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Abstract

:

Shoreline evolution and seabed morphology changes depend on coastal geomorphology as well as hydrodynamics of the nearshore region. Τhis study investigates the morphological evolution of the northernmost headland of Rhodes Island, Greece, using a method that combines historical shoreline evolution analysis and numerical modelling of coastal processes. The satellite and aerial imagery analysis under a GIS platform reveals that, since 1982, the overall surface area of the backshore has slightly increased, though in shorter period times, large variations have been identified. The part of the beach that is most prone to extreme changes is the spit-like formation at the tip of the headland. Wind-generated waves and induced currents are the main forcing factors that affect the shape and orientation of the spit-like beach. This spit-like morphology changes seasonally due to variations in the dominant wave regime. West sector waves cause sediment deposition at the eastern sector of the spit-like formation, whereas strong southeast wave events during the winter favor accretion at the west sector, inducing an asymmetrical shape. Thus, the analysis results indicate an annual balance in sediment transport.
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1. Introduction


Coastal areas are highly dynamic and changeable systems affected by a number of natural and anthropogenic forcing factors, such as wind and waves directional change [1,2], currents [3,4], sea-level fluctuations [5,6], sediment budget [7,8], topography [9,10], tectonics [11,12], presence of coastal infrastructures, and sand extraction [13,14]. The results of the above processes can cause variations of shore morphology in long and short time spans, and therefore it can impact the coastal environmental quality, socioeconomic value, security of beaches and harbours, and natural resources [15].



In particular, the presence of curved planforms, as headlands, alters the regional morphodynamic pattern causing significant displacements of the shoreline and seabed level [16]. Such landforms are usually exposed to high wave energy and nearshore currents, which are the basic components that influence sediment transport and contribute to sand bypassing processes around the tip of headland. Thus, a shoal may be formed by the accretion of non-cohesive sediments on the leeward side of the headland [17,18,19]. The orientation of this spit-like beach usually indicates the direction of dominant littoral drift [20,21], though inlet channel geometry, wave refraction, and tidal flow can overturn the above perception [22]. The short-term (order of days to a year) changes of a headland should be carefully considered since they cause temporary alternations [23] and often return to their initial situation over time [24] following a period of relaxation [25]. Changes in a spit's orientation and shape result as a consequence of varying wave climate. Waves propagating toward a shore from varying directions contribute to littoral transport affecting shoreline evolution and spit growth. Long-term (order of a year to decades) variations are usually estimated by comparing aerial photographs or satellite images, historic maps and data derived by topographic survey techniques [26].



During the last two decades, remote sensing and geographical information system (GIS) platforms have been extensively used in coastal geomorphological investigations. Through these techniques researches can depict shore configuration and landforms, detect shoreline positions and historic changes, and reveal the sediment transport pathways and erosion/accretion rates. In addition, numerical modeling is often used for describing and predicting physical processes in the nearshore zone, over selected space and time scales [27]. Today, several 2D and 3D numerical models are available for the simulation of coastal hydro- and morpho- dynamics, such as wave propagation, littoral circulation currents, sediment drift, and shoreline evolution. Τhere are also advanced models that simulate the interaction among waves currents and changes in bathymetry by using a dynamic coupling [28,29]. Numerical models are also applied for impact assessment of engineering structures, such as coastal protection projects or harbor works in a specific site.



The present paper (a) records historical shoreline positions of the spit-like beach located in a wave-dominated micro-tidal system, in the northernmost headland of Rhodes Island (Greece) using multi-temporal aerial photographs and satellite images, (b) estimates the geometric changes of subaerial part of shore by means of geospatial analysis and statistical techniques, and (c) simulates the local morphodynamic pattern applying a hydrodynamic and sediment transport model. The data derived from the above multi-proxy approach are used to achieve the main purpose of this article that is to reveal the littoral processes responsible for the long-term beach evolution, which, despite of its small size, is of high interest since it is a mass touristic destination and a landmark of Rhodes Island. In addition, this study fills the gap of morphodynamics around a wave-dominated micro-tidal headland beach, since the majority of previous research focuses on curved planforms in tide-dominated environments [17,18,20,30].




2. The Study Area


Rhodes Island is located in the southeastern Aegean Sea, Greece. It is the fourth-largest Greek island, with an area of 1400 km2 and a total coastline length of 253 km. Its permanent population is 115,490 inhabitants, according to the 2011 census. The case study area is a touristic beach situated at the northern tip of the island (Figure 1). It has a bell-curve shape extending on both sides of the Cape Mylon. It is about 1.3 km long and there are no coastal structures along the shore. Its western part is directed NE-SW facing NW, while its eastern part is directed SE-NW facing NE.



The beach topography and shoreface bathymetry were provided by [31,32], respectively. The mean slope of the subaerial beach is about 7% in both sides of the headland, and approximately 3% in the northern tip. The shoreface slope, it is relatively steep in the west side (11% at depths from msl to 5 m, and 35% in the deeper zone), lower in the northern tip (9% at depths from msl to 5 m to 9 m, and >20% in the deeper zone) and even lower in the eastern part (7% at depths from msl to 8 m, 2% from 8 m to 11 m, and 10% in the deeper zone).



The beach sediment consists of coarse grained material (sized from sand to cobble with grain diameter up to 6 cm) (Figure 2), while in very shallow waters, sand and cobble deposits (grain size up to 2 cm) (Figure 2b) as well as rock outcrops (Figure 2c) occur (Figure 2b,c) [31,33,34]. At depths from 10 m to 30 m, meadows of Posidonia ocenica dominate, while the deeper parts of the seabed (at depths more than 30 m) is covered by relatively fine-grained sediments (very fine sand, silt, and clay), though in some places there are patches of coarse sand and gravel transported from the adjacent land through occasional gravity flow processes.



Concerning the wind and wave climate in the wider region, the analysis has been based on data derived from the “Wind and Wave Atlas of the Hellenic Sea” [35]. A 10-year hindcast dataset (1995–2004) reveals that the prevailing wind directions are west (W), southwest (SW) and northwest (NW). However, the strongest winds blow from the southeast (SE), with speed values up to 18 m/s during the winter. The dominant wave directions propagate from the west (W) and west-southwest (W-SW) sector, while the most extreme events come from the southeast (SE), occurring mostly throughout the winter months. During strong SE winds with great fetches, significant wave height reaches a value up to 4.5 m with an average peak period of about 8.5 s. Normal peak period values range from 3 to 4.5 s highlighting that wind-generated waves are the most common in the study area, with the exception of a very small percentage of events (about 0.01%) that are swell (Tp > 15 s) (Figure 3). The tidal range in the port of Rhodes varies between a 0.1 m (min) and 0.36 m (max), while the mean range is 0.14 m during the time period 2010–2012 [36]. According to Pytharouli and Stiros [37], the astronomical component of tide in the region is of the order of 10 cm.




3. Materials and Methods


3.1. Analysis of Shoreline Evolution


Long-term shoreline displacement was determined by the use of multi-temporal raster datasets, derived either from aerial or satellite imagery resources. Two aerial photographs taken in 1982 and 1991 at a scale equal to 1:8.000 were selected by the database of Hellenic Military Geographical Service. Additionally, satellite imagery of a finer resolution covering a 14-year timeline, from 2002 to 2016, was obtained by the Google Earth Pro platform. Google Earth Pro provides satellite imageries taken at different time periods having spatial resolution less than 1 m [38]. The use of these images is an alternative solution for the extraction of the coastline [2,39], since the freely available optical satellite imageries (Landsat, Sentinel 2 etc.) have a spatial resolution no finer than 10 m, and the higher resolution commercial satellite data are costly to acquire. The only limitation of these Google Earth images is that there is not access to the original multispectral data and therefore the supervised or unsupervised image classification cannot be realized. Since the spatial resolution of original data is high (below 1 m) (Table 1), it is possible to visually delineate on-screen the shoreline [40]. Furthermore, the study area is narrow, thus corresponding to a single satellite image frame each time and not a mosaic, which preserves the original image properties.



All images were rectified in a GIS environment (ESRI ArcGIS geospatial platform). For the purpose of rectification, colorful orthophotomaps in resolution of 0.5 m, provided by the National Cadastre and Mapping Agency, were used as the basemap. All raster datasets were rectified in the same coordinate reference system, which is the Greek Grid (EPSG: 2100). During each rectification process, well distributed inside the broader study area Ground Control Points were carefully identified and inserted in order to link each image to its corresponding basemap position. Τhe completion of each rectification process was carried out by the application of a spline transformation model, which is efficient at correcting local distortions by increasing the density of Control Points in the area of interest (i.e., the beach) [41]. In addition, this method ensures the exact placement of control points, preventing deformations having a warping effect on the rest of the image. Thus, the Total Root Mean Square Error (RMSE) for the rectification process was considered null [42].



In order to estimate the uncertainty in shoreline position, three additional sources of errors were estimated, namely digitizing, pixel and tidal errors [43,44]. The digitizing error (Ed) was calculated as the standard deviation of differences of the shoreline position between three repeated digitizations [44] and it was estimated within the range of ±0.8 m to ±2.3 m. The pixel error (Ep) was identified as the pixel size of an image [44], ranging from ±0.34 m to ±0.67 m in satellite images and from ±1.6 to 1.8 m in aerial photographs. The tidal error (Et), being the horizontal movement of shoreline position due to vertical fluctuations of tides, was estimated as the ratio of tidal amplitude to beach slope [14]. Thus, the “total shoreline position error (Esp)” expressed as the root sum of the squares of errors [43]


     E  sp   = ±    E d 2      +   E  p 2      +   E  t 2     



(1)




was estimated within the range of ±2.9 m to ±4.0 m. An “annualized error (Ea)” of ±0.4 m/year was obtained in the time period 1982–2016, expressed as the ratio of the root sum of the squares of “total shoreline position errors” of each historical shoreline divided by the time span of the analysis [43]


   E a  = ±      ∑  i = 1  n   E  spi  2      time    



(2)




where Espi is the “total shoreline position error” of the historical shoreline i and n is the number of historical shorelines used in the analysis.



A total of 18 consecutive historical and recent shorelines along the north coast of Rhodes island, representing the position of mean sea level, were delineated/digitized onscreen based on the manual identification and photo-interpretation of the rectified aerial and satellite datasets.



Shoreline displacement analysis was performed with the use of the Digital Shoreline Analysis System (DSAS) [45] ArcGIS extension. The analysis was based on the quantification of shoreline displacement phenomenon along a predefined set of fixed-paced perpendicularly distributed to a given baseline transects. For the purpose of this study, the Net Shoreline Movement (NSM) statistical analysis module was used to calculate the displacement distance and rates between the oldest (1982) and each of its successive shorelines. Additionally, for each delineated shoreline, a corresponding beach area was defined. Finally, as baseline, i.e., the steady landward boundary of the beach, was collected the curb of the coastal road, since no intervention has been done on this road over the last 40 years.




3.2. Simulation of Coastal Processes


For assessing sediment transport and bed morphological changes, a dynamic numerical model, namely the MIKE 21/3 Coupled Model FM by the DHI, was used. More specifically, the model was applied for the estimation of wave and hydrodynamic conditions, as well as sediment transport and bed level changes.



The MIKE 21/3 Coupled Model FM is a 2DH deterministic model that is applied in coastal areas. It is widely used for describing the current situation of a specific site, planning and design of engineering projects and assessing impacts arising from port infrastructures and/or coastal protection works. It consists, amongst others, of a spectral wave (SW), a hydrodynamic (HD), and a sand (non-cohesive sediment) transport (ST) module. Its basic computational components, the SW and HD modules, simulate the interaction between waves and currents by using a dynamic coupling. The sediment transport depends on the wave and hydrodynamic conditions of a coastal region as well as the physical characteristics of the material (such as grain size, porosity, etc.). The total sediment load is defined as the sum of bed (load being in contact with the seabed) and suspended load transport. Moreover, by coupling all the three modules, a feedback of the bed level changes on the wave and current calculations is included [46].



The model is based on a flexible mesh approach, giving user the ability to generate a proper triangular or quadrilateral mesh size depending on required accuracy of the analysis.



In this study, the model has been applied to four wave scenarios (Table 2) representing annual sediment transport pattern for the study area. The main idea is that the sediment flux is proportional to the energy flux according to the CERC formula [47], so a methodology based on wave energy flux [48] has been followed, in order to select the simulated scenarios.




	
Data are grouped into wave classes with associated annual probability of occurrence. Then, the actual energy flux is determined as fiHi2Ti, where Hi is the wave significant height, Ti is the wave period and fi denotes the probability of occurrence of the specific event, i.



	
As representative event is defined the one that maximizes the energy flux and its probability of occurrence is determined as


fmax = Σ(fi Ηi2 Ti)/(Ηi2 Ti)max



(3)












This means that this event causes sediment transport equivalent to the annual budget when occurring with a frequency of fmax.



As the longshore transport may be directed to the right (of an observer looking seaward) or to the left, depending on wave propagation direction, calculations have been applied to two different groups of events, namely the ones that cause littoral drift to the right and the ones to the left.



Topographic and bathymetric data were collected by the HCMR database [31,32] and from nautical maps of the Hellenic Navy Hydrographic Service and digital topographic data from the Hellenic Cadastre. The model domain covers an area of 20 km × 15 km. The triangular mesh consists of 27,777 elements; a fine mesh is used in the area of interest (with min and average area of mesh elements approximately 22 m2 and 65 m2, respectively), and a coarser one in the offshore zone. The UTM 35 coordinate system has been specified as reference system in the present study. In Figure 4, the model domain and the study area bathymetry and computational mesh are presented.



Regarding sediment properties, two different classes have been introduced to the model in order to define the seabed material (i.e., 1.5 mm and 2.0 mm). In addition, rock formations of the seabed have been simulated with very high resistance (low Manning value) and small value of bed layer thickness (i.e., 0.0005 m), as the amount of sediment is limited.





4. Results


4.1. Historical Shoreline Evolution


The satellite and aerial imagery analysis shows that the northernmost shore of Rhodes Island has slightly changed over the past 34 years, that is an annual increase of about 76 m2 with an uncertainty of ±520 m2/year (Figure 5). However, large variations have been identified in shorter period times, (Table 3), indicating that both accretion and erosion phenomena take place along the coast. The shoreline progradates in some parts of the beach and retreats in others, depending on the angle of incidence and height of approaching waves.



The shoreline displacement varies from a few decimeters to several tens of meters. The maximum shoreline advance is around 97 m detected in the period between 15 June 1982 and 31 October 2008, while the maximum shoreline retreat is around 35 m recorded from 15 June 1982 to 16 March 2015. The part of the beach that is most prone to extreme changes is the spit-like formation at the tip of the headland. The western part is also susceptible to accretion/erosion phenomena, while the eastern part seems to be less variable (Figure 6).



The temporal variability of shoreline position appears to be of sub-seasonal timescale, varying even often within the time window of a couple of months.




4.2. Morphodynamic Pattern


The simulation results show that wave height and direction change as waves propagate towards the shore due to shoaling and refraction. The prevailing western sector waves, occurring from SW, W, and NW directions (i.e., Scenarios 1, 2, and 4), induce a northward longshore drift in the western part of the study area, while SE waves (i.e., Scenario 3) result in northward sediment transport in the eastern part of the coast (Figure 7). The SE waves are of high-energy and occur mainly during the winter. The highest values of the current speed have been estimated around the headland (with a maximum value of 0.65 m/s in case of NW wave scenario) as this sector is characterized of high wave energy. The rest part of the coastal area is characterized by lower values of current speed, reaching up to 0.45 m/s. Due to these processes sediment is transported and deposited in the northern part of the coast, Cape Mylon, where a spit is formed. The spit direction changes gradually, depending on the wave and current conditions, namely it bends east due to W waves or west when strong SE wave events occur. According to Figure 7, positive seabed level change, denoting accretion, has been calculated along the west and east shoreface and negative change, denoting erosion, in greater depths (d > 2.5 m) (the solid black line in Figure 7 depicts the shoreline). The maximum seabed level change occurs due to SW wave scenario (Scenario 1); in this case erosion and accretion rates have been estimated of the order of 0.7 m and 1.0 m, respectively, in the west coast. Regarding the tip of headland, the corresponding values have been estimated 0.7 m and 2.4 m. However, slight erosion or accretion occurs along the eastern shoreface; in particular, seabed shifts corresponding to western sector waves simulations (Scenarios 1, 2 and 4) have been estimated to be about 72–87% smaller than in the west coast. In contrast, the simulation of SE wave scenario (i.e., Scenario 3) has resulted in greater morphological changes in the east coast (of the order of ±0.27 m) comparing to the west (where erosion and accretion rates have been estimated to be about 0.06 m and 0.03 m, respectively). In this wave scenario, seabed level changes at the northern sector of headland are −0.6 m (erosion) and 0.5 m (deposition). As bed level change values have been estimated less in the east side of the headland, this sector can be characterised as less variable.





5. Discussion


The diachronic analysis of shoreline evolution in the northern headland of the Rhodes Island shows that the overall beach surface has slightly changed since 1982, with a mean rate of 76 m2/year and an uncertainty of ±520 m2/year. In such a curved landform, wave energy distribution varies along the shoreline inducing also changes in longshore sediment transport, as it has been mentioned by López et al. [49,50] on different curvilinear coasts in Europe. Both accretion and erosion phenomena take place along the coast. Shoreline displacement rates are also higher in the western part of the headland comparing to the eastern sector, which has been estimated to be less variable. This happens due to different natural forcing factors (i.e., wave and current conditions) and morphological features (i.e., seabed slope) occurring alongshore. For example, a narrow erosional zone in an area with steep bed slope (in the western sector of the headland) is in agreement with López-Ruiz et al.’s [50] results obtained from simulation of a weakly curvilinear sandy beach.



However, the part of the beach that is the most variable is the spit-like formation at the tip of the headland (Figure 6). The shape and orientation of the spit-like beach depends almost exclusively on the height and angle of incidence of the approaching waves. More specifically, the coast alignment changes seasonally, due to variations in the annual wave regime, as it happens in areas with well-defined seasonal wind patterns, such as in North Carolina (USA) [51] and central Chile [52]. West sector waves cause deposition of coarse-grained material at the eastern sector of the spit, whereas southeast wave conditions favor accretion at the west sector, inducing an asymmetrical shape. The asymmetrical development of headland-associated sandbanks has been also estimated by Guillou and Chapalain [28], who applied a morphological model to an idealised Gaussian shaped headland. Although the probability of occurrence of extreme events from southeast is low (about 0.3%) they produce significant morphological changes due to high wave energy. These bed level shifts during the annual cycle have also been referred by Kombiadou et al. [34] in the same site, indicating that there is a balance in the annual cycle of sediment transport regime. The longshore sediment transport, which is the dominant component of littoral drift occurs up to 4 m depth (in the surf zone) and there is no significant loss in greater depths.



Winds are the main factor that determines the oceanographic regime in the coastal zone under investigation. The study area is classified as a micro-tidal coast like most coastal systems in the Mediterranean Sea [53], with a tidal range less than 15 cm, and therefore, tides cannot affect the wave-dominated pattern as it happens in the meso-tidal areas of Colombian Pacific coast [30] and macro-tidal settings of southern and southwestern UK [18,20].



The loss of small amounts of sediment from the shoreface during strong storms as well as the seasonal shoreline retreat can be mitigated by beach nourishment [54]. This soft engineering technique can maintain the beach width in specific parts of the headland providing aesthetic and environmental benefits. In contract, hard engineering options are not proposed, since they can have adverse effects on the sediment transport and beach self-adjustment. For adequate planning, design and implementation of coastal protection works, a close collaboration between engineers, scientists and stakeholders is required. Moreover, the application of a numerical model for the evaluation of such a project [55] and the prediction of shoreline evolution is suggested.




6. Conclusions


The analysis of historical shoreline displacement using multi-temporal aerial and satellite imagery reveals that although the case study area has experienced a slight change during the past 34 years (1982–2016), and significant retreat has been identified in shorter time periods. The most variable sector of the study area is the spit-like beach at the northern tip of Cape Mylon. Moreover, DSAS analysis points out greater rates of shoreline change in the western sector of the case study area comparing to the eastern, which seems to be less variable.



Morphological changes of this coastal zone and the spit-like formation at the headland result from complex coastal processes, such as wave-induced currents. More specifically, it is the longshore component of nearshore circulation that mainly controls littoral drift and sediment transport regime. Wave-induced currents are directed from the western and eastern sector to the tip of headland, where sediments are moved and deposited, forming a sandy spit-like beach. This spit-like morphology changes seasonally due to variations in the annual wave regime; it bends east due to mode western sector waves or west during the winter, when extreme waves propagate from the southeast.



Thus, the results based on both historical shoreline evolution and wave-current modelling highlight the cause–effect relationship among geomorphology, hydrodynamic conditions, sediment regime, and accretion and erosion processes in a curved planform. Moreover, the understanding of the involved natural processes is a major concern in coastal management, particularly in such a touristic region, that helps planners to propose appropriate measures for mitigating seasonal shoreline retreat.
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Figure 1. The study area of the Cape Mylon, Rhodes Island, Greece. 
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Figure 2. Photographs showing the texture of surface sediment on (a) the subaerial beach; (b) the foreshore; and (c) shoreface. 
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Figure 3. Rose diagrams offshore Rhodes Island, showing significant wave heights and mean wave directions, for the time period 1995–2004. 
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Figure 4. Bathymetry of (a) the model domain and (b) the northern part of Rhodes Island, as well as the (c) computational mesh of the area of interest. 
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Figure 5. Beach surface evolution (1982–2016). 
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Figure 6. Long-term (1982–2016) shoreline analysis in DSAS model on both sides of the Cape Mylon. 
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Figure 7. Wave field, littoral drift and bed level change simulation results of (a) SW wave scenario (Scenario 1: Hm0 = 1.25 m, Tp = 6.75, MWD = 255 degN) and (b) SE wave scenario (Scenario 3: Hm0 = 2.25 m, Tp = 6.75, MWD = 135 degN). 
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Table 1. Reference to the original data sources.
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	Date
	Type
	Source
	Scale/Resolution





	15 June 1982
	Aerial photograph
	Hellenic Military Geographical Service
	1:8000



	17 June 1991
	Aerial photograph
	Hellenic Military Geographical Service
	1:8000



	30 March 2002
	Satellite Imagery
	QuickBird-2
	67.28 cm



	12 October 2003
	Satellite Imagery
	QuickBird-2
	62.59 cm



	31 October 2008
	Satellite Imagery
	Orthophotomaps of the Hellenic Cadastre
	50.00 cm



	22 April 2009
	Satellite Imagery
	GeoEye-1
	43.51 cm



	16 July 2010
	Satellite Imagery
	GeoEye-1
	42.99 cm



	30 May 2012
	Satellite Imagery
	WorldView-2
	47.28 cm



	3 September 2012
	Satellite Imagery
	GeoEye-1
	44.76 cm



	9 October 2013
	Satellite Imagery
	Pléiades-1A
	50 cm



	14 May 2014
	Satellite Imagery
	WorldView-2
	55.34 cm



	29 June 2014
	Satellite Imagery
	WorldView-2
	47.72 cm



	17 August 2014
	Satellite Imagery
	WorldView-2
	47.88 cm



	2 October 2014
	Satellite Imagery
	WorldView-2
	47.77 cm



	16 March 2015
	Satellite Imagery
	GeoEye-1
	47.22 cm



	17 October 2015
	Satellite Imagery
	WorldView-3
	33.61 cm



	21 April 2016
	Satellite Imagery
	WorldView-2
	48.24 cm



	27 April 2016
	Satellite Imagery
	Pléiades-1A
	50 cm
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Table 2. Representative wave scenarios simulated for the assessment of sediment transport and morphological changes in the case study area (Hs: significant wave height (m), Tp: peak wave period (s), MWD: mean wave direction (deg N)).
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	Scenarios
	Hs (m)
	Tp (s)
	MWD (deg N)
	Simulation Time (days)





	Sc1
	1.25
	6.75
	255
	45



	Sc2
	1.25
	5.25
	270
	39



	Sc3
	2.25
	6.75
	135
	12



	Sc4
	1.75
	5.25
	300
	4
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Table 3. DSAS results of shoreline displacement extremes.
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Shoreline

	
Max Advance (m)

	
Max Retreat (m)

	
Coastal Zone Surface (m2)

	
Surface Evolution between Consecutive Shoreline Items (m2)

	
Cumulative Surface Evolution (from 1982) (m2)

	
Duration (y)






	
15 June 1982

	
Shoreline of reference

	
68,056.6

	
Shoreline of reference




	
17 June 1991

	
40.9

	
−15.5

	
71,651.9

	
3595.3

	
3595.3

	
9.01




	
30 March 2002

	
69.9

	
−25.1

	
74,759.5

	
3107.6

	
6702.9

	
19.79




	
12 October 2003

	
91.6

	
−20.0

	
80,526.8

	
5767.3

	
12,470.2

	
21.33




	
31 October 2008

	
97.1

	
−25.4

	
73,191.4

	
−7335.4

	
5134.7

	
25.54




	
22 April 2009

	
27.1

	
−32.4

	
69,941.0

	
−3250.4

	
1884.4

	
26.85




	
16 July 2010

	
59.0

	
−25.0

	
71,413.9

	
1472.9

	
3357.3

	
28.09




	
30 May 2012

	
39.8

	
−16.9

	
72,864.6

	
1450.8

	
4808.0

	
29.96




	
3 September 2012

	
51.2

	
−17.1

	
70,106.3

	
−2758.4

	
2049.7

	
30.22




	
9 October 2013

	
61.5

	
−21.9

	
68,199.3

	
−1906.9

	
142.7

	
31.32




	
14 May 2014

	
37.8

	
−33.9

	
69,923.7

	
1724.4

	
1867.1

	
31.91




	
29 June 2014

	
28.2

	
−31.2

	
69,397.3

	
−526.4

	
1340.7

	
32.04




	
17 August 2014

	
46.1

	
−25.6

	
72,241.0

	
2843.7

	
4184.4

	
32.17




	
2 October 2014

	
57.3

	
−29.7

	
72,967.5

	
726.5

	
4910.9

	
32.30




	
16 March 2015

	
40.5

	
−34.9

	
73,291.5

	
324.0

	
5234.9

	
32.75




	
17 October 2015

	
64.7

	
−28.8

	
71,329.4

	
−1962.1

	
3272.8

	
33.34




	
21 April 2016

	
21.7

	
−17.0

	
71,484.1

	
154.7

	
3427.5

	
33.85




	
27 April 2016

	
20.8

	
−18.9

	
70,655.0

	
−829.1

	
2598.4

	
33.87
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