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This study conducted a physical model experiment to investigate inundation processes
in a complex coastal city model using the Hybrid Tsunami Open Flume in Ujigawa
Open Laboratory (HyTOFU). The physical model was constructed at a 1:250 scale as
an idealization of the coastal town of Onagawa. Two tsunami waveforms were used,
hydraulic bore and solitary wave, which were produced by a pump-type wave generator
and a mechanical piston-type wave generator, respectively, at HyTOFU. Tsunami wave
generation similar to the 2011 Tohoku earthquake tsunami in Onagawa was successfully
reproduced, and the spatial distribution of the tsunami wave propagation and inundation
processes on land was clearly observed. A comparison of experimental and numerical
models was performed using two-dimensional (2D) and quasi-three-dimensional (Q3D)
models. The 2D and Q3D results agreed well with the experimental results in terms
of maximum water surface elevations and arrival times for hydraulic bore conditions.
For solitary wave trials, the maximum water surface elevations of the 2D results were
underestimated, and the arrival times in the numerical models were slower than those in
the experimental results. In this study, as a benchmark for the 2011 Tohoku earthquake
tsunami, the dataset of tsunami inundation is provided, which 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 regions threatened by natural disasters.
The consequence of catastrophic disasters in coastal regions affects human life on a large scale,
and the number of fatalities and amount of financial loss are becoming worse. According to the
2011 Tohoku Earthquake Tsunami Joint Survey Group report, tsunami inundation heights were
observed along a 2,000-km stretch of the Japanese coast from Hokkaido to Kyushu, where the
maximum run-up heights of >20m were distributed along 290 km of coast, and over 400 km?
of land was inundated (Mori et al., 2011). Kron (2013) stated that the 2011 Tohoku earthquake
tsunami became the costliest natural disaster in the world with a total loss of US $210 billion.
Additionally, 15,844 victims made the 2011 event the second deadliest tsunami in the last two
decades after the more than 220,000 fatalities in the 2004 Indian Ocean tsunami event.
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In the 2011 Tohoku earthquake tsunami, the tsunami
inundation was reported to be larger than expected, and the
infrastructure destruction occurred over a wide range (Mori et al.,
2011; Mase et al., 2013). To minimize the effects of a tsunami and
to reduce the infrastructure destruction along the coastal regions
in future events, understanding the tsunami inundation over
the coastal urban cities is very important. The dynamic features
of tsunami inundation, such as tsunami flow depth, inundation
depth distribution, flow velocity, and hydrodynamic force, play
essential roles in analyzing structural building damage. Yeh et al.
(2013) found that the inundation depth and flow velocity had
significant effects on the failure of coastal infrastructure and
buildings. However, prediction of tsunami inundation based on
the inundation depth and velocity still lacks accuracy because
tsunami behavior is also affected by beach slope conditions and
the shape of structures (Han et al., 2015). The interaction between
tsunami inundation, bathymetry conditions, and structures on
land is very complex but should be considered to determine the
tsunami damage. Moreover, the onshore tsunami behavior and
tsunami inundation processes associated with the force acting
on structures are not yet well-understood and should be further
investigated, particularly for large tsunami events.

One lesson learned from the 2011 tsunami is that adequate
understanding of tsunami processes in nearshore regions and
inundation characteristics in the urban area is very important.
When the tsunami enters the shallow nearshore area, the
wavelength and velocity decrease, while the wave height increases
significantly, leading to a devastating force. According to Hayashi
et al. (2011) and Kawai et al. (2013), the 2011 tsunami water
surface elevation profile recorded on GPS buoys was complex in
terms of characteristic and shape. The tsunami was transformed
from the initial impulsive wave with a steep and high crest in a
short period followed by a wave train with high constant height
for a long period. Koshimura and Hayashi (2012) presented
a thorough observation of overland flow conditions at the
nearshore of Onagawa (38°26'30.24"N, 141°26/50.32"E) based
on the interpretation of video footage on March 11, 2011, as seen
in Figure 1. In the first 3 min, the water level rose about 2m.
Then, the water level rose dramatically and quickly reached its
maximum height of about 15 m above sea level. Its height would
be considered the target maximum surface elevation of the 2011
Tohoku tsunami. The duration of the tsunami run-up was about
14 min, and the flow velocity was about 6-8 m/s. To improve
the technique of generating a numerical and physical model of
the tsunami, a reproduction of the 2011 tsunami-like wave with
a combination of high-resolution bathymetric and topographic
data has proven more challenging, especially in the case of urban
coastal cities.

In the last few decades, the use of numerical models has
improved rapidly due to the development of the numerical
scheme and computational resources. Using the numerical
model, offshore tsunami propagation and generation can be
accurately estimated and predicted. However, current numerical
scheme is not strong enough to model the tsunami hydrodynamic
processes including the tsunami inundation and run-up
associated with the complex bathymetry condition, topography,
and macro-roughness elements in the coastal area (e.g., Park
et al., 2013; Pringle and Yoneyama, 2013; Miyashita et al., 2015;

Adriano et al.,, 2016). The validation of the numerical model is
still unclear due to the simplification of the numerical schemes
and the limitations of the observation data, particularly for an
extreme tsunami occurrence. Briggs et al. (2008) noted that
the physical model is one of the best instruments to simulate
the complex physics of tsunami transformation, such as the
inundation and overland flow, wave-breaking process, and wave
forces on structures with the ease of controlling input parameters
and conditions. Therefore, the physical model test is believed
to be an essential solution to understand the complex tsunami
processes in nearshore and coastal areas.

Many research studies have performed the physical model
test to investigate the tsunami inundation in coastal areas
(Bridges et al, 2013; Palermo et al., 2013; Thomas et al.,
2014; Kihara et al, 2015; Prasetyo et al., 2016; Yasuda et al.,
2016). However, only a few studies have been conducted in
complex urban cities. For example, Tomiczek et al. (2016a)
investigated the tsunami flow patterns in complex arrays of box
structures representing macro-roughness elements. The presence
of an idealized macro-roughness obstacle significantly affected
the onshore wave propagation by changing the water surface
profile compared to the bare-earth configuration. More detailed
investigations about the effects of macro-roughness elements
on inundation processes were conducted by Cox et al. (2008)
and Park et al. (2013). They performed a physical model of a
tsunami run-up in the city of Seaside, Oregon. They also used
rectangular blocks as a representation of buildings and residential
houses on a flat topography. A numerical analysis using
COULWAVE was also conducted to verify the model sensitivity
with the experimental results. However, to improve the validation
and verification process of the numerical model results, an
experimental model with high-resolution bathymetric and
topographic data of the tsunami inundation over a coastal city is
needed (Park et al., 2013).

Another key issue is the reproduction of an appropriate
tsunami-like wave for the laboratory model test. Many
researchers have modeled various waves, such as a solitary,
N-shape, or long-sinusoidal waveforms, as an idealization of a
tsunami wave profile. The solitary wave generation in a tsunami
experimental model has been used widely on both small and
large scales. For example, the piston-type wave generator has
commonly been used to generate solitary waves (e.g., Fujima
et al., 2009; Oshnack, 2010; Park et al., 2013). Synolakis (1986,
1987) conducted the experiments using a piston-type wave
generator to investigate the run-up of long waves and solitary
waves. Allsop et al. (2008) and Rossetto et al. (2011) developed a
pneumatic wave generator to generate the solitary and N-wave
with a full wavelength. Goseberg et al. (2013) used the pump-
driven wave generations to produce single sinusoidal, prolonged
solitary, and N-wave waveforms with enhanced accuracy and
applicability in experimental tests. However, those laboratory
experiments are not yet appropriate or applicable to the real-scale
tsunami. Madsen et al. (2008) argued that the use of the solitary
wave as a representation of a tsunami is inappropriate due to the
discrepancies and lack of geophysical justification between the
realistic scenario conditions and the model-scale experiment,
particularly regarding the wavelength or wave periods. Moreover,
this may cause a misinterpretation of the experimental results,
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FIGURE 1 | Observed inundation heights (TTJS Survey Group; Mori et al., 2011) and time histories of inundation depth and flow velocity at Onagawa town
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considering the physical quantities, such as the pressure or
velocities whose significant temporal distributions are of great
interest (Goseberg et al., 2013).

The objectives of this study are the following:

1) Reproduce the 2011 Tohoku earthquake-like tsunami with
higher detail and accuracy;

2) Investigate local tsunami behavior, tsunami inundation, and
other hydrodynamic processes on complex land structures
in coastal areas with high-resolution topographic and
bathymetric data;

3) Validate the numerical model of the two-dimensional (2D)
non-linear shallow water equation model (NSWE) and the
quasi-three-dimensional (Q3D) model on the Euler equation
of the regional ocean model system (ROMS) using a dataset
of physical experimental results based on the 2011 Tohoku
earthquake tsunami event; and

4) Provide the tsunami inundation dataset as a benchmark for
the 2011 Tohoku earthquake tsunami that will be useful to
validate other tsunami numerical models.

This study has created a physical model of a tsunami
inundation in a coastal city using the innovative tsunami wave
generator in the Hybrid Tsunami Open Flume in Ujigawa
Laboratory (HyTOFU). The tsunami waveform was generated
by two different mechanisms: a pump-type wave generator that
produces a hydraulic bore or hydraulic bore waveform, and a
mechanical piston-type wave generator that produces a solitary
waveform (Hiraishi et al., 2015, 2016; Prasetyo et al., 2015). A
comparison between the physical and numerical model results
was examined using two different numerical models, a 2D model
based on NSWE and a quasi-3D model based on the Euler
equation (Q3D-ROMS).

PHYSICAL MODELING

The town of Onagawa in Miyagi Prefecture is selected for physical
modeling due to the size of the experimental facility and town.
Onagawa is located in the northern part of Tohoku, part of the
Sanriku ria coastline, and is one of the coastal urban regions
that was devastated by the 2011 Tohoku earthquake tsunami.
According to Suppasri et al. (2013), there were 816 fatalities with
an additional 125 missing (about 12% of the total population) and
3,888 houses were damaged (about 85% of the total housing) in
Onagawa. The geomorphology in this area is characterized as a
ria coast with steep terrain and a narrow bay, resulting in the
large tsunami run-up in the 2011 Tohoku earthquake tsunami
event. The recorded inundation height in the Sanriku coastal area
was two times higher than that measured on the Sendai plain, but
the area inundated by the tsunami was smaller than that on the
Sendai plain (Mori et al,, 2011). Considerable post-survey data
are available. For example, the inundation depths that occurred
at the coastal area (B1) and the Onagawa hospital (B2) were
observed at about 15m and 1.95m from the ground level based
on the interpretation of the video footage on March 11, 2011, and
on the surveyed data, respectively. Figure 2A shows the location
of Onagawa town in the Sanriku region and the boundaries of

the 1:250 of physical model. The details of the experimental and
numerical model setup will be discussed in the following sections.

Experimental Setup

This experiment was conducted at the Ujigawa Open Laboratory,
Disaster Prevention Research Institute (DPRI), Kyoto University,
using the HyTOFU. The HyTOFU is composed of a main flume,
sub tank, flow pump with rectifier, and wave generator. Flume
dimensions are 45m long, 4 m wide, and 2m deep. The 1:250
physical model (4 x 6 m) was based on an aerial laser scanned
digital elevation model before 2011 and was constructed in
the main flume as shown in Figures 2B,C. The physical model
represents the bathymetry condition of the Onagawa shore with
a 13.7m long flat sea floor section from the wave generator,
followed by 1:10 planar slope section, and ending with a beach
section where the Onagawa model was installed. The sea floor
section was constructed from concrete and plastered with smooth
cement mortar, while the slope section was made of a coated iron
plate. The constant water depth was set as the mean water level
at 0.84 m. The Onagawa town profile was downscaled and fixed
in place with detailed accuracy, consisting of real topography and
urban coastal infrastructure (e.g., buildings, houses, and streets
as well as hills and mountains) comprising macro-roughness
elements. Vegetation and debris were not included. The buildings
and other structures were made with painted plywood, and the
irregular shapes, such as the hills, were made from painted
polystyrene foam. The schematic view of the physical model in
the flume is depicted in Figure 2C. The x-axis and y-axis in
the figure are the defined wave directions from offshore and the
middle of the wave flume, respectively. The shoreline is located at
17.15m from the wave maker.

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,
respectively. The maximum discharge of the pump generator is
0.833 m>/s, or equivalent to a 0.1 m increase in the water surface
elevation. The piston paddle was able to generate a solitary wave
up to 1.0m using a 2.5m maximum stroke. Several tests were
performed to achieve the target maximum inundation depths at
benchmark locations (B1 and B2) for both solitary waves and
the hydraulic bore. The test was repeated two times for each
experiment. The coordinate system of the model is aligned as
follows: x is positive in the direction of the wave propagation
shoreward with x = 0 at the zero position of the piston-type wave
generator, y is positive to the north with y = 0 on the middle of
the flume, and z is positive upward with z = 0 on the bottom of
the flume.

Instrumentation and Conditions

To measure the water surface elevation of the target tsunami
wave, 13 capacitance-type wave gauges were installed in the
flume. One wave gauge was set up at the sea floor section. Two
wave gauges were installed on the slope, and the remaining wave
gauges were placed in the model on the urban section. The wave
gauges were mounted on a beam in the flume axis and could
be adjusted by an automatic up and down apparatus (EPT5-50
KENEK). 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 [benchmark points, (B1) at the coast, (B2) on
the Onagawa Hospital]. (B) The aerial laser scanned of 1:250 Onagawa physical model, and (C) The schematic view of the Onagawa model in the flume (black dot:
wave gauge indicated WG1-WG13; cross dot: ADV indicated ADV1-ADV2).
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TABLE 1 | Coordinates of wave gauges, ADV, and pressure sensors in the
physical model.

Wave gauge ADV Pressure sensor

x(m) y(m) x(m) y(m) x(m)  y(m)

WG1 9.15 0.00 ADV1 17.15 -050 P1 21.92 0.86
WG2 17.15 0.00 ADV2 2115 -050 P2 22.24 0.55
WG3 21.15 0.00 ADV3 225 053 P3 22.38 0.57
WG4 2220 -040 ADV4 223 0.16 P4 22.47 0.53
WG5 2234 —-0.47 ADV5 2148 056 P5 22.54 0.60
WG6 2252 -0.54 P6 22.37 0.20
WG7 23.31 -0.80 pP7 22.39 1.83
WG8 23.99 —1.09 P8 22.41 0.10
WG9 22.84 0.19 P9 22.87 0.17
WG10 22.24 0.69 P10 23.31 0.88
WG11  22.82 0.70 P11 2220 —0.34
WG12  23.01 0.84 P12 2240 —0.60
WG13  23.42 0.88 P13 2278 —-0.72
P14 22.99 —0.80

P15 2214 —1.00

P16 22.51 0.25
P17 22.35 0.48
P18 22.61 0.58

with a sampling rate of 20 Hz. The linearity error is 0.3% of
the full scale, and the responsivity is 10 Hz. Moreover, the first
wave gauge (WG1) was located at x = 9.15m from the wave
generator, and WG2 was installed at the onset of the beach slope,
at x = 17.15 m, while WG3 was located near the coastline at x =
21.15 m. In addition, WG4, which was set as benchmark B1, was
set at the front of the beach at x = 22.2 m, and WG9 (benchmark
B2) was set at the hospital at x = 22.84 m. Other wave gauges
were installed on the land side with a specified location, as listed
in Table 1. Five wave gauges were placed parallel along the street
at the southern side of the physical model (WG4-WGS8), and
four wave gauges were placed at the northern side of the physical
model (WG10-WG13). All wave gauges were calibrated before
each experiment.

Water velocities were measured using an acoustic Doppler
velocimeter (ADV). Two ADV Vectrino II profilers were used
to measure the flow velocity seaward of the model, and
three ADV Vectrino single-point were used to measure the
inundation velocity landward of the coastal areas. The ADV1
and ADV2 were mounted on a beam at same location of WG2
and WG3, respectively, while the other ADVs were installed
around building structures on the land side. To minimize
the noise when measuring wave velocity in small inundation
depth conditions, kaolin (clay mineral) was added into the
flume during the experiment. The ADVs are manufactured
by Nortek Vectrino with a sampling rate of 100Hz for
velocity measurements with an accuracy of £0.5% of the
measured value +1 mm/s. The velocity range incremented by
0.1 m/s to a maximum of 3.0 m/s. The range of sampling
volume was up to 30mm with a distance of 45-75mm
from a probe.

To investigate the wave forces acting on the model structures
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 specific
buildings. The sensors PS-05KC are manufactured by Kyowa
and have a maximum rate capacity of 50 kPa with a sampling
rate of 200 Hz and natural frequencies of ~10kHz with the
rated output of ~0.250-0.317m V/V =+ 1% and a resistance
of 3502 + 10%. The pressure sensors were calibrated before
each experiment.

Tsunami wave propagation on land was observed in order to
investigate the temporal and spatial distribution of the tsunami
inundation. The inundation propagation was captured using a
4K video camera, SONYFDR-AX30. The resolution of the image
device is ~18.9 megapixels for photographs and 8.29 megapixels
for video. The frame rate is 30 fps. The camera was mounted
over the physical model with a fixed position. Before running an
experiment, fluorescent dye was added into the water near the
shore, and several ultraviolet (UV) lights were installed over the
model. In dark conditions, the fluorescent dye will glow when
exposed to UV light. Therefore, the leading edge of the tsunami
inundation was automatically detected and tracked by the code.

Tests were conducted 15-20min apart to allow the water
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
7.50 cm of water surface elevation at WG4, the lowest onshore
measurement location (corresponding to 15m high on the real
scale) and 0.98 cm at WG9, the highest of measurement location
(corresponding to 1.95m high on the real scale). The wave
period of 60 s corresponded to 14 min on the real scale. In this
study, two different inundation experiments of hydraulic bore
and solitary waves were conducted using the pump-type wave
generator with 0.133 m?/s discharge (denoted as Case 1) and the
mechanical piston-type wave generator with a 3 cm initial wave
height (denoted as Case 2), respectively.

NUMERICAL MODELING

The numerical modeling based on NSWE and the Euler equation
have been widely used to model the tsunami inundation (e.g.,
Imamura, 1996; Goto et al., 1997; Titov et al., 2005; Wang and
Liu, 2006). The 2D-NSWE is used in TUNAMI-N2 (Goto et al.,
1997), which has been used to simulate tsunami propagation
from offshore to inland areas in Japan and other countries.
The Q3D numerical model based on the Euler equation
is used in the ROMS (Shchepetkin and McWilliams, 2005).
Several studies have been conducted to investigate tsunami
inundation behavior acting on coastal buildings using both 2D
and Q3D models. Miyashita et al. (2015) examined a series of
numerical simulations using Q3D and 2D models to estimate the
characteristics of surface elevation and velocity of a tsunami in
real city conditions. The effectiveness of an offshore breakwater
of Kamaishi Bay in Iwate Prefecture off the Pacific Coast for the
2011 Tohoku earthquake tsunami was examined using 2D and
Q3D models (Pringle and Yoneyama, 2013; Mori et al., 2014).
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Governing Equation
A series of numerical simulations was performed to estimate the
characteristic water surface elevation and spatial distribution of
a tsunami inundation in the Onagawa physical model test. The
numerical modeling was conducted for inundation using two
different methods. The first numerical model used a conventional
2D-NSWE, which was derived assuming it was irrotational
and viscid with hydrostatic pressure distribution. The 2D-
NSWE method was developed in house, but it follows the
standard methodology of tsunami wave modeling. The second
numerical model is the Q3D-ROMS based on the Euler equation
with curvilinear-sigma coordinates. This model also assumes
hydrostatic pressure distribution but allows arbitrary distribution
of vertical velocity without irrotational and viscid assumptions.
The Q3D model can resolve both the tsunami wave motion and
bathymetry effects independently from discretization.

In the 2D-NSWE, the governing equations consist of
continuity and momentum equations. Based on the shallow water
theory, the continuity equation can be described as follows:

an oM

. ON
dt 0x

— =0, 1
oy (1)
where 7 is the sea-surface elevation, and M and N are depth-
averaged volume fluxes in the x-axis and y-axis directions,

respectively. The equations of momentum are written as follows:

at  dx \ D dy \ D 9% o

8N+8 MN +a N? +Dan+rby_0 3)
ot  dx\ D dy \ D g&y o

M= /”udz:u(h—i—n):uD, (4)
“h

N:/nvdz:v(h—i-n):vD, (5)
—h

where u and v are the x and y components of water velocity, D
= (h + n) is total water depth, h is the still water depth, g is the
gravitational acceleration, and 7, and 7y, are the bottom friction
in the x- and y-directions, which are functions of the friction
coefficient f and the total water depth D.

The Q3D-ROMS model employs a set of free-surface,
sigma (terrain-following) coordinate, and hydrostatic primitive
equations derived by Shchepetkin and McWilliams (2005).
The continuity equation for an incompressible fluid is written
as follows:

u Jdv  ow
AR ) (©)
ox dy 0z

where u, v, and w are the (x, y, z) components of the vector
velocity. The momentum equations in the standard coordinate
in the x- and y-directions are written as follows:

ou 00
—+7V - Vu—fr= —— +F,+D,, (7)
ot 0x
av 0

where f is the Coriolis parameter, ¢ (x, y, z, t) is the
dynamic pressure, Fyand F, are forcing terms, and Dj,and
D, are diffusive terms. Under the hydrostatic approximation,
the vertical pressure gradient balances the buoyancy force and
pressure can be written as follows:

w__x ©)
0z Po
where ¢ (x, y, z, t) = (P/p,) is the dynamic pressure, P
is the total hydrostatic pressure, and p, is the density of
water. The Q3D model differs in the vertical velocity profile in
comparison with the 2D-NSWE, although both models assume
hydrostatic pressure.

Numerical Setup

The numerical models directly used bathymetry and topography
laser scanned data with 1 mm resolution from the Onagawa
physical model in the flume. The computational area was
determined to be 9.2m length in the x-direction and 4.0 m
in the y-direction. The astronomical tide was not included in
the computations, and the water depth was set to the mean
water level.

In the 2D-NSWE, the grid size was set as 1cm. The wet-
dry and radiation boundary conditions were applied to both
the onshore and offshore boundaries. The bottom roughness
conditions were used based on the Manning model with
roughness coefficients of 0.025 for the seaward side and 0.013 for
the landward side (Kotani et al., 1998). The total computational
time is 3,000 time steps with a time step of 0.05s. The
computational output interval is 1 s. The given offshore boundary
condition is the surface elevation at the open boundary (WG2).

In the Q3D-ROMS, a rectangular coordinate system and
Arakawa-C grid was adapted in the horizontal direction, and
sigma coordinates were used in the vertical direction with 10
layers. The horizontal grid size was set as 4 cm. The wet-dry and
radiation boundary conditions were also applied to both onshore
and offshore boundaries. The total computational time is 12,000
time steps with a time step of 0.0125 s. The computational output
interval is 1s. The offshore boundary condition is the surface
elevation at the open boundary (WG2) offshore. The north and
south ends are closed boundaries.

For both models, a series of water surface elevations of the
physical model at WG2 was used as the initial tsunami water level
input. The characteristics of the inundation over the urban area
in Onagawa are analyzed using two models with experimental
results in the next section.

RESULTS AND DISCUSSION

Experimental Results
In this section, the spatial distribution of tsunami inundation,
time histories of water surface elevation, wave pressure and flow
velocities are presented for both Case 1 (hydraulic bore) and Case
2 (solitary wave). Both in-situ instruments and video images are
used for analysis.

The spatial distribution of the tsunami inundation area and
depth in the physical model were analyzed. The leading edge
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of tsunami inundation on the model was extracted by analyzing
experimental videos with a frame frequency of 30 fps. The image
intensity was adjusted to enhance the fluorescent dye and edge
detection using the Sobel method, which was applied to detect
the leading edge of the water. We divided the area of interest into
two regions: the northern and southern sides of the model (see
orientation in Figure 2). On the southern side, the tsunami wave
can directly enter the street freely from WG4 to the most inland
location of WG8 without any disturbance from other obstacles or
buildings. On the other hand, the array of wave gauges along the
street on the northern side from WGI10 to WG13 was shielded
by several buildings. The topographic elevation of the southern
region ranged from coastal areas to landward from +0.009 to
+0.024 m in model scale. In the northern region, topographic
elevation was steeper than the southern region and ranged from
+0.012 to +0.050 m.

Time Histories of the Water Surface Elevation

Time histories of the water surface elevation for Case 1 at WG4
(benchmark location B1) and WG9 (benchmark location B2) are
shown in Figure 3A. The x-axis indicates the time duration, and
the y-axis indicates the variation of the water level. After the
wave propagated from offshore, the leading edge of the tsunami
wave reached WG4 at t = 12s for Case 1. An initial impulsive
wave was observed at the beginning of the waveform and was
followed by a quasi-steady flow with a nearly constant water level
(about 2 cm). This constant flow occurred due to a reflected wave
propagating shoreward after the leading edge of the tsunami wave
hit the structures onshore. After that, the water level increased
gradually until it reached the maximum inundation depth. The
measured maximum water level of about n =7.62cmatt=69.6 s
agreed fairly well with the target maximum surface elevation,
which was observed during the post-event survey in the 2011
Tohoku earthquake tsunami. The leading edge of the inundation
arrived at WG9 at t = 64.0s. The measured maximum water
surface elevation at WG9 was about n = 0.58 cm or 40% less
than the target maximum surface elevation. Figure 3B shows
time histories of water surface elevation for Case 2. The sharp
flow profile was observed at + = 11.0s for Case 2. The flow
increased instantaneously and reached the maximum water level.
The maximum water level at WG4 agreed fairly well with the
target tsunami inundation depth, about n = 7.77cm at t =
14.65s. On the other hand, the measured maximum water level
at WG9 was about n = 0.82cm or 16.3% less than the target
maximum surface elevation.

This observation demonstrates that both hydraulic bore and
solitary waves resulting from the HyTOFU wave generator are
able to reach the water surface elevation target within the
following conditions:

1) The benchmark location should be conducted nearshore.

2) The on-land topography elevation should close to the mean
sea level.

3) The incoming tsunami waves propagate on land with
no obstacle.

This finding is proven by Tomiczek et al. (2016b), who showed
the HyTOFU could produce both bore and solitary waves within
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FIGURE 3 | Time histories of the water surface elevation at location of
benchmark: (A) Case 1 by pump-type wave generator, and (B) Case 2 by
piston-type wave generator (red line: water level at WG4, blue line: water level
at WG9).

the targeted water surface elevation when conducted on a flat
topography with distance varied from the coastline to x = 24.3 m.
In this study, this observation provides a complementary result
that the water surface elevation from bore and solitary waves
could not reach the targeted elevation on the WG9 benchmark
location since it was located higher than the sea level elevation.
Within this condition, the water propagation from offshore to
onshore experienced an interaction process with the topography
elevation and the urban coastal infrastructure to reach the
targeted elevation. This experiment also indicates that the high-
resolution digital elevation model and real-scale structures could
influence measurement accuracy, which is not identified in
previous studies. Therefore, this observation concludes that an
accurate consideration of the following conditions is required
to set the tsunami inundation depth: (1) the tsunami run-up is
located far from the coastline, (2) there are structures near the
shore, and (3) there are different levels of topography conditions.

In general, the target maximum surface elevation at locations
near the coastline (WG4) was successfully reproduced in
comparison with the 2011 Tohoku earthquake tsunami for Cases
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1 and 2. However, the maximum surface elevation at WG9
was underestimated compared with the survey data. The results
of this experiment showed that physical models can represent
tsunamis well for locations close to the coastline but must take
care regarding the locations farther from the coastline. The
topography elevation difference and the presence of macro-
roughness elements contribute significantly to the accuracy of the
results. The roughness coefficient also seems to have a significant
role. The condition of the wet model (even though we have tried
our best to dry the model before the experiment started) seems
to have an effect, where the real condition is dry. Therefore,
the existence of macro-roughness elements (e.g., buildings and
houses) and the topographic variation significantly contributed
to the reduction of the water level at locations far from the
coastline. It also clearly shows that wave energy dissipation due
to interaction between the tsunami wave and the structures on
land results in the reduction of the water surface elevation.

The Spatial Distribution of the Tsunami Inundation
Figure 4 shows snapshots of the tsunami inundation on the
physical model for Case 1. In Figure 4a, the reference time was set
at t = 0 when the leading edge of the tsunami wave first reached
the coastline (x = 21.9 m). In Figure 4b, the flow propagated onto
the flat-beach and had reached the benchmark (WG4) located at
x =2220m in t = 0.87 s. Then, the initial impulsive flow hit the
buildings on the northern and southern sides. After the initial
impact, some water was reflected shoreward and developed an
inundation waveform as a quasi-steady flow with nearly constant
speed as shown in Figure 4c. Figure 4 shows that the inundation
behavior generally had a similar pattern, and the inundation
distance was similar for both the northern and southern regions.
In Figure 4d, the leading edge of the flow entered the street in
both regions at t = 5s. The extent to which the leading edge of
the flow propagated inland in the southern region (x = 23.31 m)
was farther than that in the northern region. The flow speed in
the southern region was faster than in the northern region. Based
on the arrival time of the flow edge at each gauge, the average
inundation speed in the southern and the northern regions was
calculated at about 0.27 and 0.15 m/s, respectively. The existence
of macro-roughness elements (e.g., buildings and houses) and
steeper topography conditions were recognized as the reason
for the inundation speed reduction along the street in the
northern region. Spatial distribution of the tsunami inundation,
which reached the farthest wave gauge location at x = 23.99 m
for the southern region (WG8) and x = 23.42m (WG13) for
the northern region, is depicted in Figures 4e,f, respectively.
Figure 4f clearly shows that most of the buildings were immersed
in water at t = 19.67 s. Figure 4g shows the spatial distribution
of inundation where the leading edge of the flow had arrived at
the highest elevation of the measurement location (WG9). The
physical model condition 61 s after the tsunami flow propagated
inland is depicted in Figure 4h, where almost the entire area was
inundated by water. In this time, the maximum surface elevation
was recorded at each wave gauge before receding shoreward. The
inundation profile and maximum water surface elevation in the
regions of interest will be discussed in the next section.

Figure 5 shows the spatial distribution of the tsunami
inundation on the physical model for Case 2. Figure 5a was
set as the initial flow arrival time. In general, the flow pattern
propagation inland for Case 2 is quite similar to Case 1 at 0s < ¢
< 7.33s, as seen in Figures 5b-f. However, the propagation speed
on land for Case 2 is faster than that of Case 1. For example, the
time required for the flow edge in Case 2 to reach WG9 was about
3.70s, as shown in Figure 5g. It was about 28.30s, almost nine
times faster than Case 1. Based on the arrival time of the flow edge
at each gauge, the average inundation speed in the southern and
northern regions was calculated to be about 0.33 and 0.25 m/s,
respectively. The regions when the maximum inundation phase
had reached t = 9.67 s before receding to shoreward are shown in
Figure 5h. This result is not surprising because of the difference
of speeds between the flow (Case 1) and wave (Case 2). Details
of the analysis for the arrival time will be discussed in section
Comparison Between Experimental and Numerical Results.

Another interesting finding was observed when the flow
propagated inland before reaching the maximum inundation
phase. Most of buildings were immersed in water at 0s < t <
3.50 s for Case 2. In contrast, few buildings were submerged by
water for Case 1 at 0s < t < 5.00s. Moreover, the inundation
flow speed at each wave gauge in the southern region for Case
2 is ~1.0-1.81 times faster than that measured during Case 1,
while in the northern region, the flow speeds are ~1.04-2.68
times faster. At the peak of the maximum inundation, the total
area of inundation for Case 1 is larger than that of Case 2.
The duration of the tsunami inundation for the solitary wave
condition was too short, as expected. It is clear that modeling
the tsunami inundation on land using solitary wave generation
does not accurately represent the time scale of the 2011 Tohoku
earthquake tsunami.

On the other hand, the spatial distribution of the tsunami
inundation results agreed well between the physical modeling
and observation data for the hydraulic bore conditions. In terms
of the tsunami magnitude and the time period, the hydraulic
bore wave could represent a tsunami-like wave close to the 2011
Tohoku earthquake tsunami.

Comparison Between Experimental and
Numerical Results

The physical modeling and numerical analysis of the tsunami
inundation of the 2011 Tohoku earthquake tsunami were
performed to investigate the inundation processes in a complex
coastal city. The experimental result is used to validate the
numerical results of the 2D and Q3D models for two cases: the
bore wave (Case 1) and solitary wave (Case 2). The characteristic
water surface elevation and spatial distribution of the tsunami
inundation of the numerical results were analyzed to assess the
sensitivity of the model.

Comparison of the Water Surface Elevation

Figure 6 shows the comparison of the water surface elevation
between the experimental and numerical model results for Case
1. In this study, the time series of the experimental surface
elevation at WG2 was used as the input boundary condition of
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 for Case 1 (green color: fluorescent dye water, red circle: location of wave gauges). (a) t = 0,
(b)t=0.93,(c)t=2.57,(d)t =5, (e)t =12.67, (f)t = 19.67 s, (g) t = 32s, and (h) t = 61.

elevation at WG2 from both the 2D-NSWE and Q3D-ROMS
showed good agreement with the experimental measurements,
as seen in Figure 6A. The array of WG4-WG8 was located
along the street parallel to the inundation flow direction in the
southern region of Onagawa. Figures 6B,C show the comparison
of the water surface elevation at WG4 and WGS8, respectively.
The maximum water level of the 2D-NSWE results agreed well
with the experimental results at WG4. However, the Q3D-ROMS
underestimated the inundation depth by <3mm or 4.2% at
WG4. The maximum water level of both numerical models was

slightly overestimated by about 2 mm or 4% at WG8, as shown
in Figure 6C. In general, the numerical results of 2D-NSWE
and Q3D-ROMS for Case 1 agree with the experimental results
in terms of the time series of the water surface profile and the
maximum water surface elevation. Thus, it can be expected that
both models can accurately reproduce the hydraulic bore in terms
of the maximum water level and tsunami-like waveform.

Figure 7A shows the comparison of the water surface
elevation between the experimental and numerical results at
WG?2 for Case 2. Initially, the solitary wave was fairly symmetric
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FIGURE 5 | Snapshots of the tsunami inundation on the physical model for Case 2 (green color: fluorescent dye water, red circle: location of wave gauges). (a) t = O,
(b)t=0.87,(c)t=2.57,(d)t=35,(e)t=7,(()t=7.33s,(g) t =3.7s, and (h) t = 9.67.

and reached the maximum water level at t = 12s. After t = 14s,
the reflected waveform from the coastline was observed. Similar
to Case 1, the time histories of the water surface elevation at
WG?2 for Case 2 show good agreement between the numerical
and experimental results. Figure 7B shows the comparison of
the water surface elevation at WG4. The maximum water level
of the Q3D-ROMS and 2D-NSWE model results compared to
the experimental results were underestimated by about 21.6
and 46.4%, respectively. A large difference occurred due to the
bottom roughness, and the drag coeflicient plays a key role in

both models for the solitary wave condition. The effect of the
bottom roughness is more significant for the solitary wave run-up
condition than the bore condition, particularly in the momentum
conservation equations directly. The NSWE model also cannot
consider the effect of the energy dissipation due to the presence
of urban structures in different configurations. Therefore, both
model results are due to the lack of model performance when
computing the governing equations and modeling the bottom
roughness and topographical conditions in the shallow water
region and inland. The NSWE model computation failed to
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reproduce the flow inundation at WG8. In the 2D-NSWE results,
a calculation of the solitary wave energy was converted to the
run-up height rather than the inundation distances; therefore,
the solitary wave could not reach the higher position as shown
in Figure 7C. In general, the numerical simulation results of
2D-NSWE and Q3D-ROMS for the solitary wave conditions
were underestimated compared with the experimental results
in terms of the maximum water surface elevation. A model
based on the NSWEs might not be suitable for representing a
solitary waveform in terms of the wave magnitude and spatial
duration due to nearshore effects and the wave interaction
with structures.

Comparison of the Maximum Inundation Depth and
Arrival Time

Result comparisons of the maximum inundation depth and
the arrival time between experimental and numerical models
at all wave gauges (WG2-WG13) for Case 1 are shown
in Figure 8. The red line indicates the experimental results,
while the black and blue lines are Q3D-ROMS and 2D-
NSWE, respectively. The maximum inundation depth offshore
is recorded at WG2 and WG3, while in the onshore inundation
depths are represented by WG4 to WGI13. The maximum
inundation depth near the coastline at the slope section (WG3)
was slightly underestimated by about 4.82% for 2D-NSWE and
4.32% for Q3D-ROMS compared with the experimental results.
The maximum inundation depth of the 2D-NSWE and the
Q3D-ROMS numerical results shows good agreement with the
experimental results except for at the wave gauge located far
inland from the coastline. The far inland location is strongly
influenced by onshore structures, topographical conditions,
and propagation processes that are not well-captured in both
models. In the southern region, the maximum water level
of the Q3D-ROMS results agreed well with the experimental
results at WG5. On the other hand, the maximum water
level of the model results was slightly overestimated at WG6
and WG7 and was underestimated at WGS8. The arrival time
of the Q3D-ROMS results for all wave gauges was slower

than the experimental result by about 1-11s, except at WG5,
which was faster by about 2s than the experimental results.
The maximum inundation depth from the numerical results
was overestimated by about 1.6mm or 29.6% for the 2D-
NSWE and by about 1.8mm or 34.1% for the Q3D-ROMS
compared with the experimental result at second benchmark
location (WG9). The arrival time of the Q3D-ROMS results
agrees well with the experimental result at t = 64s. However,
the 2D-NSWE results were 2s faster than the experimental
results. In general, the difference in the maximum surface
elevation between the numerical model and physical model is
<5%, except at WG9 and WG13. The difference in arrival
time for both numerical models compared with the physical
model was <11s. The effect of the bottom roughness and drag
coeflicient was less significant for the hydraulic bore condition
compared to the solitary wave case. Therefore, the numerical
simulation results of the 2D-NSWE and Q3D-ROMS for
hydraulic bore conditions agree fairly well with the experimental
results in terms of the maximum surface elevation and the
arrival time.

Result comparisons of the maximum inundation depth and
the arrival time between the experimental and numerical models
at all wave gauges (WG2-WG13) show significant differences
for Case 2, as shown in Figure9. The maximum inundation
depth from the numerical result was slightly underestimated by
about 4 mm or 7.23% for the Q3D-ROMS and by about 28 mm
or 45.3% for the 2D-NSWE compared with the experimental
results near the coastline at the slope section (WG3). The arrival
time of the Q3D-ROMS agreed well with the experimental
result. However, the 2D-NSWE was faster by about 1s than
the experimental results. Onshore, the maximum inundation
depth and arrival time of the numerical model had larger
biases compared with the physical model. As explained in
the previous section, the significant difference of amplitude in
the results of the non-linear equation model is due to the
lack of model performance when computing the governing
equations and modeling the bottom roughness and topographical
conditions in shallow water regions. For the Q3D-ROMS results,
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FIGURE 7 | Comparison of the water surface elevation between the experimental and numerical model results for Case 2 (red line: experimental results, black line:
Q3D-ROMS model, blue line: 2D-NSWE model). (A) at WG 2, (B) at WG 4 (the benchmark), and (C) at WG 8.

the arrival time agrees fairly well with the experimental result
compared with 2D-NSWE. In the Q3D-ROMS, the stretched
terrain sigma-coordinated system was applied and discretized
over variable topography in the vertical direction, which was
not used in the NSWE model. The wide range of delayed
time in the Q3D-ROMS could be due to the lack of model
performance for modeling the bottom friction and horizontal
viscosity. It is also due to limitation of the wet and dry coefficient
that was not significantly considered when the tsunami wave
propagated landward. Higher friction coefficients and energy
dissipation might be determined during the computation of the
numerical model.

The maximum inundation depths and arrival times were
compared at fixed locations along the street from onshore to
inland. Comparisons of the spatial distribution of the inundation
extent between the experimental results and numerical results
(Q3D-ROMS and 2D-NSWE) for the hydraulic bore condition
are shown in Figure 10. In this figure, the hydraulic bore with a
duration of 60.0 s and a discharge of 0.133 m?/s was generated by
the pump-type wave generator. Figure 10 shows the conditions
of the maximum inundation when the maximum water level was
reached. The green contour indicates the experimental result,
the red line indicates the Q3D-ROMS result, and the black
line indicates the 2D-NSWE result. The spatial distribution of
the inundation and the delayed arrival times are clearly shown
between the numerical model results and physical models. In
this observation, the inundated area in the 2D-NSWE model was
similar to the experimental results, and the Q3D-ROMS model
slightly underestimated the spatial inundation compared with the
experimental results.

Pressure Acting on Structures

It is important to know the model characteristics and prediction
accuracy of wave-induced pressure acting on the structures. In
this section, the comparison of the maximum tsunami wave
pressure between the experimental and empirical relation is
discussed. The Japan Cabinet Office (JCO) provides simple
equations to estimate the maximum pressures and load caused by

a tsunami based on the Asakura formula. According to Tomiczek
et al. (2016b), the design equation proposed by the JCO/Task
Committee under the Japanese Cabinet Office (2005) is based on
a series of laboratory experiments performed by Asakura et al.
(2002) on 2D scale models. From these experiments, Asakura
et al. empirically assumed the maximum tsunami loading to be
a triangular distribution with base pressure, Py, equal to three
times the hydrostatic pressure as follows:

Pmax = 308hmax (10)
where p is the density of water, and A,y is the maximum water
surface elevation.

Figure 11 shows the maximum pressure of the tsunami wave
acting on the structures at all locations in the physical model for
Cases 1 and 2 (the orientation of Figure 11 is similar to that of
Figure 2C). The value of a in the figure indicates the maximum
pressure for Case 1, and b indicates the maximum pressure for
Case 2. All the sensors were installed on the wall of the structures
facing the wavemaker direction (offshore). The largest maximum
pressure was observed at P15 for Case 1 (3.49 kPa) and Case 2
(2.46 kPa). The sensor at P15 was mounted on buildings near
the coastline at x = 22.14m. On the other hand, the smallest
maximum pressure was observed at P9 for Case 1 (1.48 kPa)
and at P14 for Case 2 (0.79 kPa) located at x = 22.87m and x
= 22.99 m, respectively. This clearly shows that buildings located
near the coastline receive a larger impact than buildings located
farther from the coastline. This result is consistent with the
measurement of the surface elevation discussed in the previous
section. Additionally, Figure 12 shows the selected maximum
pressures acting on structures in the northern region from the
nearest to farthest location from the coastline. The horizontal
and vertical axes in the figure are defined as the run-up distance
of structures from the coastline and the maximum pressure,
respectively. The circles in the figure indicate the measured
pressure, and the lines show the predicted maximum pressure
trends using Equation (10). For Cases 1 and 2, the buildings
located close to the coastline consistently sustained higher impact
pressures than the buildings located farther from the coastline.
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FIGURE 10 | Comparison of the spatial distribution of the inundation extent between the experimental results and numerical results (Q3D-ROMS and 2D-NSWE) for
Case 1 att = 60s (green contour: Experimental result, red line: Q3D-ROMS model, black line: 2D-NSWE model).
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FIGURE 11 | The maximum pressure of the tsunami wave acting on the structures at all locations in the physical model for Cases 1 and 2 (a indicated the maximum
pressure for Case 1, and b indicated the maximum pressure for Case 2) (unit in kPa).

Water turbulence, wave reflection, and dissipation of wave energy
occur as the wave propagates inland due to interaction between
the tsunami wave and the structures, resulting in the reduction of
wave pressure.

Table 2 shows the comparison of the maximum pressure on
the structures between the physical model results and Equation
(10). Based on the Asakura formula, all buildings in the northern
and southern regions located close to the coastline received
higher impact pressures than the buildings located farther
from the coastline for Cases 1 and 2. These calculated results

agree well with the experimental measurements. Generally, the
maximum pressure calculated by the Asakura formula on the
buildings in the southern and northern regions was higher
than the physical model results for both hydraulic bore and
solitary wave conditions. However, the calculations of maximum
pressure by the Asakura formula for the buildings located
farther from the coastline were smaller than the physical
model results. This is due to the influence of the maximum
water surface elevation on the calculation of the Asakura
formula. The buildings located farther from the coastline
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FIGURE 12 | The selected maximum pressures acting on structures in the northern region from the nearest to farthest location from the coastline (The circles indicate
the measured pressure and the lines indicate the predicted maximum pressure trends using Equation 10).
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TABLE 2 | Comparison of the maximum pressure on the structures between 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
Case1 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
Case1 2.44 2.15 1.74 2.15 1.66 1.92
Case2 1.53 1.77 1.08 1.77 0.97 1.13
THIRD ROW
P5 Exp. Asakura P18 Exp. Asakura P14 Exp. Asakura
Case1 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 than
the coastline.

the buildings near

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 numerical
modeling of tsunami inundation in a coastal city have been
performed to understand the local tsunami behavior and other
hydrodynamic processes when a tsunami impacts the urban

infrastructure. A series of numerical simulations was performed
for the Onagawa physical model. A comparison of the results
between the physical and two numerical models were examined
for two different incident waves with the same height: hydraulic
bore and solitary waves. Conclusions from the above discussion
are as follows:

e 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 significantly
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 effects
and wave diffraction from the structures.
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In this study, the dataset of tsunami inundation as a
benchmark for the 2011 Tohoku earthquake tsunami is
provided, which will be useful to validate other numerical
tsunami models.

There is much important remaining work for future research.
First, the verification and validation of the bottom friction in
the numerical model processes are important to evaluate the
sensitivity of a numerical model when simulating the tsunami
inundation processes on the land, such as the inundation height
and arrival time. Therefore, it is necessary to conduct numerical
modeling using different roughness modeling and scenarios,
for example, numerical simulation without buildings (bare-
earth scenario) and different roughness coeflicients to check the
numerical model sensitivity. Furthermore, other features, such as
debris, may play important roles in changing the local tsunami
behavior and should be considered in numerical modeling.
Finally, the tsunami fragility functions that consider interactions
between tsunami hydrodynamic processes and the structure on
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