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INTRODUCTION 
The huge tsunami generated by the earthquake that occurred off 

the Pacific coast of Japan at 14:46 JST (05:46 UTC) on Friday, 11 

March 2011 (hereafter referred to as the 2011 East Japan 

earthquake) produced a maximum runup of 40 m on the east coast 

of Japan. The epicenter of the earthquake was approximately 72 

km (45 miles) east of the Oshika Peninsula in the Tohoku area, 

and the hypocenter was located at an underwater depth of 

approximately 32 km. The earthquake triggered extremely 

destructive tsunami waves up to 37.9 m in height (the runup 

height) that struck Japan minutes after the quake, in some cases 

traveling up to 10 km inland, with smaller waves reaching many 

other countries after several hours. Tsunami warnings were issued 

and evacuations ordered along Japan's Pacific coast and the coasts 

of at least 20 other countries, including the entire Pacific coast of 

the Americas. Koborinai is a tiny fishery port located north of 

Miyako City in the Iwate Prefecture (Figure 1). A survey team 

from the University of Tokyo Earthquake Research Institute (ERI) 

found high water marks and other evidence of a huge wave at the 

port of Koborinai and reported that the local topography most 

likely contributed to the size of the wave. The port, located on low 

land sandwiched between two capes, is located on V-shaped 

incised valley with width of 300 m and steep slopes. Two small 

barriers intended to protect fishing boats were completely 

destroyed. A road exits circuitously from the harbor to the hill top. 

A joint survey team from ERI, Sungkyunkwan University 

(SKKU) and Korea Ocean Research & Development Institute 

(KORDI) visited again and surveyed the site in detail using non-

prism Total Station equipment. Figure 2 shows photos of the 

damaged port of Koborinai from an elevated perspective. A 

detailed report of the field survey of this area is presented in (Tsuji 

et al, 2011). Such unexpectedly high tsunami waves may have 

been caused in part by the terrain, as has been shown with 

previous earthquake events: V-shaped valleys on the west coast of 

Okushiri Island experience surprisingly high tsunami runups after 

the 1993 Hokkaido earthquake (Satake and Tanioka, 1995; Shuto 

and Matsutomi, 1995), as did the Lhok Nga twin hills after the 
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2004 Sumatra–Andaman earthquake (Lavigne et al., 2009; Paris et 

al., 2009). 

The goal of this study was to reproduce the tsunami phenomena 

that occurred at the Koborinai Port after the 2011 East Japan 

earthquake within the framework of a quasi-3D shallow-water 

model and fully nonlinear dispersive Reynolds-averaged Navier–

Stokes (RANS) models. 

TSUNAMI SOURCE MODEL 
The genesis of the 2011 East Japan earthquake tsunami is well 

described by the seismic finite fault model (FFM) developed by 

the United States Geological Survey (USGS). The earthquake 

parameters were computed using Global Seismographic Network 

(GSN) broadband waveforms downloaded from the National 

Earthquake Information Center (NEIC) waveform server, and 

teleseismic broadband P waveforms, broadband SH waveforms, 

and long-period surface waves were selected for analysis. The 

waveforms were first converted to displacements by removing the 

instrument response and then were used to constrain the slip 

history based on a finite fault inverse algorithm. The fault planes 

were defined using the updated W-phase moment tensor solution 

of NEIC, adjusted to match local slab geometry (Hayes, 2011). 

The fault was composed of subfaults of 25 grids of 25 km along 

the strike direction and 13 grids of 20 km in the downdip 

direction. Each subfault was characterized by its slip distance, 

rake, strike, dip angles, and time of rupture and rise. 

 

 
Figure 1. The location of the port of Koborinai. 

 

 
Figure 2. Photos of the port of Koborinai from a top perspective. 

The values of other fault parameters determined by the inverting 

method using buoy observations (NOAA; Wei et al, 2012) were 

compared with values determined by the USGS. The 6 subfaults 

were pre-computed units (Gica et al, 2008) to facilitate a rapid 

inversion process. 

 

 

(a) USGS 

 

(b) NOAA 

Figure 3. The vertical component of water deformation (meters) 

computed using Okada’s solution. 

 

Water displacements at the tsunami sources were estimated 

using Okada’s solution (1985) and are shown in Figure 3. The 

initial elevation and velocity were assumed to be zero. The water 

deformation at each sub-fault was forced to an additional water 

elevation in every time step during the rise time from the rupture 

time. Time information obtained from the United States National 

Oceanic and Atmospheric Administration (NOAA) was used and 

is shown in Table 1 along with other parameters. The water 
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deformation (ΔU) is composed of the vertical displacement (Uz) 

and the vertical movement (Uh) converted by horizontal 

movement (Ux, Uy) of the bottom (H) slope.  

 
U Uz Uh

H H
Uh Ux Uy

x y

  

 
  

 

 

 

 

Figure 4. Nested grid system of the finite difference tsunami 

model. 

 

 

Figure 5. Six GPS wave buoys (black dots). The black square box 

indicates the second domain (D2). 

 

Table 2. Information of grid and nesting systems 

Domain NX NY DX DY 

(arc-sec) 

DT 

(sec) 

Nesting  

ratio 

Comp 

Mode 

D1 2100 1260 120 10  2D 

D2 600 980 30 2.5 1:4 3D 

D3 360 360 10 1.0  1:3 3D 

D4 360 360 3.33 0.5 1:3 3D 

D5 270 270 1.11 0.1 1:3 3Dwad 

D6 405 270 0.37 0.05 1:3 3Dwad 

  

TSUNAMI PROPAGATION MODEL 
The well-known finite difference Princeton Ocean Model was 

applied in this study to simulate tsunami wave propagation during 

the 2011 East Japan event. The details of this model are not 

discussed in this paper. 

Six sub-regions (Figure 4) in total, all of which had different 

grid sizes, were used in the tsunami propagation model. The first 

domain (D1) was computed in depth-averaged (2D) mode and the 

other domains were computed in 3D mode with 10 vertical sigma 

levels. The radiation open boundary scheme was employed for the 

first domain (D1), and the simple one-way nesting scheme was 

employed for the other domains by interpolating the water 

elevation and current values from the mother domain. The 

boundary condition of the internal model in the second domain 

(D2) employed the radiation scheme because the 3D current input 

is not available for the mother domain, which was calculated in 

2D mode. The largest domain (D1) had a 2100 x 1260 mesh 

system with a 2-minute grid resolution and a time step of 10 sec 

for trans-ocean propagation. The sub-domains were nested using 

1:3 or 1:4 grid interpolations. The smallest domain (D6) had a 405 

x 270 mesh system with a grid resolution of approximately 10 m 

and a time step of 0.05 sec. The “land” boundary conditions were 

assumed to be fully reflected in the last sea grids from D1 to D4 

with a minimum water depth of 10 m. The runup of tsunami 

waves in domains D5 and D6 was computed using the wet-and-

dry scheme proposed by Oey (2005). Table 2 shows information 

on the grid and nesting systems for all the domains. The 

bathymetry data are composed by GEBCO (Jones, 2003). 

Bathymetry (50-meter-resolution) data and topographic (10-meter-

resolution) data were obtained from the Japanese Government 

(Central Disaster Management Council, 2003) and GSI 

(Geospatial Information Authority of Japan, http://fgd.gsi.go.jp/ 

download/). Computed water elevations using two tsunami 

sources (USGS and NOAA) were compared with Global 

Positioning System (GPS) buoy records (Takahashi et al, 2011) in 

Figure 6.  

Figure 7 show the topography heights and spatial distributions 

of the maximum water elevations due to tsunami runup in the last 

domain of POM (D6). The tsunami wave computed by the 

hydrostatic model could not reach 5 of the survey points. 

 

 

Table 1. Fault parameters of the 2011 East Japan earthquake (modified from Wei et al., 2012) 

Subfault Latitude 

(°N) 

Longitude 

(°E) 

Length 

(km) 

Width 

(km) 

Depth 

(km) 

Slip 

(m) 

Rake 

(deg) 

Strike 

(deg) 

Dip angle 

(deg) 

Rupture  

time(sec) 

Rise time 

(sec) 

A 40.3125 143.5273 100 47   5 4.66 90 185 19 250 30 

B 39.4176 143.4246 100 47   5 12.23 90 185 19 250 30 

C 38.5254 143.2930 100 47   5 21.27 90 188 19 130 30 

D 38.5837 142.7622 100 47 21.28 26.31 90 188 21 155 30 

E 37.6534 143.0357 100 47   5 4.98 90 198 19 10 30 

F 37.7830 142.5320 100 47 21.28 22.75 90 198 21 10 30 
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Figure 6. Comparison of computed and observed tsunami records. 

 

 

Figure 7. Spatial distribution of the maximum tsunami amplitudes 

(according to POM) and the surveyed runup heights. 

 

3D COMPUTATIONS OF TSUNAMI WAVES 

AT THE PORT OF KOBORINAI 
The FLOW3D code (Flow Science, 2002) was used to compute 

the tsunami characteristics at the Koborinai Port with high 

accuracy. FLOW3D solves fully nonlinear dispersive Navier–

Stokes equations by the finite difference method. It utilizes a true 

volume-of-fluid (VOF) method to compute free surface motion 

and the fractional area/volume obstacle representation (FAVOR) 

technique to model complex geometric regions. To describe 

turbulence in a viscous fluid, a version of the k-model, updated 

with the help of renormalization group analysis, was used. This 

FLOW3D code has already been used to simulate tsunami waves 

(Choi et al., 2007, 2008ab) and to study solitary wave 

transformation over a step (Pelinovsky et al, 2010).  

It is somewhat difficult to apply boundary conditions in 

FLOW3D because this model accepts only a single time-

dependent boundary variable. Thus, a representative boundary 

point was selected from the sixth domain of the POM model (P1 

in Figure 7). Figure 8 shows the water elevation and horizontal 

velocity used for boundary forcing. A slow negative surge of 3 m 

was computed starting from 15 minutes after the earthquake and 

continuing for nearly 30 minutes, until before the first wave. The 

first crest had maximum amplitude of 13 m. The second and third 

crests followed at approximately 6-minute intervals. The water 

flowed mainly from east to west. 

 

 

Figure 8. Time series of the water elevation and horizontal 

velocity of the boundary condition at the east-side boundary (P1).  

 

Table 3. Comparison of observed and computed runup heights at 

Koborinai  

Site No. Observed height (E.L., m) POM3D* Flow3D 

1 27.71 19.81 28.74 

2 37.49 21.34 31.27 

3 33.17 24.62 34.33 

4 32.36 20.22 33.29 

5 27.18 28.37 26.83 

* The nearest inundation height if the site is not inundated 

 

 

Figure 9. Comparison between observed and computed runup 

heights at Koborinai  

 

The observed and computed runup heights are shown in Table 3 

and Figure 9. Where the computed runups obtained from POM 

were not matched at the survey points, the nearest inundation 

heights were compared with observation heights. The correlation 
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obtained with POM was 0.71 but a higher correlation (0.97) was 

obtained with the FLOW3D model. 

The direction of water flow is shown in Figure 10 by vectors of 

particle velocity. Water climbed to a height of more than 30 m in a 

narrow valley in the mountain behind the port. A comparison 

between the computed and observed runup heights is shown in 

Figure 10b for a time of 40.4 min. The maximum computed runup 

height was 34.33 m (at point #3), which is approximately 3 m less 

than the maximum observed runup height (37.49 m).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is important to mention that the maximum slope angle in the 

valley is approximately 60°, which leads to large values of vertical 

velocity, which are usually ignored in depth-averaged models. 

Figure 11 shows that the velocity field reaches values of 3 m/s at 

T = 40 min. It is evident that large vertical velocities will occur in 

water flow climbing a steep slope. If we use a hydrostatic model, 

extreme runup heights will be underestimated, as illustrated by 

Figure 7, which shows that the wave height computed using POM 

is only 25 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) 39.5 min                                                                          (b) 39.9 min 

  

(c) 40.4 min                                                                            (d) 41.0 min 

Figure 10. Snapshots of water elevation (contours) and resultant velocity (vectors) illustrating the tsunami running up and down the 

V-shaped valley. 
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Figure 11. Zoomed image of water elevation (contours) and 

vertical velocity component (arrows) at T = 40 min. 

CONCLUSIONS 
The extreme runup height of 37.49 m observed at the Koborinai 

Port due to the 2011 East Japan earthquake tsunami was modeled 

numerically. In the first stage of tsunami propagation from the 

source to the coast, the Princeton Ocean Model was used. 

Computations were made for nested domains with different space 

and time step resolutions. The numerical simulation results are 

verified by tide-gauge observations in some Japanese ports. The 

wave runup at the Koborinai Port was studied with 3D fully 

nonlinear dispersive Reynolds-averaged Navier–Stokes equations 

solved by FLOW3D using very detailed bathymetry and land 

topography data.  

The maximum value of the computed runup height for the entire 

computed domain was 34.33 m, which is close to the maximum 

observed value of 37.49 m. The importance of considering 3D 

non-hydrostatic effects for waves climb steep slopes is 

demonstrated by the simulation results. When this effect is ignored, 

the computed heights do not exceed 10 m. Vertical velocities in 

the process of wave climbing on a coast can reach 3 m/s or more. 

Thus, 3D non-hydrostatic numerical models are suggested for use 

in prediction of tsunami characteristics on steep coasts and for 

estimation of the tsunami risk for such extremely dangerous areas. 
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