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Abstract: On 11 March 201 1, a mega-tsunami caused by the 2011 o ff the Pacific coast o f 
Tohoku Earthquake destroyed most o f the coastal levees along the Pacific coast o f 
northeastern Japan. These coastal levees were constructed in response to previous 
tsunamis and storm surges. The life-saving effect o f coastal levees was examined by 
comparing on-site observation data from this tsunami with records o f the Showa Sanriku 
Tsunami (19BB). To compare human fatalities among coastal towns, the fata lity rate was 
defined as the sum o f the number o f fatalities and missing persons as a proportion o f a 
tow n ’s population. Examining the relationships between the fa ta lity  rate, the tsunami 
inundation height, and the existence o f coastal levees for the d ifferent tsunamis revealed 
markedly d ifferent outcomes in terms o f the number o f fatalities associated with a 
tsunami inundation height. As a result, at a tsunami inundation height o f 1 0 m the Showa 
Sanriku Tsunami’s fa ta lity rate reached 3 to 90%, while that associated with the o ff the 
Pacific coast Tohoku Earthquake Tsunam i’s was only 1 to 3%. Since the coastal levees 
were mainly built after the Showa Sanriku Tsunami, it is cleared that one o f the factors 
that contributed to a decrease in the fa ta lity  rate was the protective effect o f the coastal 
levees against inundation by tsunamis.

1. The 2011 o ff the Pacific coast of Tohoku Earthquake and Tsunami
The M9 earthquake, named the “201 1 o ff the Pacific coast o f Tohoku Earthquake” by the 
Japan Meteorological Agency, which originated o ff the northeastern coast o f the Japanese 
mainland in the Pacific Ocean on 11 March 2011, caused extensive damage to the Tohoku 
Sanriku Region. The associated tsunami, which had a maximum run-up height o f 37.9 m 
at Iwate-Miyako, caused numerous casualties and extensive damage to property in Iwate, 
Miyagi and Fukushima prefectures. Elsewhere along the coast, such as at Iwate-Ofunato 
and Miyagi-Onagawa, the run-up heights o f the tsunami reached 29.6 m and 18.4 m, 
respectively. In these prefectures, the tsunami either destroyed or severely damaged 
numerous breakwaters, tidal embankments, coastal levees, and coastal towns in the 
Iwate, Miyagi, and Fukushima prefectures. In addition, as a result o f the earthquake and 
associated tsunami, 1 5,854 people died, 3,155 went missing 26,992 were injured, 
approxim ately 470,000 were displaced, and at least 383,246 buildings were either 
destroyed or damaged.

2. History of restoration following natural coastal disasters in the Tohoku Sanriku 
Region
Several large offshore earthquakes have occurred previously in the same geographic 
region, including the Keicho Sanriku Earthquake in 1611, the Meiji Sanriku Earthquake in 
1896, and the Showa Sanriku Earthquake in 1933. Each o f these events was associated 
with devastating tsunamis along the Sanriku Coast o f the northeastern Pacific Ocean in 
Japan. The coastline o f this area is particularly vulnerable to tsunami events, because it is 
composed o f numerous V-shaped bays (saw-tooth coastline) that open toward the ocean; 
the effect o f this V-shape is that it amplifies the effect o f incoming tsunamis or surge 
waters. The M7.6 earthquake o f 1896 produced tsunamis as high 38 m, and the M8.6 
earthquake along the Sanriku coast in 1933 produced tsunamis as high as 29 m and 
caused 3,064 fatalities. In 1960, the Chilean Earthquake Tsunami was propagated across 
the Pacific Ocean and hit the Sanriku coast. In addition, storm surges have occasionally 
caused extensive damage along the southern Sendai coast. Many o f the breakwaters, tidal 
embankments and coastal levees along the Sanriku coast have been destroyed or severely
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damaged by these large earthquakes, tsunamis and storm surges, and many o f these 
structures have been reinforced or restored throughout the long term.
Most o f these coastal embankments and levees were destroyed by the tsunami associated 
with the 201 1 o ff the Pacific coast o f Tohoku Earthquake. Fig. 1 shows the alongshore 
height o f the previous coastal levees, i.e. the heights o f the coastal levees before the 
earthquake, as well as the tsunami inundation height and the fata lity rates o f areas 
extending from the Kuji coast in Aomori in the north to the south coast o f Sendai Bay in 
Miyagi to the south. In this figure, the fa ta lity  rate is defined as the sum o f the number o f 
fatalities and missing persons as a proportion o f a tow n ’s population. The figure shows 
that tsunami height, fa ta lity  rate, previous levee height, and the planned levee height 
d iffe r markedly between areas. Since the relationships between these difference 
parameters are not clear and cannot be inferred from the figure, we intend to investigate 
these aspects in a future study.
According to a survey by the Japanese newspaper, Asahi Shimbun, restoration plans for 
new coastal levees have been drafted by Iwate and Miyagi prefectural governments, but 
reconstruction work is only expected to be undertaken on 1 8 km o f the 190 km damaged 
levees in Iwate, Miyagi and Fukushima prefectures. The survey found that many residents 
oppose the construction o f higher levees, as the higher structures may obstruct their 
views o f the sea or prevent them from sighting future tsunami inversions. Moreover, by 
lim iting v is ib ility  o f the ocean, it is considered that the coastal levees may adversely affect 
the ability  o f local residents to read the condition o f the sea by observing wave patterns. 
Because residents have yet to reach consensus on the proposed reconstruction plans, we 
need to illustrate the scientific basis upon which the coastal levees could prevent fatalities 
in the even o f future tsunamis.

B. Life-saving effects of coastal levees
Regarding the tsunami that followed the Showa Sanriku Earthquake in 19BB, Watanabe 
(1985) examined the tsunami inundation height, number o f fatalities, and population o f 
each o f the affected coastal towns in Iwate Prefecture, it is not clear whether the number 
o f fatalities in that study included the number o f people who went missing.
In addition, the coastal levees that existed in 19BB are considered to have been 
insufficient or non-existent, because Watanabe’s report did not describe any coastal 
levees along the Iwate coast in that report. We compared Watanabe’s 19BB tsunami data 
with the data from the 2011 o ff the Pacific coast o f Tohoku Earthquake Tsunami. 
Specifically, we examined the life-saving effect associated with the coastal levees by 
examining the relationship between the fata lity rate and the tsunami inundation height 
(Fig. 2). Using Watanabe’s data, the fata lity rate was defined as the ratio o f the number o f 
fatalities to the population o f a coastal town. For the Meiji Sanriku Tsunami, Fig. 2 also 
shows the scattered data-range by ‘x —M.Iwate—x ’ mark for Iwate prefecture, and by ‘x —  
M.Miyagi—x ’ mark for Miyagi prefecture, respectively. The figure also shows the trend 
(two dashed lines) between fatalities and tsunami height reported by Kawata (2011).
Since Watanabe’s (1985) survey data was restricted to Iwate, we only examined the 
relationship between the fata lity rate and tsunami inundation height for the 2011 o ff the 
Pacific coast o f Tohoku Earthquake and the areas in Iwate (Fig. 2). Data is shown for 
follow ing points on the figure: areas where coastal levees exist along the coastline (□ ; 
coastal levee and coastal town on middle-high ground O ;  coastal levees and coastal 
towns on high ground (□ ;  coastal levees and the existence o f tsunami breakwaters 
present in bay mouths (□ .  Points indicated by ‘Fs’ and ‘FH’ show data from the Iwate- 
Fudai village obtained during the Showa Sanriku Tsunami and the 2011 o ff the Pacific 
coast Tohoku Earthquake Tsunami, respectively. “High ground” refers to towns located 
above the tsunami run-up height. “Middle-high ground” refers to towns located between 
sea level and the tsunami run-up height.
The ranges in fata lity rates at d ifferent inundation height for the fo r the Showa sanriku 
Tsunami and the most resent tsunami are shown by the dashed and solid lines in Fig.2, 
respectively. While the fa ta lity  rates in Fudai village (Fs), reached levels as high as 98% in 
the Showa Sanriku Tsunami, these values decreased to 0.03% in the most recent tsunami 
(FH). In other words, fa ta lity  rates in Fudai village at the time o f the Showa Sanriku 
Tsunami, fa ta lity rates in the Fudai village were as high as 98% when the tsunami
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inundation height was 8 to IB m, and as low as 0.03% in the most recent tsunami when 
inundation height was 18.5m.
One o f the reasons for the marked differences in the ranges o f the tsunami inundation 
heights (i.e. 2-6m and 1 1 -24m) at a fata lity rate o f 1% is considered to be due to the effect 
o f the concrete coastal levees that were constructed after the Showa Sanriku Tsunami. 
Indeed, this difference in the ranges o f these variables is considered to reflect the life- 
saving effect o f the coastal levees. Of course, the observed life-saving effects cannot be 
attributed entirely to the existence o f hard countermeasures, as soft countermeasures, 
such as tsunami warnings, drills and evacuation procedures, and the difference between 
night (Showa Sanriku Tsunami) and day (the most recent tsunami) are also very important.

4. Conclusions
The life-saving effect o f coastal levees was assessed by comparing data from the Showa 
Sanriku Tsunami (1933) and the 2011 o ff the Pacific coast o f Tohoku Earthquake 
Tsunami. Importantly, while the life-saving effects reported in this study were likely due 
to a combination o f both hard and soft countermeasures, the results o f this study can be 
summarized as follows:
1) Alongshore variations in levee height are related to the history o f previous restoration 
efforts that focused on repairing damage due to tsunamis and storm surges in each area. 
The fa ta lity  rates in each area were not only related to the effect o f coastal levee height, 
but also due to a variety o f other factors.
2) Using a diagram to show the relationship between the fata lity  rate, tsunami height, and 
the existence o f coastal levees, a tsunami inundation height o f 1 5 m was associated with 
a fata lity rate o f 1 0-90% in the Showa Sanriku Tsunami. However, these rates decreased to 
less than approxim ately 1 0% after the most recent tsunami.
3) In the most recent tsunami the existence o f coastal levees had a great effect on saving 
lives by comparing the Showa Sanriku Tsunami, i.e. fo r a fata lity  rate o f 1%, the tsunami 
inundation height would have been as low as 3-8m at the time o f the Showa Sanriku 
Tsunami vs. 11-24 m for the tsunami follow ing the 2011 o ff the Pacific coast o f Tohoku 
Earthquake.

References
Iwate Prefectural Governm ent, 2 0 1 1 . Reconstruction Plan o f Coastal Levees Height in Iwate coast, 

1 7p  (in Japanese).
Technical Council on the Miyagi Coast, Miyagi Prefectural G overnm ent, 2 0 1 1 . Reconstruction Plan 

fo r Coastal Levee Height along the Miyagi coast, 21 p (in Japanese).
Hideo W atanabe, 1985 . C om pendium  o f Tsunam i Disasters in Japan, University o f Tokyo Press, 

2 0 6 p  (in Japanese).

92



ibshiaki Katiata, 2C'll. Edited by Mikken O rE tru rtion ; Cfcnprehsnsive Description o r Irrria s tr re tira i (»naga , fakkel 
EP, 154-IS5 (in  Apenase).

K u jí—n o r th  C o n s t &  H iro n o
K uji Buy 

K u ii-sou th  Coast 
Nod a Bay 

Kudu! C o n s t 
Tañábala Coast 

IwatBurtii Coast 
Tarou Coast 
Mi yake Bay 

Om oi Coast 
Yantada Bay 

Punakosi Bay 
Os tac hi Bay 

Ryoukoku Bay 
fiamaisi Bay 

Toni Bay 
TosMhama Bay 

Qfcirai Bay 
Ryouri Bay 

O pen sea in  O o ft  nato Bay 
O ft nato Bay 

Qonc Bay 
Oco&a sea in H iro ia  Bay 

H iro ia  Bay

W - J f r ,
r - Ä äW*siûÿ^i*jtaMhr

Iwat« F

Geographical name Height (m)

20 30

Karakum  Puni rumia oust
Karaka wo Peninsula east 2 
K a ra kuw a  P e n in su la  e a s t 3 

Ke san num a Bay 
In n e r in  K e sennun ia  Bay 

O oshim a o a s t 
O o sh in w  w est 

M o to y o s h i C o a s t 
I , .  £ hi xu b a m  Bay
[  M iya g i P. O n na  B a y

O ß a rtu  Bay 
(n n o r in  O g a s lu  B a y  

Onagawa Bay 
O nagawa O jib a  Pa in su la  (c a s t)
OnnfliLwa Q jika Poni sula (west)

Mangokuara 
Matsushima Bay 

ShichtEahaim Coast 1 
S hie higa hama Coast 2 

Sendai Bay (south coast i )
Sendai Bay (south coast 2)

0 5 10

Faia li I y ra le  <H)

F ig .l Alongshore d is trib u tio n  o f previous coastal levæ  benefit, proposed leivee h e ic jit, tsm airi 
irL rria ticn  hsiç fit, ard fa ta lity  rate dts to  the 2CU1 o f f  tre  P acific coast o f Tdndcu 
EarthquEke Tsmain bebveei the KLrji srast and l-firorD in  Aaron in  the rc rth  and Sendai Bay 
in  Miyagi in  idia stxrth.

- o - Fatality rote (V

'1 Inundithn r stornii height

Proposed height of levi»
! = = !

Reinforced levtie lieißlil 
<M«ii Stank u TsunimOi

Reinforced levee (Might

f M
Reinlorcied levee hetghl 
(Chiban Tsunami)

lllllllllllllllllllll Raolorced !c*w henchí 
(Ston i surge)

x  M eiji sanriku 

*  Syouwa sanriku 

o  Levee 
A  Middle high ground^Leveo 
o  High ground+Levfia 
□  Bay area breakwater

^ M 4 | iy M i-T T {Ä

Kavi'ûîiî

Tsunami height Cm)

Fig. 2 Q nparisn  o f the shcva Sarriku Tstrorri (ye llav area) arc! the 2CQ1 o ff  
the P acific coast Tdroku färtheuake Taratri fm rk arm ), a id the life -sa v ira  
e ffe c t o f the coastal levees. Dashed lines shav the rargas indicated by
Kaiata (2010 based cri records fron the M eiji Sanriku Tsmatri. the Shawi 
SsrrikLi TsLrairi, the Thonsnkai Tsmatri, the'N brkai Tstrenri, the Okudriri 
Tsmairi Generated by Southvest-off Hdckancb Earthquake, and the Flores island 
Tsmami in  Indnesia.

93


