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Sandy beaches protected by submerged breakwaters, which have crests below sea level, are assumed to be vul-
nerable to relative sea level rise (SLR). In this study, the shoreline change due to sea level change and land sub-
sidence along the Niigata West coast in Japan, which is protected by submerged breakwaters, was investigated
using field data and a shoreline prediction model assuming that the shoreline change is caused by cross-shore
sediment transport. The shoreline movement in the past 10 years was not directly caused by sea level change
and land subsidence. However, our model predicts that over the next 100 years, the shoreline will retreat
60 m owing to the increase in the energy flux of incoming waves over the breakwater caused by SLR and land
subsidence. These results imply that other sandy beaches protected by low-crested breakwaters as well as
those behind coral reefs, which are natural submerged breakwaters, would experience non-negligible erosions
caused by future relative SLR.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Low-crested breakwater
Climate change
Foreshore
Beachface
Beach erosion
Coral reef
1. Introduction

Many sandy beaches in the world globally are eroding because of
various natural and anthropogenic causes including reduced sediment
supply from rivers and unbalanced longshore sediment transport rates
around coastal structures. Countermeasures against beach erosion are
classified into soft solution, which includes beach nourishment and
sand bypassing, and hard solution, which includes groins, detached
breakwaters, and submerged breakwaters (Komar, 1998).

Unlike detached breakwaters, submerged breakwaters do not inter-
fere with the view of the horizon from the shore; therefore, submerged
breakwaters are sometimes constructed as countermeasures against
beach erosion where the availability of sediments for nourishment is
limited and tourism is prevalent. However, because the crests of sub-
merged breakwaters are below sea level, projected sea level rise (SLR)
and land subsidence will lead to decreased wave energy dissipation by
submerged breakwaters, causing instability in the sandy beaches.
Thus, sandy beaches behind submerged breakwaters are vulnerable to
SLR and land subsidence.

Moreover, whether a sandy beach is protected with coastal struc-
tures or not, according to the Bruun Rule (Bruun, 1962), the shoreline
of the beach is expected to retreat owing to the seaward sediment trans-
port caused by the upward and shoreward shift of the equilibrium
81 46 844 1274.
banno-m@pari.go.jp
beach profile due to relative SLR. Using long-term data of shoreline po-
sition and sea level along the East Coast of the USA, Zhang et al. (2004)
showed that the rate of shoreline retreat is highly correlatedwith that of
SLR. List et al. (1997), on the other hand, reported that along the Louisi-
ana coasts, USA, no correlationwas foundbetween the amount of shore-
line retreat estimated by the Bruun Rule and that of SLR. This suggests
that the SLR-induced shoreline change is caused by the mechanism as-
sumed in the Bruun Rule as well as other mechanisms including sedi-
ment transport to/from dunes and offshore regions as suggested by
Stive (2004); Davidson-Arnott (2005) and others.

To predict shoreline changes caused by SLR, Karambas (2003) calcu-
lated the amount of shoreline retreat induced by several values of SLR
ranging from 0.25 to 1.0 m using a process-based one-dimensional
model, which predicts beach profile change by estimating the cross-
shore variation of cross-shore sediment transport rate and was validat-
ed against experimental data. Cowell et al. (2006) estimated the proba-
bilities of the amount of future shoreline changes on the Manly and
Mission beaches in Australia using a profile translation model.
Ranasinghe et al. (2012) developed a shoreline prediction model that
calculates the dune erosion caused by wave run-up and stochastically
predicted the amount of shoreline change by 2100 on Narrabeen
Beach in Australia using storm time series that were probabilistically
produced. Future shoreline changes from 2008 to 2095 on the Hasaki
coast in Japan facing the Pacific Ocean were estimated by Banno and
Kuriyama (2014) using their shoreline prediction model and consider-
ing SLR and wave climate change under two scenarios.

While a number of studies investigated the impact of SLR on natural
beaches, research on the effect of SLR on beaches protected by coastal
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structures including submerged breakwaters is rare. Yet even when
coastal structures successfully protect the beaches behind them as ex-
pected, these beaches that were subjected to erosion in the past may
still be at risk of erosion. Hence, examining shoreline changes caused
by relative SLR on a sandy beach protected by submerged breakwaters
can provide important information for beach conservation strategies.
Moreover, the investigation results may also be helpful for preserving
healthy beaches behind coral reefs, which form natural submerged
breakwaters.

The objective of this study is to predict the future shoreline change
caused by SLR and land subsidence along the Niigata West coast in
Japan, which is protected by submerged breakwaters and is now
experiencing land subsidence. First, the influences of sea level change
and land subsidence on the shoreline change during the 10-year period
from 2001 to 2011 is investigated. Then, the future shoreline change
during the 100-year period from 2011 to 2111 is predicted using a
shoreline prediction model.

2. Study site

2.1. Outline of the Niigata West coast

TheNiigataWest coast is located in central Japan and faces the Sea of
Japan (Fig. 1). The coast was developed by the sediments that were
discharged from the Shinano River and transported by the predominant
westward longshore current. Because of the decrease in sediment dis-
charge and the interruption of longshore sediment transport caused
by river improvement (1875–1903), jetty construction (1987–1924)
and openings of Ohkouzu and Sekiya diversion channels (1922 and
1972, respectively), the study coast as well as the coasts west of the
study site suffered beach erosion since the 1910s (e.g., Kuriyama et al.,
2006). In an effort to stop the erosion, detached breakwaters were
constructed since the 1950s. Although they have protected the beaches
behind them, erosion seaward of the breakwaters continued.

To prevent the offshore erosion, submerged breakwaters were
constructed since 1989 approximately 350 m offshore of the detached
breakwaters (Fig. 2). The cross-shore width of the submerged breakwa-
ters is 40m, and the crownheight is approximately 2.5mbelow the low
water level. In addition to the submerged breakwaters, groinswere also
Fig. 1.Map of Japan showing the location of the investigation site.

Alongshore distance (m)

Fig. 2. (a) Aerial photograph taken in November 2007 and (b)morphology in July 2011 in
the investigation area. Contours (m) are drawn at 2-m intervals in panel (b).
constructed since 1988 to reduce the alongshore current velocity shore-
ward of the submerged breakwaters.

The investigation area lies between the two groins shown in Fig. 2. A
total of 200 m of previously constructed detached breakwaters was re-
moved in 1995 and 1996. In 1996, a submerged groinwith a crest height
of 4.9 m below the low water level was constructed between the tip of
the second groin and the submerged breakwater. A beach nourishment
of 427,000m3 of sandwas implementedduring 1994–2000.Detailed in-
formation on the beach nourishment and coastal structure construction
is shown in Kuriyama et al. (2006).

The median sediment diameter in the foreshore of the investigation
areawas 0.15–0.30mmaccording to field surveys on sediment size con-
ducted once a year from 2003 to 2011.

2.2. Morphological change

Based on the morphological data obtained approximately twice a
year, the shoreline position defined at z = 0.5 m (z is the elevation ac-
cording to the datum level) averaged alongshore in the investigation
area moved shoreward from 2001 to 2007, and has been stable since
2007 (Fig. 3(a)). Because the investigation area was surrounded by
the two groins extending to where the elevation was about −10 m
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Fig. 3. (a) Shoreline position and (b) foreshore slope from 2001 to 2012. The shoreline
position was defined to be positive in the seaward direction. The vertical axis in panel
(b) is reversed. The negative beach slope indicates that the water depth increases as the
seaward distance increases.
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Fig. 5. Monthly averaged offshore significant wave height (thick solid line) and period
(thin solid line) and sea level (broken line).
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(Fig. 2(b)), the shoreline change was mainly caused by the cross-shore
sediment transport.

The temporal variation of the foreshore slope, which is the mean
slope at z = 0–1 m, indicates that the foreshore gradient decreased
from 2001 to 2011, roughly corresponding to the shoreline change
(Fig. 3(b)).

During the period from 2001 to 2007, when the shoreline retreated,
the area seaward of the foreshore was also eroded (Fig. 4). However,
during the period from 2007 to 2011, when the shoreline was stable,
the morphological change in the area was relatively small.
2.3. Waves

Offshore waves were observed from 2001 to 2011 at a water depth
of 35 m off Niigata West Port. Any missing data were substituted
using the data obtained off Naoetsu Port, located 110 kmwest of Niigata
West Port and the relationships between the significant wave heights
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Fig. 4. Beach profiles averaged alongshore in the study area in 1989, 2001, 2007, and 2011.
At the gap of the profile in 1989, where the seaward distance is 250 to 290 m, the
previously constructed detached breakwater was located.
and periods at the two sites, which were estimated using the data
from 2001 to 2009 (Kuriyama et al., 2013).

The seasonal variations in themonthly averaged offshore significant
wave height and period show considerable changes in the wave condi-
tions over the year (Fig. 5). The wave height and period are larger than
1.5 m and 6 s, respectively, from November to March, but smaller than
0.5 m and 5 s from June to August. Compared to the variations of the
monthly averagedwave height and period, those of the yearly averaged
values were small (Fig. 6). The standard deviations in yearly averaged
wave height and period were 0.0543 m and 0.160 s, respectively.
2.4. Sea level

The sea levels were measured from 2001 to 2011 in Niigata West
Port. The land subsidence values (Section 2.5) were removed from the
measured values. Then, missing data were substituted using the astro-
nomical tides predicted with the 60 component tides and the tidal har-
monic constants estimated by the Japan Coast Guard (1992). Because
sea levels vary according to atmospheric pressures, winds, waves, and
ocean currents, and these effects are not included in the tide prediction,
the means of the differences between the measured sea levels and the
predicted tides averaged during 24hbefore and after theperiod ofmiss-
ing data were added to the predicted values in the substitution.

The high, mean, and low water levels based on tide data from 2006
to 2010 are 0.422, 0.202, and −0.039 m, respectively. The monthly
averaged sea level is highest in August, 0.36 m, and lowest in March,
0.05 m (Fig. 5). The average change rate of the yearly averaged sea
level from 2001 to 2011, which was estimated using the linear least-
squares method, was 0.0942 mm/year (Fig. 7).
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Fig. 6. Yearly averaged offshore significant wave height (thick line) and period (thin line).
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2.5. Land subsidence

During the 1950s, the land in the Niigata region subsided heavily,
with a maximum subsidence rate of 0.54 m/year (e.g., Kaneko et al.,
2007), mainly owing to groundwater extraction. After groundwater
regulations were tightened, the subsidence rate decreased, but the
land in and around the investigation site is still subsiding.

The amount of land subsidence on the Niigata West coast was esti-
mated by the elevation change of the tidal gauge in Niigata West Port,
surveyed once a year since 1997. The average land subsidence rate
during 1997–2011 was 13.0 mm/year (Fig. 8).

3. Methods

3.1. Simulation model for shoreline change

The shoreline prediction model used in this study is based on the
models developed by Kuriyama et al. (2012, 2013) which assume that
the shoreline change is caused by cross-shore sediment transport and
that the shoreline change rate is a function of the offshore wave energy
flux Ef (=ρgH1/3,0

2 Cg/16; where ρ is the seawater density, g is the gravita-
tional acceleration, H1/3,0 is the offshore significant wave height, and Cg is
the group velocity corresponding to the offshore significantwave period)
taking into account the wave energy dissipation due to the submerged
breakwater. The shoreline change ratewas also assumed to be negatively
proportional to the shoreline position ys according to Katoh and
Yanagishima (1988) and Miller and Dean (2004). The seaward shoreline
change rate (the rate of shoreline advance) is enhanced by a more
retreated shoreline position but suppressed by a more advanced one.
1996 2000 2004 2008 2012
Time (year)

-1.2

-1.15

-1.1

-1.05

-1

-0.95

R
ef

er
en

ce
 le

ve
l o

f 
tid

e 
st

at
io

n 
(m

)

Fig. 8. Reference level of the tide station from 1997 to 2012.
In the presentmodel, the change rates of themean sea level and land
subsidence were incorporated as expressed by Eq. (2).

ys;i ¼ ys;0 þ
Xi

j¼1

dys
dt

� �
j
Δt ð1Þ

dys
dt

� �
j
¼ a0 þ a1 þ a2E

2
j þ a3E j þ a4ys; j−1 þ a5

dη j

dt
−

dzr; j
dt

� �
ð2Þ

where t is the time, a0 is the geometrically obtained shoreline change
rate due to land subsidence, i.e., a0 = (amount of land subsidence)/
(foreshore slope), a1 to a5 are coefficients, η is the time-averaged sea
level, and zr is the elevation of a reference point for land subsidence
measurement. The subscript j indicates the number of time steps.

The offshore wave heights considering the effects of the sub-
merged breakwater were estimated through the wave transformation
calculation over the submerged breakwater based on the model devel-
oped by Kuriyama (2010), which estimates the cross-shore variation
of root-mean-square wave height assuming that the wave height prob-
ability density function has a Rayleigh distribution. The details of the
model are described in the Appendix A. The estimated significant
wave heights 150 m shoreward of the submerged breakwater
(z = −8.8 m) were transformed to the offshore values using the
shoaling coefficients, which were estimated using the water depth
and wave length. The offshore wave heights considering the effects of
the submerged breakwater were smaller than the original values by
13% for all waves and by 43% for waves larger than 2.0m on the average
during the period from 2001 to 2011.

3.2. Influences of sea level rise and land subsidence on the shoreline change

To examine the influences of sea level change and land subsidence
on shoreline change in the past, two models with and without the
terms related to the two factors of Eq. (2), the sixth and seventh terms
on the right-hand side, were applied to the shoreline change data of
July 2001 to July 2011. Because the waves and sea levels have strong
seasonal variations (Fig. 5), the time interval of the shoreline change
prediction was set at 3 months starting from 1 June. For the prediction,
Ef was averaged for 3-month periods: June–August, September–
November, December–February, and March–May. The dη/dt values
were estimated using the two η values at the beginning and end of
each 3-month interval, which were also averaged for 3 months. The
values of dzr/dt were based on the zr values at the beginning and end
of each 3-month interval. The beach profile used for the wave transfor-
mation calculation was based on averaged data from 2001 to 2008.

To judge which model is more appropriate to predict the shoreline
change at the investigation site, the AIC values (Akaike, 1973) were es-
timated and compared. An AIC value is an estimate of themean expect-
ed log likelihood of a model (Akaike, 1973; Sakamoto et al., 1986). The
model with theminimumAIC value is considered to be themost appro-
priate model. The free parameter values, a1 to a5, were determined
using the field data mentioned above during the period from 2001 to
2011 and the SCE-UA algorithm (Duan et al., 1993) so that the error be-
tween the shoreline positions measured and predicted was minimal.
The predicted values when the topography was measured were esti-
mated by interpolating the values at the three-month time intervals.

3.3. Prediction of future shoreline change affected by sea level rise and land
subsidence

The shoreline change during the 100-year period from July 2011 to
June 2111 was predicted using the most appropriate model with SLR
and land subsidence, with only land subsidence and without SLR and
land subsidence.



Table 1
AIC and best parameter values for Eq. (2) with and without the terms related to SLR and land subsidence.

AIC a1 (m/day) a2 (s2m)/(N2day) a3 (sm)/(Nday) a4 (1/day) a5

Eq. (2) with the terms 94.1 9.63 × 10−2 −1.28 × 10−9 −2.66 × 10−11 −5.64 × 10−4 20.2
Eq. (2) without the terms 93.8 8.75 × 10−2 −1.40 × 10−9 −2.45 × 10−11 −4.90 × 10−4 −
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Fig. 9. Shoreline changemeasured (black solid circles and line) and predicted using Eq. (2)
with (thin red broken line) andwithout (thick red solid line) the terms related to SLR and
land subsidence.
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The sea levels used in the prediction were estimated as the summa-
tion of the long-term and short-term sea level variations. The short-
term one was estimated by removing the 1-year-moving-average
values from the sea levels measured from July 2001 to June 2011, and
repeated 10 times during the 100-year prediction period.

The long-term variation was assumed to be a quadratic function of
time. The initial value was set at 0.198 m, which was the mean sea
level during 2001 to 2011. The amount of sea level rise during the
100-year period was set at 0.74m, which equals the amount of predict-
ed sea level rise from 1986–2005 to 2100 under the RCP8.5 scenario
(Church et al., 2013). The initial change rate of sea level rise was as-
sumed to be 3.55 mm/year, which is the mean value at Japanese coasts
along the Sea of Japan estimated based on sea levels measured during
2003–2010 (Miura and Kawamoto, 2013).

The amount of subsidence was set at 13.0 mm/year, which is the
mean value for 2001–2011 as mentioned in Section 2.5.

The offshore wave heights taking into account the wave energy dissi-
pation due to the submerged breakwater were estimated using the wave
transformation model mentioned in Section 3.1 with the offshore signifi-
cant wave heights and periodsmeasured from 2001 to 2011, repeated 10
times during the prediction period, and the predicted values of sea level
and land subsidence. First, the values every 2 h were estimated through
the numerical simulations, and then the 3-month-average values, which
were the input data for the shoreline change prediction, were estimated.
The beach profile was the same as that used in Section 3.2.

Due to increase in tropical cyclone intensity caused by global climate
change, wave climate is expected to change. Although influences of the
wave climate change on bathymetry changes were examined by
Ruggiero (2013); Kuriyama and Banno (2013); Banno and Kuriyama
(2014) and others, the changes ofmean and extremewave heights dur-
ing the next 100 years along the Japanese coasts facing the Sea of Japan,
which include the study site, are expected to be small (e.g., Hemer et al.,
2013; Shimura, 2015). Hence, the wave climate change was not consid-
ered in this study.

4. Results

4.1. Influences of sea level change and land subsidence on the shoreline
change

Twomodels were used for the examination; onemodel includes the
direct effects of sea level change and land subsidence on shoreline
change and the other does not. The difference between the AIC values
for the two models is 0.3 (Table 1). According to Sakamoto et al.
(1986), an AIC difference larger than 1 is significant. This indicates
that the difference between the two models is not significant. The
shoreline positions estimated using the two models agreed well with
themeasured values, which retreated from 2001 to 2007, but were sta-
ble from 2007 to 2011 (Fig. 9). According to Kuriyama et al. (2013),
which applied Empirical Orthogonal Function analysis and a shoreline
prediction model without the terms related to sea level change and
land subsidence to the same dataset as that used in this study, the
contributions of shoreline changes caused by the offshore wave energy
flux and shoreline position were assumed to be approximately 70% and
10%, respectively.

Although the difference between the twomodels is not significant as
mentioned above, the AIC value for themodel without the terms related
to the two factors of Eq. (2) is slightly smaller than that for the model
that includes the terms (Table 1). Thus, the future shoreline change
was predicted using the model without the terms. The direct influences
of sea level change and land subsidence on shoreline change will be
discussed later.

4.2. Prediction of future shoreline change affected by sea level rise and land
subsidence

The means and standard deviations of the predicted shoreline posi-
tion during the ten 10-year periods in Fig. 10 show that the shoreline
will retreat 61 m by 2111 with SLR and land subsidence and the stan-
dard deviations will increase. Without SLR and land subsidence, the
shoreline would retreat only 10 m and stabilize; with only land subsi-
dence in place, the shoreline would retreat 42 m.

The shoreline positions shown in Fig. 10 are those of the contour line
at z = 0.5 m. The actual shoreline position corresponding to the rising
sea level in 2111 predicted with SLR and land subsidence is located
11 m landward of the predicted shoreline positions in Fig. 10, consider-
ing a 0.74-m SLR and a beach slope of 1:15.

5. Discussion

Thedifference between the twomodels (with andwithout the direct
influences of sea level change and land subsidence on shoreline change)
is not significant as mentioned in Section 4.1. This indicates that the in-
fluences of sea level change and land subsidence on shoreline change
were smaller than the influences of wave energy flux and shoreline po-
sition. Furthermore, the a5 value in Eq. (2), which is the coefficient for
the terms related to sea level change and land subsidence, was positive,
indicating that the shoreline advances as the sea level rises. This result is
contrary to that predicted by the Bruun Rule, in which the shoreline re-
treatswith sea level rise. The shoreline change induced by the difference
between the sea level and groundwater level as suggested by Duncan
(1964) may have been dominant; Duncan (1964) showed that the
shoreline advances at flood tide, when the sea level rises and becomes
higher than the groundwater level owing to infiltration, and that the
shoreline retreats at ebb tide because of seepage. However, the time
scale discussed in this study is different from that in Duncan (1964).
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The influences of sea level change and land subsidence need to be
reexamined using more data.

The 61-m shoreline retreat predicted with SLR and land subsidence
was caused by the increase in the energy flux of incoming waves over
the submerged breakwater due to SLR and land subsidence. As the sea
level rises and the land subsides, the distance between the sea level
and the crest of the submerged breakwater increases, resulting in less
wave breaking and lesswave energy dissipation. The increase in the dis-
tance between the sea level and the breakwater crest from 2.5 to 4.5 m
in 100 years results in a 55% increase in incoming wave energy flux.
Even when only the land subsidence is taken into account, the distance
increases from 2.5 to 3.8 m and the wave energy flux increases by 37%,
resulting in a 42-m shoreline retreat.

The shoreline change behind a submerged breakwater is similar in
many ways to that behind a coral reef. Coral reefs, which absorb wave
energy and play a disaster-reduction role as natural submerged break-
waters, grow to keep pace with SLR. However, the growth rate of coral
reefs does not necessarily match the rate of SLR (e.g., Woodroffe and
Murray-Wallace, 2012; Woodroffe and Webster, 2014). Under such
conditions, the beach behind may experience severe beach erosion.
6. Conclusions

The influences of sea level change and land subsidence on the shore-
line change on the Niigata West coast in Japan, which is protected by
submerged breakwaters, during the 10-year period from 2001 to 2011
were investigated using shoreline prediction models with and without
the terms related to the two abovementioned factors. The results
show that the influences were not statistically significant.

The future shoreline change during the 100-year period from 2011
to 2111 was predicted using the model without the terms related to
the two factors. Although the shoreline movement was not directly
caused by SLR and land subsidence, the increase in the energy flux of
incoming waves over the submerged breakwater due to SLR and land
subsidence led to a shoreline retreat of approximately 60 m by 2111.

The findings of this study were obtained based on data of a single
sandy beach protected by a submerged breakwater. However, although
the amount of beach erosion caused by SLR and land subsidence varies
according to the grain size, the crown height of the submerged break-
water, and the offshore wave conditions, the findings suggest that
sandy beaches around the world protected by low-crested breakwaters
and coral reefs may experience non-negligible beach erosion owing to
relative SLR, and that effective measures to mitigate the erosion should
be investigated as suggested by Nicholls and Cazenave (2010).

Acknowledgments

The authors would like to thank two anonymous reviewers for their
useful comments to improve the original manuscript. The field data
were provided by the Niigata Port and Airport Construction Office and
the Niigata Research and Engineering Office of the Port and Airport of
the Hokuriku Regional Development Bureau and the Ports and Harbors
Bureau,Ministry of Land, Infrastructure, Transport and Tourism, and the
Marine Information Group of the Port and Airport Research Institute.

Appendix A. Wave transformation model

Outline of the model

The model estimates the cross-shore variation of the root-mean-
square wave height Hrms. The wave height probability density function
over the entire computational domain was assumed as to be a Rayleigh
distribution, following Thornton and Guza (1983). The energy of waves
with heights larger than the breaking wave height is dissipated.

The breakingwave heightwas estimated using Eq. (A1), as proposed
by Seyama and Kimura (1988).

Hb

hb
¼ Cbr 0:16

L0
hb

1− exp −0:8π
hb
L0

1þ 15 tan4=3β
� �� �� 	

−0:96 tanβ þ 0:2
� �

ðA1Þ

where Hb is the breaking wave height, hb is the breaking water depth,
Cbr is a nondimensional coefficient, L0 is the offshore wavelength, and
tanβ is the beach slope. The nondimensional coefficient Cbr was intro-
duced by Kuriyama (1996) to fit experimental data-based Eq. (A1) to
field data. The beach slope was defined as positive for water depth
increasing seaward and estimated as the average slope in a 10-m-long
region for which the definition point was located at the center.

Wave energy dissipation was estimated using the periodic bore
model proposed by Thornton and Guza (1983) and 20 representative
wave heights ranging from Hb to 3Hb.

∂EwCg cos θ
∂y

¼
Z ∞

Hb

P Hð ÞB Hð ÞdH

B Hð Þ ¼ 1
4
ρg

1
T

BwHð Þ3
h

ðA2Þ

where Ew is the wave energy, θ is the wave direction, y is the seaward
distance, P(H) is the probability density of the wave height, T is the
wave period, H is the wave height, Bw is a nondimensional parameter,
and h is the water depth.

The parameter Bw was formulated as in Eq. (A3) of Kuriyama and
Ozaki (1996) using Seyama and Kimura's (1988) experimental data.

Bw ¼ CB 1:6−0:12 ln H0=L0ð Þ þ 0:28 ln tan βð Þf g ðA3Þ

where H0 is the offshore wave height and CB is a nondimensional
coefficient.

The calculation used the peak wave period as the wave period,
following Grasmeijer and Ruessink (2003). The significant wave height
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H1/3 was estimated as H1/3 = 1.416 Hrms. The wave direction was as-
sumed to be perpendicular to the shore.

Calibration of the model

The nondimensional coefficients, Cbr in Eq. (A1) and CB in Eq. (A3),
were determined using wave data obtained seaward and shoreward
of the submerged breakwater along the transect at the alongshore dis-
tance of 2100m (Fig. 2) every 2 h during the period from 25 November
2008 to 25 February 2009. The measurement station seaward of the
submerged breakwater Sta. 1 was located at the cross-shore distance
of 1270m (z=−12.5m) and the two stations shoreward of the break-
water Sta. 2 and 3 were located at the cross-shore distances of 500 m
and 375 m, respectively (z = −8.8 m and −4.6 m). The offshore
boundary was set at Sta. 1, and the grid size was 5 m.

The obtained coefficients are Cbr= 0.55 and CB= 0.50. Although the
model slightly over- and under-predicted the values when the wave
Fig. A1. Comparisons between themeasured andpredicted significantwaveheights (H1/3,m

and H1/3,p) at Station 2 (a) and Station 3 (b). The solid lines represent H1/3,p = H1/3,m.
height was smaller and larger than 1.5 m, respectively, the model
agreed well with the measured data of significant wave heights shore-
ward of the submerged breakwater (Fig. A1); the average of the root-
mean-square errors of the measured and predicted values at Sta. 2
and Sta. 3 was 0.151 m.
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