case 1. An initial impulsive
wave was observed at the beginning of the waveform and w
followed by a quasi-steady ow with a nearly constant wateele
(about 2 cm). This constant ow occurred due to a re ected wav D e
propagating shoreward after the leading edge of the tsunavewa

hit the structures onshore. After that, the water level gased 10 15 20 25 30
gradually until it reached the maximum inundation depth. The time [sec]

measured maximum water level of aboud 7.62cmat D 69.6 s
agreed fairly well with the target maximum surface elevgtio FIGURE 3 | Time histories of the water surface elevation at location of

: : . benchmark: (A) Case 1 b -t tor, and(B) Case 2 b
which was observed during the post-event survey in the 2011°¢"¢"™&" (&) Case 1 by pump-type wave generator, and(B) Case 2 by

> R X | piston-type wave generator (red line: water level at WG4, b line: water level
Tohoku earthquake tsunami. The leading edge of the inuraati | 5 weo).
arrived at WG9 att D 64.0s. The measured maximum water
surface elevation at WG9 was aboutD 0.58cm or 40% less
than the target maximum surface elevatidfigure 3B shows
time histories of water surface elevation for Case 2. Thepshathe targeted water surface elevation when conducted on a at
ow pro le was observed att D 11.0s for Case 2. The ow topography with distance varied from the coastlineto 24.3 m.
increased instantaneously and reached the maximum watel.le In this study, this observation provides a complementary ltesu
The maximum water level at WG4 agreed fairly well with thethat the water surface elevation from bore and solitary wave
target tsunami inundation depth, about D 7.77cm att D  could not reach the targeted elevation on the WG9 benchmark
14.65s. On the other hand, the measured maximum water levidcation since it was located higher than the sea level gteva
at WG9 was about D 0.82cm or 16.3% less than the targetWithin this condition, the water propagation from o shore to
maximum surface elevation. onshore experienced an interaction process with the topography
This observation demonstrates that both hydraulic bore an@levation and the urban coastal infrastructure to reach the
solitary waves resulting from the HyTOFU wave generator areéargeted elevation. This experiment also indicates that tha-h
able to reach the water surface elevation target within theesolution digital elevation model and real-scale struesucould
following conditions: in uence measurement accuracy, which is not identied in
previous studies. Therefore, this observation concludes &n
accurate consideration of the following conditions is reqd
Po set the tsunami inundation depth: (1) the tsunami run-up is

waterlevel [cm]

j)
[%2)

A elaed

N
=]
&

1) The benchmark location should be conducted nearshore.
2) The on-land topography elevation should close to the mea

sea Iey el. . . .. located far from the coastline, (2) there are structures ribar
3) The incoming tsunami waves propagate on land with . "
no obstacle. shore, and (3) there are di erent levels of topography conditio

In general, the target maximum surface elevation at location
This nding is proven byTomiczek et al. (2016bwho showed near the coastline (WG4) was successfully reproduced in
the HYTOFU could produce both bore and solitary waves withincomparison with the 2011 Tohoku earthquake tsunami for Cases
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1 and 2. However, the maximum surface elevation at WG9 Figure5 shows the spatial distribution of the tsunami
was underestimated compared with the survey data. The sesuihundation on the physical model for Case Rigure 5a was
of this experiment showed that physical models can represeset as the initial ow arrival time. In general, the ow patter
tsunamis well for locations close to the coastline but muketa propagation inland for Case 2 is quite similar to Case 1 at(s
care regarding the locations farther from the coastline. The& 7.33 s, as seenkfigures 5b—f However, the propagation speed
topography elevation dierence and the presence of macroen land for Case 2 is faster than that of Case 1. For example, the
roughness elements contribute signi cantly to the accyraiche  time required for the ow edge in Case 2 to reach WG9 was about
results. The roughness coe cient also seems to have agignt  3.70 s, as shown iRigure 5g It was about 28.30's, almost nine
role. The condition of the wet model (even though we havedtrie times faster than Case 1. Based on the arrival time of the dgee
our best to dry the model before the experiment started) seena each gauge, the average inundation speed in the southérn an
to have an e ect, where the real condition is dry. Thereforenorthern regions was calculated to be about 0.33 and 0.25 m/s,
the existence of macro-roughness elements (e.g., buildinds respectively. The regions when the maximum inundation phase
houses) and the topographic variation signi cantly contried  had reached D 9.67 s before receding to shoreward are shown in
to the reduction of the water level at locations far from theFigure 5h This result is not surprising because of the di erence
coastline. It also clearly shows that wave energy dissipdii@  of speeds between the ow (Case 1) and wave (Case 2). Details
to interaction between the tsunami wave and the structunes oof the analysis for the arrival time will be discussed in secti
land results in the reduction of the water surface elevation Comparison Between Experimental and Numerical Results.
Another interesting nding was observed when the ow
propagated inland before reaching the maximum inundation
The Spatial Distribution of the Tsunami Inundation phase. Most of buildings were immersed in water at<0 § <
Figure 4 shows snapshots of the tsunami inundation on the3.50s for Case 2. In contrast, few buildings were submerged b
physical model for Case 1. Figure 443 the reference time was set water for Case 1 at 0s t < 5.00s. Moreover, the inundation
att D 0 when the leading edge of the tsunami wave rst reachecbw speed at each wave gauge in the southern region for Case
the coastlineX D 21.9 m). InFigure 4b the ow propagatedonto 2 is 1.0-1.81 times faster than that measured during Case 1,
the at-beach and had reached the benchmark (WG4) located athile in the northern region, the ow speeds arel.04—2.68
x D 22.20m int D 0.87 s. Then, the initial impulsive ow hit the times faster. At the peak of the maximum inundation, the total
buildings on the northern and southern sides. After the imlit area of inundation for Case 1 is larger than that of Case 2.
impact, some water was re ected shoreward and developed arhe duration of the tsunami inundation for the solitary wave
inundation waveform as a quasi-steady ow with nearly consta condition was too short, as expected. It is clear that modeling
speed as shown iRigure 4¢ Figure 4shows that the inundation the tsunami inundation on land using solitary wave genematio
behavior generally had a similar pattern, and the inundatiordoes not accurately represent the time scale of the 2011 Tohok
distance was similar for both the northern and southern cegi.  earthquake tsunami.
In Figure 4d, the leading edge of the ow entered the street in  On the other hand, the spatial distribution of the tsunami
both regions at D 5s. The extent to which the leading edge ofinundation results agreed well between the physical modeling
the ow propagated inland in the southern regior D 23.31m) and observation data for the hydraulic bore conditions. énms
was farther than that in the northern region. The ow speed inof the tsunami magnitude and the time period, the hydraulic
the southern region was faster than in the northern regioas& bore wave could represent a tsunami-like wave close to the 2011
on the arrival time of the ow edge at each gauge, the averageohoku earthquake tsunami.
inundation speed in the southern and the northern regions was
calculated at about 0.27 and 0.15 m/s, respectively. Theegst Comparison Between Experimental and
of macro-roughness elements (e.g., buildings and house$) aNumerical Results

steeper topography conditions were recognized as the reasqme physical modeling and numerical analysis of the tsunami
for the inundation speed reduction along the street in thejnundation of the 2011 Tohoku earthquake tsunami were
northern region. Spatial distribution of the tsunami inurtitan,  performed to investigate the inundation processes in a complex
which reached the farthest wave gauge locatior Bt23.99m  coastal city. The experimental result is used to validate the
for the southern region (WG8) ana D 23.42m (WG13) for numerical results of the 2D and Q3D models for two cases: the
the northern region, is depicted ifrigures 4e.f respectively. pore wave (Case 1) and solitary wave (Case 2). The chasdicteri
Figure 4fclearly shows that most of the buildings were immersedyater surface elevation and spatial distribution of the tsunam

in water att D 19.67 sFigure 4gshows the spatial distribution jnundation of the numerical results were analyzed to astess
of inundation where the leading edge of the ow had arrived atsensitivity of the model.

the highest elevation of the measurement location (WG9e Th

physical model condition 61 s after the tsunami ow propagatedComparison of the Water Surface Elevation

inland is depicted irFigure 4h, where almost the entire area wasFigure 6 shows the comparison of the water surface elevation
inundated by water. In this time, the maximum surface el@rat between the experimental and numerical model results foreCas
was recorded at each wave gauge before receding shoreward. T. In this study, the time series of the experimental surface
inundation pro le and maximum water surface elevation in the elevation at WG2 was used as the input boundary condition of
regions of interest will be discussed in the next section. the numerical model. The time histories of the water surface
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FIGURE 4 | Snapshots of the tsunami inundation on the physical model foCase 1 (green color: uorescent dye water, red circle: locabn of wave gauges).(a)t D O,
(b)tD 0.93,(c)tD 257, (d)tD 5, (e)t D 12.67, (f)t D 19.67s, (g) t D 32s, and (h)t D 61.

elevation at WG2 from both the 2D-NSWE and Q3D-ROMSslightly overestimated by about 2 mm or 4% at WG8, as shown
showed good agreement with the experimental measuremenis, Figure 6C In general, the numerical results of 2D-NSWE
as seen inFigure 6A. The array of WG4-WGS8 was located and Q3D-ROMS for Case 1 agree with the experimental results
along the street parallel to the inundation ow direction ihé in terms of the time series of the water surface pro le and the
southern region of Onagawgigures 6B,Cshow the comparison maximum water surface elevation. Thus, it can be expected tha
of the water surface elevation at WG4 and WG8, respectivelppoth models can accurately reproduce the hydraulic bore imger
The maximum water level of the 2D-NSWE results agreed wedif the maximum water level and tsunami-like waveform.

with the experimental results at WG4. However, the Q3D-ROMS  Figure 7A shows the comparison of the water surface
underestimated the inundation depth by3mm or 4.2% at elevation between the experimental and numerical results at
WG4. The maximum water level of both numerical models wasVG2 for Case 2. Initially, the solitary wave was fairly syrtrine
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FIGURE 5 | Snapshots of the tsunami inundation on the physical model foCase 2 (green color: uorescent dye water, red circle: locaon of wave gauges).(a)t D 0,
(b)tD 0.87,(c)tD 2.57,(d)tD 3.5, (e)tD 7, ()t D 7.33s, (g) t D 3.7s, and (h) t D 9.67.

and reached the maximum water leveltdd 12 s. Aftert D 14s, both models for the solitary wave condition. The e ect of the
the re ected waveform from the coastline was observed.|&mi bottom roughness is more signi cant for the solitary wave+up

to Case 1, the time histories of the water surface elevation aondition than the bore condition, particularly in the momgm
WG2 for Case 2 show good agreement between the numericabnservation equations directly. The NSWE model also cannot
and experimental resultszigure 7B shows the comparison of consider the e ect of the energy dissipation due to the presence
the water surface elevation at WG4. The maximum water levelf urban structures in di erent con gurations. Thereforepth

of the Q3D-ROMS and 2D-NSWE model results compared tanodel results are due to the lack of model performance when
the experimental results were underestimated by about 21d&mputing the governing equations and modeling the bottom
and 46.4%, respectively. A large di erence occurred due to theughness and topographical conditions in the shallow water
bottom roughness, and the drag coe cient plays a key role inregion and inland. The NSWE model computation failed to
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FIGURE 6 | Comparison of the water surface elevation between the expénental and numerical model results for Case 1 (red line: eepimental results, black line:
Q3D-ROMS model, blue line: 2D-NSWE model)A) at WG 2, (B) at WG 4 (the benchmark), andC) at WG 8.

reproduce the ow inundation at WG8. In the 2D-NSWE results, than the experimental result by about 1-11s, except at WG5,
a calculation of the solitary wave energy was converted ¢o thwhich was faster by about 2s than the experimental results.
run-up height rather than the inundation distances; themef, =~ The maximum inundation depth from the numerical results
the solitary wave could not reach the higher position as showwas overestimated by about 1.6 mm or 29.6% for the 2D-
in Figure 7C In general, the numerical simulation results of NSWE and by about 1.8mm or 34.1% for the Q3D-ROMS
2D-NSWE and Q3D-ROMS for the solitary wave conditionscompared with the experimental result at second benchmark
were underestimated compared with the experimental result®cation (WG9). The arrival time of the Q3D-ROMS results
in terms of the maximum water surface elevation. A modelkgrees well with the experimental resulttad 64 s. However,
based on the NSWEs might not be suitable for representing the 2D-NSWE results were 2s faster than the experimental
solitary waveform in terms of the wave magnitude and spatialesults. In general, the dierence in the maximum surface
duration due to nearshore e ects and the wave interactiorelevation between the numerical model and physical model is

with structures. <5%, except at WG9 and WG13. The dierence in arrival
time for both numerical models compared with the physical

Comparison of the Maximum Inundation Depth and model was< 11s. The e ect of the bottom roughness and drag

Arrival Time coe cient was less signi cant for the hydraulic bore conidin

Result comparisons of the maximum inundation depth andcompared to the solitary wave case. Therefore, the numerical
the arrival time between experimental and numerical modelsimulation results of the 2D-NSWE and Q3D-ROMS for
at all wave gauges (WG2-WG13) for Case 1 are showydraulic bore conditions agree fairly well with the experirtan

in Figure 8 The red line indicates the experimental resultsfesults in terms of the maximum surface elevation and the
while the black and blue lines are Q3D-ROMS and 2D-arrivaltime.

NSWE, respectively. The maximum inundation depth o shore Result comparisons of the maximum inundation depth and
is recorded at WG2 and WG3, while in the onshore inundationthe arrival time between the experimental and numerical nisde
depths are represented by WG4 to WG13. The maximunat all wave gauges (WG2-WG13) show signi cant di erences
inundation depth near the coastline at the slope section (WG3jor Case 2, as shown iRigure 9 The maximum inundation
was slightly underestimated by about 4.82% for 2D-NSWE andepth from the numerical result was slightly underestimalgd
4.32% for Q3D-ROMS compared with the experimental resultg@bout 4 mm or 7.23% for the Q3D-ROMS and by about 28 mm
The maximum inundation depth of the 2D-NSWE and the or 45.3% for the 2D-NSWE compared with the experimental
Q3D-ROMS numerical results shows good agreement with theesults near the coastline at the slope section (WG3). Thearri
experimental results except for at the wave gauge located fame of the Q3D-ROMS agreed well with the experimental
inland from the coastline. The far inland location is strdyig result. However, the 2D-NSWE was faster by about 1s than
inuenced by onshore structures, topographical conditionsthe experimental results. Onshore, the maximum inundation
and propagation processes that are not well-captured in botdepth and arrival time of the numerical model had larger
models. In the southern region, the maximum water levebiases compared with the physical model. As explained in
of the Q3D-ROMS results agreed well with the experimentaihe previous section, the signi cant di erence of amplitude in
results at WG5. On the other hand, the maximum waterthe results of the non-linear equation model is due to the
level of the model results was slightly overestimated at WGEck of model performance when computing the governing
and WG7 and was underestimated at WG8. The arrival timequations and modeling the bottom roughness and topographical
of the Q3D-ROMS results for all wave gauges was slow&enditions in shallow water regions. For the Q3D-ROMS results,
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FIGURE 7 | Comparison of the water surface elevation between the expénental and numerical model results for Case 2 (red line: eepimental results, black line:
Q3D-ROMS model, blue line: 2D-NSWE model)A) at WG 2, (B) at WG 4 (the benchmark), andC) at WG 8.

the arrival time agrees fairly well with the experimentalules atsunamibased on the Asakura formula. According toniczek
compared with 2D-NSWE. In the Q3D-ROMS, the stretchedet al. (2016h)the design equation proposed by tG€0/Task
terrain sigma-coordinated system was applied and discieetizeCommittee under the Japanese Cabinet O ce (20i&hased on
over variable topography in the vertical direction, which wasa series of laboratory experiments performedAsakura et al.

not used in the NSWE model. The wide range of delayed2002)on 2D scale models. From these experiments, Asakura
time in the Q3D-ROMS could be due to the lack of modelet al. empirically assumed the maximum tsunami loading to be
performance for modeling the bottom friction and horizontal a triangular distribution with base pressuf@yax, equal to three
viscosity. It is also due to limitation of the wet and dry cogent  times the hydrostatic pressure as follows:

that was not signi cantly considered when the tsunami wave

propagated landward. Higher friction coe cients and energy Pmax D 3 ghmax (10)
dissipation might be determined during the computation of the . ) ) .
numerical model. where is the density of water, anlayax is the maximum water

The maximum inundation depths and arrival times wereSUrface elevaﬂon. o _ . _
compared at xed locations along the street from onshore to 19uré 11shows the maximum pressure of the tsunami wave

inland. Comparisons of the spatial distribution of the inurti acting on the structures at all locations in the physical mddel

extent between the experimental results and numerical tesulCases 1 and 2 (the orientation Bigure 11is similar to that of
(Q3D-ROMS and 2D-NSWE) for the hydraulic bore condition F19Ure 20- The value ofiin the gure indicates the maximum

are shown inFigure 1Q In this gure, the hydraulic bore with a pressure for Case 1, artujlndpates the maximum pressure for
duration of 60.0 s and a discharge of 0.13%swas generated by Cage 2. Allthe sensors were installed on the wall of themrqs

the pump-type wave generatdfigure 10shows the conditions facing the wavemaker direction (o shore). The largest nmaxim

of the maximum inundation when the maximum water level wasP €SSUré was observed at P15 for Case 1 (3.49 kPg) gnd Case 2
reached. The green contour indicates the experimental tr,esu‘z'46 kPa?. The sensor at P15 was mounted on buildings near
the red line indicates the Q3D-ROMS result, and the blaclzhe goastllne ak D 22.14m. On the other hand, the smallest
line indicates the 2D-NSWE result. The spatial distributioh MaXimum pressure was observed at P9 for Case 1 (1.48 kPa)

the inundation and the delayed arrival times are clearly srhlowanOI at P14 for Cage 2 (0'7_9 kPa) locatea & 22'8_7 m and
between the numerical model results and physical models. IR 22.99m, respecuvely.. This C'ea”Y shows that bu_lldllngsdmtat
this observation, the inundated area in the 2D-NSWE moded wan€r the coastline receive a larger impact than buildingstésta
similar to the experimental results, and the Q3D-ROMS modefarther from the coastline. This result is consistent with the

slightly underestimated the spatial inundation comparedhiite measurement of the surface elevation discussed in the previo
experimental results section. Additionally,Figure 12 shows the selected maximum

pressures acting on structures in the northern region frore th

nearest to farthest location from the coastline. The hantab
Pressure Acting on Structures and vertical axes in the gure are de ned as the run-up distanc
It is important to know the model characteristics and predicti  of structures from the coastline and the maximum pressure,
accuracy of wave-induced pressure acting on the structlines. respectively. The circles in the gure indicate the measured
this section, the comparison of the maximum tsunami wavepressure, and the lines show the predicted maximum pressure
pressure between the experimental and empirical relation iends using Equation (10). For Cases 1 and 2, the buildings
discussed. The Japan Cabinet O ce (JCO) provides simpléocated close to the coastline consistently sustained highgact
equations to estimate the maximum pressures and load caysed pressures than the buildings located farther from the caaestli
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FIGURE 8 | Comparison of the maximum inundation depth and the arrivaimne between experimental and numerical models at all wave gges (WG2-WG13) from
onshore to inland for Case 1 (red line: experimental resultblack line: Q3D-ROMS model, blue line: 2D-NSWE modelfA) Maximum inundation depth, and(B) Arrival
time.
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FIGURE 9 | Comparison of the maximum inundation depth and the arrivairne between experimental and numerical models at all wave gges (WG2-WG13) from
onshore to inland for Case 2 (red line: experimental resultblack line: Q3D-ROMS model, blue line: 2D-NSWE mode(A) Maximum inundation depth, and(B) Arrival
time.

Frontiers in Built Environment | www.frontiersin.org 15 April 2019 | Volume 5 | Article 46



Prasetyo et al. Modeling of Coastal Tsunami Inundation

FIGURE 10 | Comparison of the spatial distribution of the inundation ebent between the experimental results and numerical rest(Q3D-ROMS and 2D-NSWE) for
Case 1 att D 60s (green contour: Experimental result, red line: Q3D-RO®model, black line: 2D-NSWE model).

FIGURE 11 | The maximum pressure of the tsunami wave acting on the struares at all locations in the physical model for Cases 1 and 2 (adicated the maximum
pressure for Case 1, and b indicated the maximum pressure fo€ase 2) (unit in kPa).

Water turbulence, wave re ection, and dissipation of wavergy  agree well with the experimental measurements. Generakly, th
occur as the wave propagates inland due to interaction betweenaximum pressure calculated by the Asakura formula on the
the tsunami wave and the structures, resulting in the retucdf ~ buildings in the southern and northern regions was higher
wave pressure. than the physical model results for both hydraulic bore and
Table 2shows the comparison of the maximum pressure orsolitary wave conditions. However, the calculations of imapm

the structures between the physical model results and Eguati pressure by the Asakura formula for the buildings located
(10). Based on the Asakura formula, all buildings in the nerth  farther from the coastline were smaller than the physical
and southern regions located close to the coastline receivedodel results. This is due to the in uence of the maximum

higher impact pressures than the buildings located farthewater surface elevation on the calculation of the Asakura
from the coastline for Cases 1 and 2. These calculated sesuformula. The buildings located farther from the coastline
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FIGURE 12 | The selected maximum pressures acting on structures in thearthern region from the nearest to farthest location from té coastline (The circles indicate
the measured pressure and the lines indicate the predicted aximum pressure trends using Equation 10).

TABLE 2 | Comparison of the maximum pressure on the structures betwee the
physical model results and Asakura formula (in kPa).

Southern region Northern region

Front side Lateral side Front side

FIRST ROW

P2 Exp. Asakura P17 Exp. Asakura P12 Exp. Asakura
Casel 1.62 2.24 1.99 2.24 2.55 2.04
Case2 1.23 2.28 1.24 2.28 1.63 1.48
SECOND ROW

P3 Exp. Asakura P4 Exp. Asakura P13 Exp. Asakura
Casel 244 2.15 1.74 2.15 1.66 1.92
Case2 153 1.77 1.08 1.77 0.97 1.13
THIRD ROW

P5 Exp. Asakura P18 Exp. Asakura P14 Exp. Asakura
Casel 1.99 2.18 2.26 2.18 1.48 1.73
Case2 1.13 1.34 1.12 1.34 1.00 0.98

had a lower water surface elevation

the coastline.

CONCLUSIONS

This study conducted physical and numerical modeling of
Onagawa, a town in Miyagi Prefecture, for the 2011 Tohoku
earthquake-like tsunami. Physical experiments and nuraéric
modeling of tsunami inundation in a coastal city have been
performed to understand the local tsunami behavior and other

than the buildings near

infrastructure. A series of numerical simulations was perfed

for the Onagawa physical model. A comparison of the results
between the physical and two numerical models were examined
for two di erent incident waves with the same height: hydraul
bore and solitary waves. Conclusions from the above digmuss
are as follows:

In terms of the tsunami magnitude and time period, the
hydraulic bore wave could represent a tsunami-like wave
closer to the 2011 Tohoku earthquake tsunami than the
solitary wave.

Existence of macro-roughness elements (e.g., buildings
and houses) and topography conditions signicantly
contributed to the reduction of the inundation speed and
inundation depth.

Overall, the 2D-NSWE and Q3D-ROMS results agreed well
with the experimental results in terms of the maximum water
level and arrival time for the hydraulic bore conditions.
On the other hand, the numerical simulation results
for the solitary wave conditions were underestimated
compared with the experimental results in terms of the
maximum water surface elevation, and the arrival time
in the numerical models was slower than that in the
experimental results.

In the NSWE model, the delay time and large biases of
the maximum water level are due to the lack of model
performance when computing the governing equations and
modeling the bottom roughness and topographical conditions
in shallow water regions. A NSWE model might not be suitable
for representing a tsunami waveform in terms of the wave
magnitude and spatial duration due to the nearshore e ects

hydrodynamic processes when a tsunami impacts the urban and wave di raction from the structures.
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In this study, the dataset of tsunami inundation as aa city scale are important to develop. These e orts may lead to
benchmark for the 2011 Tohoku earthquake tsunami isdeveloping an e ective and reliable assessment tool for tsunam
provided, which will be useful to validate other numericalmitigation in coastal urban cities using a model that can date
tsunami models. arbitrary tsunami waves.

There is much important remaining work for future research.
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and arrival time. Therefore, it is necessary to conduct nrioaé
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debris, may play important roles in changing the local tsunamiGrants-in-Aid for Scientic Research Kakenhi by JSPS,
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Finally, the tsunami fragility functions that consider @ractions Development (SATREPS) by Japan Science and Technology
between tsunami hydrodynamic processes and the structure ddST/JICA), and DPRI Kyoto University Funds.
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