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Abstract—Watermarks found during the post-event surveys of

the 2011 Tohoku tsunami confirmed extreme runup heights at

several locations along the central to northern part of the Sanriku

coast, Japan. We measured the maximum height of nearly 40 m

above mean sea level at a narrow coastal valley of the Aneyoshi

district. Wave records by offshore GPS-buoys suggest that the

remarkably high runup was associated with a leading, impulsive

crest of the tsunami amplified by local bathymetry and topography.

In order to elucidate the underlying amplification mechanism, we

apply a numerical model to reproduce the measured distribution of

tsunami heights along the target coastline. A series of numerical

tests under different boundary conditions suggests that a spectral

component with a dominant period of 4–5 min in the leading wave

play a key role in generating the extreme runup. Further analyses

focusing on the Aneyoshi district confirm that the short wavelength

component undergoes critical amplification in a narrow inlet. Our

findings highlight the importance of resolving offshore waveforms

as well as local bathymetry and topography when simulating

extreme runup events.

Key words: Tsunami, runup, amplification, topography,

Sanriku coast.

1. Introduction

On March 11, 2011 at 2:46 PM local time (6:46

UTC), a Mw 9.0 earthquake occurred off the northern

Pacific coast of Japan. The seismic rupture associated

with the subduction of the Pacific plate extended over

an area of about 500 km by 200 km along the Japan

Trench. The maximum slip has been estimated to

exceed 75 m with a significant fraction occurring all

the way to the trench (LAY et al. 2011; HOOPER et al.

2013). The ensuing massive tsunami struck the

northern Pacific coast of Japan causing nearly 20,000

fatalities. The nationwide post-tsunami survey con-

ducted by the Tohoku Tsunami Joint Survey Group

(TTJSG, hereafter) revealed that maximum runup

heights of [20 m were distributed along a 290 km

stretch of the Pacific coast (MORI et al. 2011, 2012).

The measured tsunami heights were remarkably large

along the Sanriku coast located to the northwest of

the epicenter (Fig. 1).

The GPS-buoy network system recorded various

profiles of the tsunami as it approached the Pacific

coast (KAWAI et al. 2012). These surface buoys

were deployed between the 100–200 m depth con-

tour lines and transmitted signals of the tsunami-

induced changes in water level to their land sta-

tions (see Fig. 1a for the buoy locations). In

addition, the tsunami was also captured at deeper

locations by two ocean-bottom pressure gauges,

TM1 and TM2 (MAEDA et al. 2011). Figure 2a

shows sea level anomalies at the four GPS-buoys

and the two pressure gauges off the Sanriku coast.

Generated by complex rupture events, the wave

records at different locations exhibit significant

variation in their waveforms. Wave crest heights

range from about 4–7 m with the maximum value

at GPS-buoy 802.
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The regional tsunami behavior along the central

Sanriku coast was analyzed based on numerical

simulations and the model results were compared

with field data (SHIMOZONO et al 2012; WEI et al.

2013). A comparison of the offshore wave records

with the onshore tsunami heights suggested that the

extreme runup heights ([25 m) were recorded along

the northern Sanriku coast between 39.2� and 40.2�N

rather than closer to the epicenter further south. The

maximum amplification and runup on the coast may

not be merely attributed to the coastal topography as

the coastline complexity is similar along the northern

and southern Sanriku coast (LIU et al. 2013). There

should be some interactive mechanism for the drastic

amplification between incoming wave properties and

local topographic features.

Extreme runup heights have been recorded in past

tsunami events such as the 1992 Flores tsunami

(26.2 m at Riang-Kroko, TSUJI et al. 1995), the 1993

Okushiri tsunami (31.7 m at Monai, SHUTO and

MATSUTOMI 1995; TITOV and SYNOLAKIS 1997), the

2004 Indian Ocean tsunami (31.0 m at Lhoknga,

BORRERO et al. 2006) and the 2010 Chile tsunami

(29.0 m at Constitución, FRITZ et al. 2011). They are

characterized by unusual heights in comparison to

their surroundings and commonly occur in coastal

valleys and on coastal bluffs directly onshore from

the tsunami source areas. The extreme runup heights

from field surveys are often difficult to explain with

existing runup theories or numerical simulation based

on inferred fault models. The dynamic processes

causing the extreme runup are poorly understood

Figure 1
The Sanriku coast and measured tsunami heights. a Index map showing the study area, the Sanriku coast, the earthquake epicenter from the

Japan Meteorological Agency and the locations of the GPS buoys. b Distribution of the measured runup and inundation heights along latitude

from the TTJSG dataset
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mainly because incoming wave properties such as

wavelength, shape and amplitude remain uncertain in

most cases.

The purpose of this paper is to investigate possi-

ble causes of the extreme runup generated by the

2011 Tohoku tsunami. The study focuses on a site in

the Aneyoshi district, where runup heights of nearly

40 m were measured by some of the authors. This site

marked one of the highest runup records in the

TTJSG database. The study area is set to include the

Aneyoshi district along the central Sanriku coast as

indicated by a rectangle in Fig. 1a. Tsunami

Figure 2
Offshore waveforms observed by the GPS buoys and the pressure sensors. a Water surface elevation at the six locations off the Sanriku coast.

The origin of time axis is set to the start time of the earthquake. b Wavelet coefficients of the offshore waveforms by GPS-buoys based on the

real Morlet wavelet
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propagation and inundation in this range is simulated

with a numerical model, using different offshore

boundary conditions constructed from the GPS-buoy

records. Through model applications, we finally elu-

cidate the underlying mechanism to trigger the drastic

amplification.

2. Extreme Runup

2.1. Study Area and Incident Waves

The characteristics of the incident tsunami waves

approaching the study area can be inferred from the

wave profiles at GPS-buoy 802 and 804 in Fig. 2a.

The initial part of each profile represents an incident

wave component of the tsunami that has propagated

from the source area in the deep ocean, while a

reflective component from the coast is only superim-

posed after a certain period of time. Tsunami travel

time calculations between the GPS-buoys and coast-

line indicate that the reflective component becomes

significant only after the arrival of the main initial

crest. This argument is also supported by similarity of

the initial waveforms at the three locations, GPS-

buoy 802, TM1 and TM2 aligned in a cross-coast

line. The maximum runup heights on the coast are

associated with the peaked crest through a specific

amplification mechanism given the absence of similar

scale successive waves observed on the coast (FRITZ

et al. 2012).

The time–frequency characteristics of the four

GPS-buoy recordings are represented by the wavelet

spectrograms in Fig. 2b. A predominant period of

40–50 min is identified from the maximum values of

the wavelet coefficients. The dominant periods of

past tsunamis generated from a similar source area in

1896 and 1933 were estimated to be shorter (ABE

2005). The discrepancy may be attributed to a deep

interplate slip that was not significant in the previous

two events (FUJII et al. 2011). Clear differences in the

time–frequency characteristics recorded at the four

locations appear in a range of shorter periods. Large

spectral peaks ranging from 8 to 25 min are com-

monly observed around the initial waves at all the

locations. However, the magnitudes decrease from

south to north, implying that larger seafloor displace-

ments near the epicenter are responsible for these

spectral peaks.

Besides the dominant spectral peaks, there are

small, but distinct peaks in the period band of

Figure 3
Long and short wavelength components at the GPS-buoys. a Wave components with periods longer than 8 min. b Wave components with

periods shorter than 8 min
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\8 min in particular at the northern buoys. The

spectral peaks localized in time are associated with

the impulsive crests in the time domain signals. For

clarification purpose, the four GPS-buoy data are

divided into two components below and above a

cut-off period of 8 min in Fig. 3. The amplitude of

the remarkably short component is peaked at GPS-

buoy 804. Thus, it was possibly caused by a local

rupture in the northern part of the fault plane. It

should be noted, however, that the large impulsive

crests at GPS-buoy 804 and 807 have not been

fully explained by estimated sources from existing

tsunami-inversion studies (FUJII et al. 2011; SAITO

et al. 2011; GRILLI et al. 2013). Some have

conjectured that submarine mass failures generated

an additional tsunami (GRILLI et al. 2013), while

others have conjectured that focusing of N-wave

occurred in the corresponding area (KANOGLU et al.

2013). Hereafter, we refer to the wave component

with a dominant period of 4–5 min as the short

wavelength component, as the period range is

below typical tsunami periods.

2.2. Survey Results

Figure 4a shows a detailed map of the study area

extending 42 km by 22 km. The x- and y-axes of an

orthogonal coordinate system are defined with an

origin at GPS-buoy 802 and the y-axis pointing to

GPS-buoy 804 as indicated by two arrows in Fig. 1a.

The topography and bathymetry are created from

10 m-grid topographic data of the Geospatial Infor-

mation Authority of Japan and digital nautical charts

of the Japan Hydrographic Association, respectively.

An ASTER satellite image that covers the land area is

shown in Fig. 4b. The mountainous coastal zone

consists of several major bays of variable geometries

with small plains at the head of the bays. A large

Figure 4
Close-up view of the study area. a Topographic–bathymetric map of the study area along the Sanriku coast (upper left corner: 39.6646�N,

141.9290�E, bottom right corner: 39.2586�N, 142.0969�E). b ASTER satellite image of the study area taken on March 19, 2011. c Surveyed

locations and tsunami heights above the mean sea level by TTJGS. Inundated areas shown in gray were estimated from satellite and aerial

images by the Geospatial Information Authority
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portions of the coastal plains were inundated by the

huge tsunami as indicated with gray areas in Fig. 4c.

The surveyed locations and corresponding tsu-

nami heights above mean sea level classified into

runup and inundation heights are also displayed in

Fig. 4c. Detailed information on the field survey and

data processing are available in MORI et al. (2011,

2012). We show only data flagged as ‘‘highly

reliable’’ by respective surveyors from the TTJSG

dataset, accounting for 90 % of the entire dataset.

The tsunami heights are plotted by markers in

different colors depending on the y-coordinate values.

Because of the complex topographies, the runup and

inundation heights of the tsunami exhibit a remark-

able variation along the coastline. The most striking

difference was observed between Yamada and

Aneyoshi where the values vary from 8 to 40 m over

a distance of about 10 km.

The maximum height of 38.8 m was measured in

the Aneyoshi district and registered into the TTJSG

dataset by the authors (OKAYASU et al. 2012). The

Aneyoshi district is located at about 39.53�N and

142.05�E (x = -10 km and y = 20 km). An

enlarged view of topography and bathymetry around

the district is shown in Fig. 5a. A converging inlet

with an entrance width of about 1 km and depth of

about 40 m connects with a narrow, rocky canyon on

land. Figure 5b represents a bed profile along the

center line of the inlet. The water depth decreases

almost linearly from 100 m depth with a mean slope

of a = 0.042. Despite the high runup of the tsunami,

there was no tsunami victim at this site because the

residential area had been relocated to higher ground

after the disastrous Sanriku tsunami of 1933. The

runup height of the 1933 tsunami was 21 m, which

was high compared with surrounding areas, and only

three people survived out of 92 residents (EARTH-

QUAKE RESEARCH INSTITUTE 1934).

A field survey was conducted on April 13, 2011,

*1 month after the event, to measure tsunami trace

heights above mean sea level. Later, the site was

revisited by several independent survey teams con-

firming the extreme runup. The survey results are

shown in Fig. 6a together with some photographs

from the site. The limited low-lying area is flanked by

steep slopes and constricted into a narrow canyon

some 100–200 m inland from the shoreline (Fig. 6b,

c). Various tsunami traces such as rafted debris and

knocked-down trees were found at corresponding

elevations along the steep slopes (Fig. 6d, e), reliably

indicating that the tsunami runup exceeded 38 m at

several locations up the valley.

3. Numerical Study

3.1. Model Description

We perform 2D numerical simulations of tsunami

inundation in the study area using a finite-volume

model, H2Ocean (CUI et al. 2010, 2012). The model

is based on the nonlinear shallow water equations

with bottom friction terms based on the Manning

formulation,

og
ot
þr � ðhuÞ ¼ 0; ð1Þ

ou

ot
þ u � ruþ grgþ g

n2

h4=3
u uj j ¼ 0; ð2Þ

with time t, the water surface elevation g, the depth-

averaged velocity u, the total water depth h, the

gravitational acceleration g and the Manning rough-

ness n. The equations are discretized on an

unstructured grid that enables an efficient refinement

of the complex coastline. The model is capable of

preserving mass and momentum in local cells as well

as maintaining the positivity of the water depth in the

case of wetting and drying. The costal structures and

buildings on land are taken into account by the

equivalent roughness. Because of the extensive area

covered by the model, single values are given for the

land and sea parts of the computational domain.

Through preliminary tests, the value of n is deter-

mined at 0.02 s m-1/3 on the sea floor and

0.05 s m-1/3 on land. The set of values is typically

employed to simulate tsunami flooding over a med-

ium-density residential area (GOTO and SHUTO 1983).

The computational grid is refined to cells of 20 by

20 m around the coastline without a significant dif-

ference in results by further refinements.

The computational domain is identical to the

area shown in Fig. 4a, with an offshore boundary

(x = 0) almost parallel to the 200 m depth contour

line connecting GPS-buoy 802 and 804. The

3222 T. Shimozono et al. Pure Appl. Geophys.



tsunami originating from farther offshore, especially

its long-wavelength component, travels in the

direction perpendicular to the boundary due to

refraction effect. The water surface elevation along

the boundary can be, therefore, interpolated from

the wave data at the two GPS-buoys, in the

following manner,

g 0; y; tð Þ ¼ f yð Þfg802 tð Þ � g804 tð Þg þ g804 tð Þ ð3Þ

with the interpolation function f(y), the respective

wave profiles g802 and g804. This treatment of the

boundary condition can be justified as far as the ini-

tial, dominant wave of the tsunami is concerned. For

the interpolation function, we consider various types

of monotonic functions on an assumption that there is

no local maximum in g between the two locations.

Here we bring three distinct cases into discussions,

namely ‘‘linear interpolation’’ (f = y/y0) where y0 is a

distance between the two buoys, ‘‘uniform g802’’

(f = 1) and ‘‘uniform g804’’ (f = 0). In order to pre-

vent laterally reflected waves from immediately

entering the study area, the northern and southern

boundaries are offset outward by creating virtual

computational regions on both sides. A series of

computations were carried out with a time step

satisfying the CFL condition until the leading wave

finishes flooding on the coast.

3.2. Model Validation

The computed and measured tsunami heights

for the three different boundary conditions are

compared in Fig. 7. These comparisons are made

only at the surveyed locations with computed

values at nearest neighbor grid points. Different

marker colors indicate data locations, increasing

latitude from cold to warm colors according to the

data representation in Fig. 4c. The relative root

mean square (rms) error, defined as the ratio of the

residual rms to the rms of the measured values, is

displayed in each panel as an indicator of the

overall prediction error.

The model result agrees most closely with the

field data when the offshore boundary condition is

based only on g804. The other two boundary condi-

tions lead to systematic underestimation of tsunami

heights exceeding 25 m, including the maximum

value at Aneyoshi. Consequently, the overall predic-

tion errors of the two cases become larger in spite of

better agreements in the southern part of the domain.

Figure 5
Detailed map of the extreme-runup site, Aneyoshi. a Topographic–bathymetric map around the Aneyoshi district. The area corresponds to a

rectangle in Fig. 4c. b Bed profile along the inlet axis (A–A0 cross-section)
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The results of the comparative study suggest that

some wave properties specific to g804 are required to

produce the extreme runup especially on the northern

coast. Comparing the data of the two waves in Figs. 2

and 3, spectral components of g802 dominate those of

g804 in a wide range of periods except in the range of

T \ 8 min. Thus, it is reasonable to conjecture that

the short wavelength component plays a key role in

the extreme runup.

It should be noted that the present model cannot

fully reproduce the extreme runup of 38.8 m at

Aneyoshi (the corresponding computed value is

32.5 m). Even with a finer grid, the runup height at

the site does not increase significantly. Also, adding

frequency dispersion to the model (using a non-

hydrostatic version of the same model) results in

only minor differences as the propagation distance

of the tsunami is short in the computational

domain. The most plausible reason for the under-

estimation is that the monotonicity of g along the

offshore boundary is not necessarily valid. This is

especially true for the high-frequency component,

as its wavelength is smaller than y0, the distance

between the two buoys. Nevertheless, the model

generally accommodates the generation mechanism

of the extreme runup, since the highest runup is

marked at Aneyoshi in the computed results as

well.

Figure 6
Survey results and post-tsunami field observation scenarios in Aneyoshi. a Close-up view of the surveyed area in the Aneyoshi district. The

extent of the area is indicated by a rectangle in Fig. 5a. b View of the coast from the sea side. c The narrow, rocky valley. d Debris brought by

the extreme tsunami runup. e Trees on the slope felled by the tsunami. Note The power line poles were destroyed by the tsunami but restored

on 13 April 2011

3224 T. Shimozono et al. Pure Appl. Geophys.



4. Discussion

We now focus on the extreme runup at Aneyoshi

and apply the same model for further investigation of

its possible cause. To examine the dynamic processes

of the local amplification in details, temporal varia-

tions of the water surface at different depths, 0, 20, 40

and 80 m along the center line of the Aneyoshi inlet

are plotted together in Fig. 8 (See Fig. 5a for these

locations). The three panels, respectively, show the

results by the different boundary conditions based on

g802 and g804. In these results, the incident waves are

slightly amplified to point 3 at the inlet entrance

where their original forms are mostly preserved. As

the tsunami propagates further into the inlet, the short

wavelength components with a period of 4–5 min are

selectively enhanced in both flood and ebb directions.

The ratio of wave heights at point 3–2 is almost

identical to that from the Green’s law on the

assumption that both width and depth of the inlet

decrease by half. The resulting waveforms in shallow

water are asymmetrical about the horizontal axis due

to strong nonlinearities. The wave height is larger in

the lower panel simply because the corresponding

spectral component is originally more significant in

g804.

In order to analyze the mechanism of the short

wave amplification, we numerically force oscillations

with different periods in the Aneyoshi inlet by

transmitting waves from an offshore boundary placed

in parallel to the y-axis at a depth of h0 = 100 m. The

response analysis is carried out using wavelets

instead of monochromatic waves, since the short

wavelength component of the current case is

Figure 7
Comparisons of the computed and measured tsunami heights for the three different boundary conditions. The marker colors correspond to

those in Fig. 4c. The RRMSE stands for the relative root mean square error

Figure 8
Temporal variations of water surface level at the four locations

along the axis of the Aneyoshi inlet, computed with three different

boundary conditions. The reference locations are indicated in

Fig. 5a
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localized in time as shown in Fig. 3b. The wavelet is

a plane wave modulated by a Gaussian envelope that

is analogous to one used in the previous wavelet

analysis,

g0ðtÞ ¼ a0 expð�x2t2

2m2
Þ cosðxtÞ; ð4Þ

with the amplitude a0, the angular frequency x and

the wavenumber m, roughly corresponding to the

number of oscillations in the wavelet (LIU 2000). If

we let m go to infinity, the resulting wave will be a

monochromatic wave with a period of T (=2p/x).

Here we consider three cases with m = 3, 5 and 7 as

depicted in Fig. 9a. The wave height 2a0 is fixed to

be 1.0 m, while the wave period T is varied from 2 to

10 min in the short period range.

Figure 9b shows amplification factors in terms of

the maximum runup height Rmax/a0 and the maxi-

mum surface elevation at the inlet entrance gmax/a0

plotted versus the non-dimensional frequency x(h0/

ga2)1/2 (and also the wave period T) for the three

different values of m. The runup height Rmax is

defined as the maximum surface elevation in the

hinterland. The runup amplification factors are shar-

ply peaked around a period of 4–5 min, exhibiting

high sensitivity of the runup height to the incoming

wave period in this period range.

It is well known from the linear theory for wave

runup over a plane beach that the runup amplification

factor is an increasing function of the non-dimensional

frequency (KELLER and KELLER 1964). Thus, the shorter

waves result in higher runup in the linear regime. This

relationship remains unchanged even in cases of wave

runup in narrow bays, but the growth rate of the

amplification factor against the non-dimensional fre-

quency is increased remarkably due to the so-called

funneling effect (ZAHIBO et al. 2006; DIDENKULOVA and

PELINOVSKY 2011). Though in reality, the trend is

inverted on the shorter-period side due to the occur-

rence of wave breaking, creating a peak in the

amplification curve. Hence, an incoming wave with the

peak period undergoes critical amplification in the inlet

without being bounded by wave breaking.

The amplification curves by the different values

of m illustrate that wave-to-wave interactions further

strengthen the runup amplification around the peak

period. The resonant period of the Helmholz mode

for the Aneyoshi inlet is estimated at about 4 min

using a semi-analytical formula for V-shaped bays

(RABINOVICH 2009). The occurrence of wave reso-

nance at the estimate period is not evident due to

wave breaking, but a significant drop in gmax/a0 is

indicative of the formation of a node at the inlet

entrance. Indeed, wave amplification within the inlet,

Rmax/gmax is sharply peaked at the estimated resonant

period. In the actual event by the 2011 Tohoku tsu-

nami, however, the strong wave resonance as in the

case of m = 7 may not have been excited at the

Aneyoshi inlet, judging from the actual waveforms in

Fig. 3b. Nevertheless, the weak resonance through an

interaction of a small preceding wave and the main

crest may contribute to the extreme runup to some

extent.

Figure 9
Results of the basin response analyses. a Wavelets with different

wave numbers employed as incident waves. b Runup amplification

factors and wave amplification factors at the inlet entrance (point 3)

versus the non-dimensional frequency (wave period) for three

different wave numbers
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5. Conclusion

The strong and complex rupture of the 2011 To-

hoku earthquake generated a huge tsunami that

exhibited a variety of waveforms along the northern

Pacific coast of Japan. The offshore waveforms of the

tsunami approaching the present study area, the

central Sanriku coast, with the extreme runup

recordings were characterized by a small preceding

wave followed by a sharp crest. The spectral com-

ponent of a period of 4–5 min localized in the leading

wave was found to play a key role in generation of

the extreme runup on the intricate coastline. For the

representative case of the Aneyoshi district, the short

wavelength component went through critical ampli-

fication due to the funneling effect, unsuppressed by

wave breaking. The interaction of the forerunner

wave with the main crest may have further contrib-

uted to runup enhancement in the inlet. The Aneyoshi

case represents a prominent example, but the same

phenomenon could happen at other sites with similar

topographic features.

The present study on the extreme runup by the

2011 Tohoku tsunami demonstrates that short wave-

length components of a tsunami possibly undergo

tremendous amplification in small bays or inlets.

Certain topographic features are remarkably suscep-

tible to this phenomenon. Consequently, a seemingly

small tsunami may result in unexpectedly high runup.

Some of the extreme runup in past, and other events

may be generated through similar amplification

mechanisms. The local enhancement of short wave-

length components poses a difficulty in evaluating

tsunami risks, since detailed waveforms of incoming

tsunamis are not known a priori in most cases.

Acknowledgments

The post-tsunami survey was financially supported by

the JST J-RAPID project (11103018). H.M.F. was

supported by NSF RAPID award (CMMI-1135768).

REFERENCES

ABE, K. (2005), Tsunami resonance curve from dominant periods

observed in bays of northeastern japan, Tsunamis: Case Studies

and Recent Developments, edited by K. Satake, 97–113,

Springer.

BORRERO, J. C., SYNOLAKIS, C. E. and FRITZ, H. M. (2006), Northern

Sumatra field survey after the December 2004 great Sumatra

earthquake and Indian ocean tsunami, Earthquake Spectra,

22(S3), S93–S104, doi:10.1193/1.2206793.

CUI, H., PIETRZAK, J. D. and STELLING, G. S. (2010), A finite volume

analogue of the P1NC-P1 finite element: With accurate flooding

and drying, Ocean Modelling, 35(1–2), 16–30.

CUI, H., PIETRZAK, J. D. and STELLING, G. S. (2012), Improved

efficiency of a non-hydrostatic, unstructured grid, finite volume

model, Ocean Modelling, 54–55, 55–67.

DIDENKULOVA, I. and PELINOVSKY, E. (2011), Runup of tsunami

waves in U-shaped bays, Pure Appl. Geophys., 168(6–7),

1239–1249.

Earthquake Research Institute (1934), Reports on the 3 March,

Showa 8 Sanriku tsunami, Bulletin of the Earthquake Research

Institute, Tokyo Imperial University, Supplementary Vol.1,

248p., 1934 (in Japanese).

FRITZ, H.M., PETROFF, C.M., CATALAN, P., CIENFUEGOS, R., WINC-

KLER, P., KALLIGERIS, N., WEISS, R., BARRIENTOS, S. E., MENESES,

G., VALDERAS-BERMEJO, C., EBELING, C., PAPADOPOULOS, A.,

CONTRERAS, M., ALMAR, R., DOMINGUEZ, J.C. and SYNOLAKIS C.E.

(2011), Field survey of the 27 February 2010 Chile tsunami. Pure

Appl. Geophys., 168(11), 1989–2010, doi:10.1007/s00024-011-

0283-5.

FRITZ, H. M., PHILLIPS, D.A., OKAYASU, A., SHIMOZONO, T., LIU, H.,

MOHAMMED, F., SKANAVIS, V., SYNOLAKIS, C.E. and TAKAHASHI, T.

(2012), 2011 Japan tsunami current velocity measurements from

survivor videos at Kesennuma Bay using LiDAR, Geophys. Res.

Lett., 39, L00G23, doi:10.1029/2011GL050686.

FUJII, Y., SATAKE, K., SAKAI, S., SHINOHARA, S. and KANAZAWA, T.

(2011), Tsunami source of the 2011 off the Pacific coast of To-

hoku, Japan earthquake, Earth Planets Space, 63(7), 815–820.

GOTO, C. and SHUTO, N. (1983), Effects of large obstacles on tsu-

nami inundations, Tsunamis - Their Science and Engineering,

Terra Scientific Publishing Company, Tokyo, 511–525.

GRILLI, S.T., HARRIS, J.C., TAJALI BAKHSH, T.S., MASTERLARK, T.L.,

KYRIAKOPOULOS, C., KIRBY, J.T. and and SHI, F. (2013), Numerical

simulation of the 2011 Tohoku tsunami based on a new transient

FEM co-seismic source: Comparison to far- and near-field

observations, Pure Appl. Geophys., 170(6–8), 1333–1359.

HOOPER, A., PIETRZAK, J., SIMONS, W., CUI, H., RIVA, R., NAEIJE, M.,

TERWISSCHA VAN SCHELTINGA, A., SCHRAMA, E., STELLING, G. and

SOCQUET, A., (2013), Importance of horizontal seafloor motion on

tsunami height for the 2011 Mw = 9.0 Tohoku-Oki earthquake,

Earth planet. Sci. Lett., 361, 469–479.

KANOGLU U, TITOV VV, AYDIN B, MOORE C, STEFANAKIS TS, ZHOU

H, SPILLANE M, SYNOLAKIS C.E., (2013), Focusing of long waves

with finite crest over constant depth, Proc. R Soc., A 469:

20130015.

KAWAI, H., SATOH, M., KAWAGUCHI, K. and SEKI, K. (2012), Recent

tsunamis observed by GPS buoys off the Pacific coast of Japan,

Proc. 33rd International Conf. on Coastal Eng., currents.1.

KELLER, J. B. and KELLER, H. B. (1964), Water wave run-up on a

beach, Office Naval Research Res. Rept., NONR-3828(00),

Dept. Navy, Washington.

LAY, T., AMMON, C. J., KANAMORI, H., XUE, L. and KIM, M. J.

(2011), Possible large near-trench slip during the 2011 Mw 9.0

off the Pacific coast of Tohoku Earthquake, Earth, Planets and

Space, 63(7), 687–692.

Vol. 171, (2014) Short Wave Amplification and Extreme Runup 3227

http://dx.doi.org/10.1193/1.2206793
http://dx.doi.org/10.1007/s00024-011-0283-5
http://dx.doi.org/10.1007/s00024-011-0283-5
http://dx.doi.org/10.1029/2011GL050686


LIU, H., SHIMOZONO, T., TAKAGAWA, T., OKAYASU, A., FRITZ, H. M.,

SATO, S. and TAJIMA Y. (2013), The 11 March 2011 Tohoku

tsunami survey in Rikuzentakata and comparison with historical

events. Pure Appl. Geophys., 170(6–8), 1033–1046, doi:10.1007/

s00024-012-0496-2.

LIU, P. C. (2000), Wavelet transform and new perspective on

coastal and ocean engineering data analysis, Advances in

coastal and ocean engineering, 6, 57–102.

MAEDA, T., FURUMURA, T., SAKAI, S. and SHINOHARA, M. (2011),

Significant tsunami observed at ocean-bottom pressure gauges

during the 2011 off the Pacific coast of Tohoku Earthquake,

Earth Plants Space, Vol.63, pp. 803–808.

MORI, N., TAKAHASHI, T., YASUDA, T. and YANAGISAWA, H. (2011),

Survey of 2011 Tohoku earthquake tsunami inundation and run-

up, Geophys. Res. Lett., 38, L00G14, doi:10.1029/

2011GL049210.

MORI, N., TAKAHASHI, T. and the 2011 Tohoku Earthquake Tsunami

Joint Survey Group (2012), Nationwide Post Event Survey and

Analysis of the 2011 Tohoku Earthquake Tsunami, Coast. Eng. J.

54(1), 1250001.

OKAYASU, A., SHIMOZONO, T., SATO, S., TAJIMA, T., LIU, H., TAK-

AGAWA, T. and FRITZ, H.M. (2012), 2011 Tohoku tsunami runup

and devastating damages around Yamada Bay, Iwate: surveys

and numerical simulation, Proc. of 33rd International Conf. on

Coastal Eng., currents.4.

RABINOVICH, A. B. (2009), Seiches and harbor oscillations, Hand-

book of Coastal and Ocean Engineering, 193-236, edited by Y.

C. Kim, World Scientific Publ., Singapore.

SAITO, T., ITO, Y., INAZU, D. and HINO, R. (2011), Tsunami source of

the 2011 Tohoku-Oki earthquake, Japan: Inversion analysis

based on dispersive tsunami simulations, Geophys. Res. Lett., 38,

L00G19, doi:10.1029/2011GL049089.

SHIMOZONO, T., SATO, S., OKAYASU, Y., TAJIMA, Y., FRITZ, H.M., LIU,

H. and TAKAGAWA, T. (2012), Propagation and inundation

characteristics of the 2011 Tohoku tsunami on the central San-

riku Coast, Coastal Eng. J., 54(1), 1250004.

SHUTO, N., and MATSUTOMI, H. (1995), Field survey of the 1993

Hokkaido Nansei-Oki earthquake tsunami, Pure Appl. Geophys.,

144, 649–663.

TITOV, V.V., and SYNOLAKIS, C.E. (1997), Extreme inundation flows

during the Hokkaido-Nansei-Oki tsunami. Geophys. Res. Lett,

24(11), 1315–1318.

TSUJI, Y., MATSUTOMI, H., IMAMURA, F., TAKEO, M., KAWATA, Y.,

MATSUYAMA, M., TAKAHASHI, T., SUNARJO and HARJADI, P. (1995),

Damage to coastal villages due to the 1992 Flores Island

earthquake tsunami, Pure Appl. Geophys., 144(3–4), 481–524.

WEI, Y., CHAMBERLIN, C., TITOV, V.V., TANG, L., and BERNARD,

E.N., (2013), Modeling of the 2011 Japan tsunami: lessons for

near-field forecast, Pure Appl. Geophys. doi:10.1007/s00024-

012-0519-z.

ZAHIBO, N., PELINOVSKY, E., GOLINKO, V., and OSIPENKO, N. (2006),

Tsunami wave runup on coasts of narrow bays, Int. J. Fluid

Mechanics Research, 33, 106–118.

(Received October 15, 2013, revised February 4, 2014, accepted February 16, 2014, Published online March 28, 2014)

3228 T. Shimozono et al. Pure Appl. Geophys.

http://dx.doi.org/10.1007/s00024-012-0496-2
http://dx.doi.org/10.1007/s00024-012-0496-2
http://dx.doi.org/10.1029/2011GL049210
http://dx.doi.org/10.1029/2011GL049210
http://dx.doi.org/10.1029/2011GL049089
http://dx.doi.org/10.1007/s00024-012-0519-z
http://dx.doi.org/10.1007/s00024-012-0519-z

	Short Wave Amplification and Extreme Runup by the 2011 Tohoku Tsunami
	Abstract
	Introduction
	Extreme Runup
	Study Area and Incident Waves
	Survey Results

	Numerical Study
	Model Description
	Model Validation

	Discussion
	Conclusion
	Acknowledgments
	References


