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MULTIDECADAL SHORELINE EVOLUTION DUE TO LARGE-SCALE
BEACH NOURISHMENT -JAPANESE SAND ENGINE?-

Masayuki Bannf Satoshi Takewakand Yoshiaki Kuriyania

Abstract

Beach nourishment is one of the countermeasuressigabsion. Large-scale beach nourishment wasuobed with

50 million n? of dredged sediment on the Hasaki coast of Japam 1965 to 1977. Here, using aerial photograples, w
found that the nourishment caused an increaseanséldiment budgets that led to significant longitehoreline
advance. The mean shoreline position in 2013 waatdéd approximately 70 meters seaward compared thith
position in 1961. The shoreline in the northernt mdrthe coast advanced soon after the nourishnievever, the
shoreline in the south began to advance approxiynhfeyears after the advance of the northern @eciihe shoreline
advance amounted to approximately a third of thh& ediment supplied by the nourishmenhis shows that beach
nourishment is good solution to counteract beadsien and also achieves the beneficial use of éedgdiment,
both on the large- and small-scale.

Key words. beach nourishment, shoreline change, coastal mdyplamics, dredged sediment, Sand Engine, EOF
analysis

1. Introduction

Under the current global climate change, sea lagel and wave climate change are predicted to cause
severe beach erosion. To manage this coastal respgonthe climate change along with multi-decadal
coastal changes, unprecedented adaptation methildsewequired. Beach nourishment is one of the
countermeasures against erosion. A mega beachshment project in the Netherlands, called the Sand
Engine, has received attention as a new type ofistoaent (e.g., Stive et al., 2013). As an exangbla
similar case in Japan, from 1965 to 1977, approtétpes0 million n? of sand was nourished into the
nearshore zone of the Hasaki coast. The large-besleh nourishment was conducted for the dispdsal o
dredged sediment during the construction of thehiKaa Port, which is an artificially excavated port.
Therefore, this served the dual purpose of enviemtal preservation and the beneficial use of drédge
sediment that had to be disposed of. Here, to saskesmpact of the beach nourishment on morphcébgi
changes, we investigated the shoreline changesXafh to 2013 on the Hasaki coast.

2. Japanese Sand Engine?

The Kashima Port, which is located in eastern Jdpaimg the Pacific Ocean (Figure 1), is one of the
world’s largest excavated ports (Figure 2). Thendged channel was excavated up to approximateiy.20
The length of the breakwater is approximately 4 khich is one of the largest breakwater in Japde T
Hasaki coast on the southern side of the Kashinnehas a 16 km-long sandy beach (Figure 3).
Construction of the port began in 1963. The exaVand dredged sediment was used for beach
nourishment of the Hasaki coast from 1965 to 1941 the total amount of added sediment was
approximately 50 million fh(Figure 4). The sediment was spread adjacentetedlithern end of the port
(Figure 1), within 500 m of the shoreline. The naedgrain size of the dredged sediment ranged frd® 0
mm to 0.17 mm, depending on the excavation deptth@fport channel. The median grain size of the
present coast is approximately 0.18 mm. A sectibthe area that received sediment was reclaimed for
land use in the 1970s after the shoreline heredasdnced sufficiently far, concurrently with theabk
nourishment. The reclaimed volume was estimateP3amiillion n?* according to the reclaimed area and
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the height of the land. Therefore, approximatelyn@iffion m* of total added sediment contributed to the
beach morphological changes. This volume is contipar@ the nourishment of the Sand Engine, which
had a volume of 21.5 million f(Stive et al., 2013). In the case of Kashima, bseathe nourishment
lasted over ten years, the nourished sediment naasported offshore and spread over a wide arélzein
sea after the nourishment was completed. Converisethe case of the Sand Engine, a large new beach
was constructed in one place and at one time id 2Bijure 5). Therefore, the influence of the nshed
sediment will be different between these two cases.

Figure 1. Satellite image of the Kashima Port fl@oogle Earth.
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Figure 2. Locations of the Kashima Port, the Hasakist, and the nourished beach area.
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Figure 3. View of the southern section of the Hasakst.
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Figure 4. Time-line of the beach nourishment.

Figure 5. Satellite image of the Sand Engine inNbtherlands from Google Earth.
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3. Hydrographic Condition

The tidal levels at low, mean, and high tide are2;-0.65 and 1.25 m from the datum line (D.L. = yimk
Peil — 0.69 m), respectively. The principal natwalirce of sediment is Tone River, which is locatedhe
southern side of the coast. The annual amountdifremtation near the coast due to the fluvial fpanis
and deposition has been estimated at approxima€etiiousand f(Uda et al., 2007).

Deepwater waves were measured at a water depth of @very 2 hours offshore of the Kashima Port
with an ultrasonic wave gage. The seasonal meanifisant deepwater wave height and the period from
1986 to 2013 are shown in Figure 6. The wave heigas relatively small from May to August
(spring/summer), but relatively large from SeptemtoeApril (autumn/winter) because of typhoons and
extratropical cyclones. The waves came mainly ftbensouth from spring to summer, and from the north
from autumn to winter. In response to this, thegkitore current was northward from spring to summer,
and southward from autumn to winter. The long-t@medominant direction of the longshore current was
northward on the shoreside, but southward farthpraimately 150 m offshore (Kuriyama et al., 2008)
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Figure 6. Seasonal mean significant wave heightpemid.

4, Construction History of the Coastal and Port Sructures

Beach morphological change on the Hasaki coastimfieenced by the nourishment, and by the coastal
and port structures (Figure 7). During the constoncof the Kashima Port, construction also began i
1964 on a breakwater called the “Kashima southesakwater” at approximately 7 km north of the
present coast. It was over 3000 m in length in21&7d 3875 m in 2004. The water depth at the tifhef
breakwater is approximately 20 m. The beach rediamat the northern edge of the coast was contplete
for a 6.4-kilometer-long section in 1975.

On the southern edge of the coast, extension oéakivater at the Hasaki Fishery Port began in 1989.
The length of the breakwater reached 1170 m in 200@ water depth at the tip of the breakwater is
approximately 6 m. On the southern part of the tda® artificial headlands (T-shaped groins) watso
constructed sequentially from 1968 to 2000. Thgtlerof the headland across the shore is 150 mtand t
length of the tip is also 150 m.

HORS (Hazaki Oceanographical Research Stationkhwikia research station with a research pier, was
constructed in 1986. The location is 4 km soutimftbe northern edge of the coast. The influencthef
pier on the morphological changes is relatively I§ntaus the bathymetry around HORS is almost umifo
alongshore. In this study, we used the coordingseem based on the location of the pier. The loagsh
coordinate axis was orthogonally crossed to the(pigure 8).
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Figure 7. Locations of the coastal and port stmestwn the Hasaki coast.

Offshore

Figure 8. Coordinate system used for the definitiohthe shoreline positions.

5. Shoreline Evolution After Beach Nourishment

The shoreline position from 1961 to 2013 was exéhdrom aerial photographs. The photographs were
taken every 3 to 5 years (1961, 1965, 1969, 1974/19979, 1984, 1987,1990, 1993, 1996, 1999, 2002,
2005, 2009, and 2013) by the Japanese governmentomal government. An aerial photograph was also
taken by the U.S. Army in 1947, but it was not usedhis paper to focus the impact of the beach
nourishment. As a reference, the shoreline chaegeden 1947 and 1961 was small relative to the one
after the nourishment (Sato et al., 2002). The taipand spatial data on the extracted shorelirsitipns
were corrected for the influence of tidal variatiwith reference to M.W.L. based on the deviatiorse&
levels when the photographs were taken. The foresslope used to calculate the correction amount fo
the shoreline position was based on the bathynudttgined by an airborne laser in 2006. Figure 9vsho
the spatial shoreline change from 1961.

An increase in the sediment budgets due to theistouent resulted in an advance of the mean sherelin
by approximately 40 meters from 1969 to 1984 (Fegl®). Although the nourishment began in 1965 and
was completed for the most part in 1974, the respmf the shoreline did not appear to match ths. |
addition, although the advance lessened from 1684983, the shoreline began to advance again from
1993 (Figure 10). As a result, the mean shorelimgtion in 2013 was located approximately 70 meters
seaward compared with the position in 1961. Howether changes in the shoreline position based en th
aerial photographs included short-term and seaseanddtions because the photographs only provided
instantaneous values at the time they were takeonoming to beach profiles measured at HORS (e.qg.,
Kuriyama et al., 2012), the daily variation of tleoreline position over one year at the Hasakitdoad a
standard deviation (S.D.) of approximately 10 ng(ffé 11). Therefore, the long-term shoreline change
was sufficiently large compared with the variati@mowing that the nourishment led to a significant
advance in the shoreline.
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Figure 9. Spatial shoreline change from 1961 onsiard
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Figure 10. Mean shoreline change from 1961 to 2013.
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Figure 11. Shoreline change at HORS from 1986 t@ 200

6. Efficiency of Nourishment

Based on the mean shoreline advance of approxiyna@eieters from 1961 to 2013, the sediment amount
deposited nearshore was estimated at approximatefyllion n, assuming that the height between the
upper and lower limit of the beach profile changesw meters. This amount was much greater than the
one supplied from Tone River (total amount of 2i8iem m?), showing that the notable shoreline advance
was clearly caused by the mega beach nourishment.

In terms of long-term beach stability, approximgtlthird of the total sediment supply of 27 mitlio?
supplied by the nourishment influenced the beachphwlogy. The rest of the sediment would be lost
through offshore transport. The efficiency of snsalhle nourishment is difficult to estimate quatiiely
because the shoreline is influenced to a greateneky other factors, such as, external forcesvever,
the large-scale beach nourishment clearly indicéies it will have a beneficial impact on coastal
protection against erosions.

7. Shoreline Evolution Process

Regarding the spatial distribution of the shorelaange (Figure 9), the shoreline positions arotined
northern and southern edges of the coast had gotablanced by over 100 meters by 2013. These
shoreline advances were caused by the increadeisediment budget due to the nourishment and the
sediment trapping due to the coastal structurepepelicular to the shoreline. The beach reclamation
structure on the northern edge and the breakwatdh® southern edge prevented part of the longshore
sediment transport and accumulated sediment. Theéallp heterogeneous shoreline evolution on the
southern section of the coast (longshore coordivaliges from 4,000 m to 10,000 m) was due to aiifi
headlands.
Empirical orthogonal function (EOF) analysis waedifor the temporal and spatial data of the shmeel
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positions. EOF analysis can extract the principahgonent of the shoreline change (e.g., Miller Bedn,
2007). The shoreline positions are expressed bwfitifu(1) as a sum of the product of the temponal a
spatial components.

Y. (xt) =;Cn (t) e, (x) (1)

wherey; (x,t) = shoreline positiorx = longshore coordinaté= time; C,(t) = temporal coefficient on mode
n, ande,(x) = spatial function on mode

The spatial domain was split between the northachsouthern parts in the analysis to clarify thealo
variation pattern. In the northern section, thegdashoreline advance from 1969 to 1979 after the
nourishment was the dominant pattern (Figure 1®nv@rsely, the consecutive shoreline advance from
1990 was the dominant pattern in the southern (fégure 12). The southern shoreline advance, which
followed the northern one, may have been inducethbyconstruction of the breakwater on the southern
edge of the coast. After the construction of thifieial headland, the shoreline between the aitfi
headlands also recovered from 2002, as shown irerdaxf Figure 12.

According to the bathymetry change (Figure 13g #ediment was transported onshore when the
southern shoreline advanced, in parallel with tepagition at the southern edge as described alitne.
contributed to the large shoreline advance from3199owever, the reason why the sediment was
transported onshore from a depth greater than érmet still unknown.
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Figure 12. EOF analysis of the temporal and spdt#d of the shoreline positions.
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Figure 13. Bathymetry change on the Hasaki coast.

8. Conclusions

We investigated the multi-decadal shoreline evohlutilue to large-scale beach nourishment usinglaeria
photographs. The mean shoreline advance at thekHas@st exceeded 70 meters caused by the incirease
the sediment budgets following the beach nouristintieat provided approximately 50 million ®nof
sediments. The shoreline in the northern part efdbast advanced soon after the nourishment; haweve
the shoreline in the southern part advanced apmetely 10 years after the advance in the northaAs
result of the onshore sediment transport, the coctsdn of the breakwater and the artificial head&
likely caused the large shoreline advance on théhson section of the coast.

The shoreline advance was equivalent to approxisnatethird of the volume of the total sediment
supply of 27 million m supplied by the nourishment. Although such largges beach nourishment is
expensive, it will be a highly effective method fbeach management, simultaneously achieving the
beneficial use of dredged sediment.
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