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ABSTRACT: After the 2011 Great East Japan Earthquake Tsunami, littoral system on Sendai Coast have
been changing due to tsunami-induced highly non-equilibrium condition along the coast. In order to clarify
the modification of littoral environment and its subsequent recovery on Sendai Coast, analysis of shoreline
change has been carried out. In this study, the shoreline was extracted from frequently captured aerial photo-
graphs from 2009 until now, and analysis using an empirical orthogonal function (EOF) method was conduct-
ed. It is seen that the shoreline retreated greatly due to tsunami event. In particular, tombolo which existed
behind the offshore breakwater completely disappeared due to the tsunami. Total of contribution of the 1% and
2" EOF components is more than 70%. It is concluded that the 1% component originated from cross-shore
sediment movement, while the 2™ component represents longshore sediment transport. Although the 1% com-
ponent shows only slight modification after the tsunami, the 2" component resulting from a longshore sedi-

ment transport shows distinct change after the tsunami around the offshore breakwaters.

1 INTRODUCTION

The Great East Japan Earthquake which occurred on
March 11, 2011 caused serious damages in Tohoku
District in Japan. In addition it caused extreme geo-
graphical changes in localized areas such as river
mouths and location of old rivers (Tanaka et al.,
2012, Udo et al., 2012). Sandy coast around offshore
breakwaters is also area in which serious erosion oc-
curred due to the 2011 Tsunami. This localized mor-
phology change resulted in highly non-equilibrium
littoral system along the sandy coast.

In the present study, pre- and post-tsunami mor-
phology change around offshore breakwaters on
Sendai Coast, Japan is investigated. The offshore
breakwaters on Sendai Coast have been constructed
from 1970s to 1980s by the prefectural government,
and its effectiveness of the structure has already
been investigated and confirmed by Numata and
Takahashi (1983) by analyzing bathymetry data as
well as aerial photographs in this region. Kang and
Tanaka (2005) used long-term aerial photographs in
this area to evaluate longshore distribution of long-
shore sediment transport rate. They concluded that
the offshore breakwaters are affecting not only to
cross-shore sediment movement, but also to long-
shore sediment movement along the coast.

Because the morphological change induced by the
2011 Great East Japan Earthquake Tsunami was

highly localized as mentioned above, littoral envi-
ronment along the coast has been modified as com-
pared with the pre-tsunami situation. Therefore, this
study investigates the geographical recovery process
around the offshore breakwaters after tsunami occur-
rence based on analysis of highly frequent aerial
photographs captured almost every two months.

2 STUDY AREA AND METHODOLOGY
2.1 Sendai Coast

In this study, behavior of sandy coast about 4.5km
long around offshore breakwaters on Sendai Coasts,
Miyagi Prefecture, Japan is investigated. The loca-
tion of the study area is depicted in Figure 1. Con-
struction of the offshore breakwaters on this coast
started in 1976 in order to prevent further beach ero-
sion, and in total six offshore breakwaters have been
constructed by the prefectural government. After
completion of the construction, sediment has accu-
mulated behind the offshore breakwater, resulting in
formation of tombolo as seen in Figure 1.

The predominant direction of longshore sediment
transport on Sendai Coast is from south to north due
to incident waves from southeast to east-southeast
directions (Kang and Tanaka, 2005), causing sedi-
ment deposit in the updrift area of the offshore
breakwater, and vice versa.
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Figure 1. Study area

2.2 Methodology

In this study, aerial photographs captured every
one or two months covering both pre- and post-
tsunami periods (from March, 2009 to January,
2015) has been used. Considering capturing time of
aerial photograph, influence of tidal elevation and
wave run-up height were removed to define the
shoreline position with respect to the mean sea level.
In order estimate wave run-up height from wave
condition, Eq.(1) proposed by Hunt (1959) has been
used.

—= 1
77 < (1
where R is the wave run-up height, H is the deep
water wave height, and &: the surf similarity param-
eter.

3 RESULTS AND DISCUSSION
3.1 Shoreline change

Temporal variation of shoreline position is depicted
in Figure 2 for three regions defined in Figure 1;
Region 1, Region 2 and Region 3 from the south to
the north.

In Region 1 located in the southern updrift area,
influence of the tsunami is not clearly observed in
the shoreline change as seen in Figure 2(a). Gradual
retreat of the shoreline can be observed during

whole of the period covering both pre- and post-
tsunami periods.

In Region 2 located behind the offshore breakwa-
ters in Figure 2(b), sudden retreat of shoreline oc-
curred due to the tsunami on March 11, 2011. Sub-
sequently shoreline shows gradual advancement,
corresponding to regrowth of tombolo behind the
offshore breakwaters. It seems the shoreline position
in this region already reached equilibrium in 2014,
although it is showing fluctuations in response to
wave condition.

In Region 3 illustrated in Figure 2(c), sudden re-
treat of shoreline can be seen immediately after the
tsunami occurrence, and gradual retreat is still ongo-
ing even now. It is noted that the shoreline response
in the three regions are highly different each other as
described here.

In order to evaluate shoreline behavior more quan-
titatively, regression analysis is applied for each lo-
cation along the coast. Thus shoreline variation is
expressed by the following linear equation separate-
ly for pre- and post-tsunami periods.

Y, =at+b (2)

where a, b are the coefficients and ¢ is the time.

The rate of shoreline change, a, is plotted in Fig-
ure 3 for the period pre- and post-tsunami. Before
the tsunami attack, both Region 1 and Region 2
show shoreline advancement due to the offshore
breakwaters. It is noted that the structure is effective
for intercepting longshore sediment movement, not
only for cross-shore movement. In Regions 3, shore-



line was rather stable except the left end,
Om<x<500m. The pre-tsunami shoreline behavior
shows agreement with previous study’s results (e.g.,
Kang and Tanaka, 2005).

It is seen in Figure 3 that after the tsunami, the
rate of shoreline change has totally been modified.

The rate of shoreline change is either almost zero or
negative in Region 1 because of no supply of sedi-
ment from the right end (Mori et al., 2015). Slight
recovery of shoreline has occurred in Regions 2, and
serious retreat is observed in Region 3.
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3.2 EOF analysis for pre-tsunami period

The feature of shoreline change is extracted by using
empirical orthogonal function (EOF) analysis sepa-
rately for pre- and post-tsunami periods. EOF analy-
sis has extensively been applied by many researchers
to extract significant components of shoreline
change (Winant et al., 1975, Miller and Dean,
2007a, 2007b). This analysis method enables us to
separate the shoreline position yy(x,f) into spatial and
temporal functions. In the present analysis, the dif-
ference from mean position is used for EOF analysis
as defined in Eq. (3).
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where y (x) is the mean shoreline position, y*(x, ?)
is the shoreline position from the averaged one, c,(¢)
is the temporal eigenfunction, and e,(x) is the spatial
eigenfuntion. Here the contribution of the n-th com-
ponent is defined by

Il @

Table 1 summarizes contribution of each component
for pre- and post-tsunami periods. It is noted that the
1 and 2™ components are highly predominant as
compared with the 31 components. Hence detail re-
sults up to the 2nd component will be described here-
after.

Spatial and temporal functions during pre-tsunami
perlod are plotted in Figures 4 and 5 for the 1* and
2nd components, respectively. In  addition
Vi=en(x)cy(t) 1s shown in Figures 6 and 7for each
component. It is noted that e;(x) is positive along the
entire shoreline, indicating simultaneous retreat or
advancement dependent on the sigh of the temporal
function. Thus it can be concluded that the 1* com-
ponent corresponds to shoreline change induced by
cross-shore sediment movement. On the contrary to
the 1% component, e(x) function of the ond compo-
nent depicted in Figure 5 shows opposite sign on the
right and left hand sides of the offshore breakwaters.
This corresponds to shoreline change induced by
longshore sediment movement as already reported
by Tanaka and Nagasawa (2002).

Table 1 Contribution of each component from EOF
analysis

1* Comp. 2" Comp. 3" Comp.
Pre-tsunami 50.0 21.2 7.7
Post-tsunami 57.4 21.5 5.8
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Figure 4. e;(x) and c(¢) for pre-tsunami period
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Figure 5. ey(x) and c,(¢) for pre-tsunami period
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Figure 6. Shoreline change due to the 1% component
during pre-tsunami period
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Figure 7. Shoreline change due to the 2™ component
during pre-tsunami period

detached breakvlaters

0.06
< ol
0.04 Mo
\—/
& AT NMMMM
0.02 \f
00 1000 2000 3000 4000
x(m)
1000
—_
é 500
= F/{\< A
=0 a
Q 4 \,/
-500
2012/1/1 2013/1/1 2014/1/1  2015/1/1

Figure 8. e;(x) and ¢,(¢) for post-tsunami period
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Figure 9. ex(x) and c,(¢) for post-tsunami period
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Figure 10. Shoreline change due to the 1% compo-
nent during post-tsunami period
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Figure 11. Shoreline change due to the 2™ compo-
nent during post-tsunami period

3.3 EOF analysis for post-tsunami period

Next, similar EOF analysis results for post-tsunami
period are depicted in Figures 8, 9, 10 and 11. It is
interesting to note that e;(x) in Figure 8 shows be-
havior highly similar to that shown in Figure 4 prior
to the tsunami, indicating simultaneous shoreline re-
treat and advancement due to cross-shore sediment
movement. Hence it is concluded that cross-shore
shoreline change process is unchanged between pre-
and post-tsunami periods.

Comparing pre- and post-tsunami e;(x) functions
illustrated Figures 5 and 9, highly difference can be
recognized, especially predominance of the negative
value behind the offshore breakwater in Figure 9.
Considering change in sign of ¢,(¢) in Figure 9 from
positive to negative in the recent years, the 2" com-
ponent mainly indicates sediment deposit behind the
offshore breakwaters as clearly observed in Figure
11, whereas the shoreline change in Figure 10 shows



simultaneous shoreline change in the longshore di-
rection. From Figures 9 and 11, it is observed that
modification of the littoral system due to the 2011
Tsunami is successfully detected by the ond compo-
nent of EOF analysis.

4 CONCLUSIONS

Shoreline change around offshore breakwaters locat-
ed on Sendai Coast is investigated for pre- and post-
tsunami periods through aerial photograph analysis.
The followings are main conclusions drawn from the
present study.

(1) Tombolo behind the breakwaters on Sendai
Coast has totally been eroded by the 2011 Tsunami
waves. After the erosion, tombolo has been re-
formed, although the shoreline in the northern area
shows distinct retreat.

(2) The 1% component from EOF analysis origi-
nates from cross-shore sediment movement, while
the 2™ component corresponds to longshore sedi-
ment transport. The spatial function e;(x) for both
pre- and post-tsunami does not show remarkable
longshore variation, indicating simultaneous retreat
or advancement independent on the longshore loca-
tion.

(3) The ond component shows significant modifica-
tion after the 2011 Tsunami, especially behind the
offshore breakwaters. The shoreline position change
expressed by the 2nd component mainly represents
recovery process tombolo behind the offshore
breakwaters. It seems that development of a new
tombolo has been completed by now.
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