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Abstract 13 

The impact of storms on sandy beaches and the subsequent recovery process is described from an analysis 14 

of the shoreline positions obtained from Landsat 5 TM and Landsat 7 ETM+ imagery. Shoreline 15 

extraction is based on an algorithm previously proposed by the authors that enables a positioning 16 

accuracy of 5 m root mean square error (RMSE). The impact of six storms registered over a period of 17 

seven months (between November 2001 and May 2002) and the beach recovery processes until December 18 

2002 across a 100 km segment of the Gulf of Valencia on the Spanish Mediterranean coast were analysed 19 

by comparing 12 shoreline positions.  20 

The multiple shoreline positions obtained from Landsat images provide very useful information for 21 

describing the impact of storms and the recovery process across large segments of microtidal coast. This 22 

enables the identification of differences not only in the magnitude of change produced by a particular 23 

event but also in the cumulative effect associated with several storm events, and in the study of how the 24 

beach recovery process takes place. The results show a high level of spatial variability. Beaches with 25 

steep slopes experienced fewer changes than shallow slopes. The existence of well developed foredunes 26 

in some areas minimised the reduction in the beach width after the storms. Coastal orientation was 27 

another important factor in explaining storm impact and the recovery process. This factor affects not only 28 

the way the waves interact with the beaches but also the sediment longshore transport: beach regeneration 29 

is slower when the transport of sediments is limited by artificial infrastructures (groins, jetties, ports) or 30 

natural sediment traps (headlands).  31 

The main limitations of using the proposed methodology to obtain the shoreline position from Landsat 32 

images are related to: (i) the precision in the shoreline detection; (ii) the nature of the indicator obtained, 33 

that is, the water/land interface; and (iii) the registration instant defined by the image acquisition time. 34 

However, the high frequency of the data acquisition and the possibility to cover large coastal areas bring a 35 

new perspective that enriches other methods and tools used by coastal scientists. 36 

 37 
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1. INTRODUCTION 41 

The impact of storms on beaches induces various morphodynamic responses that significantly modify the 42 

coastal landscape over short periods of time (Jiménez et al., 2012). The magnitude of these processes and 43 

the resulting changes are controlled by the combination of storm characteristics and coastal 44 

geomorphology (Morton, 2002). The type of response is variable depending on the characteristics of the 45 

beach even in areas that are similar in appearance. In many areas, the impact of particularly aggressive 46 

storms is related to human activities (Leatherman, 1984; Rosati and Ebersole, 1997; Campbell and 47 

Jenkins, 2003; Bender and Dean, 2003). There are also cases where high erosion rates on beaches are 48 

caused by storms or processes without any human activity (Dolan et al., 1978; Guillén et al., 1999; 49 

Schwab et al., 2000; Stive et al., 2002). Since these events often imply major damage in coastal areas, 50 

there is a general interest in investigating the factors that determine the impact of storms. As a first step, a 51 

proper characterisation of the event is needed, and this means determining the height and energy of the 52 

waves (Sénéchal et al., 2009), as well as the maximum water level (Sallenger, 2000). To obtain these 53 

parameters from beaches, in addition to wave and sea-level data acquired from nearby shore areas, 54 

hindcast modelling methods are used that enable extrapolation of a data time series and its application to 55 

areas without available direct measurements (Rangel-Buitrago and Anfuso, 2011; Jiménez et al, 2012; 56 

Gervais et al., 2012; Del Río, et al., 2012). However, a definition of the morphological impact of the 57 

storm is still needed. This is not usually straightforward, and a variety of approaches can be followed. 58 

Some of these approaches are based on beach profile theoretical erosion models, as in the cases of 59 

SBEACH (Larson and Kraus, 1989; Wise et al., 1996; Mendoza and Jiménez, 2008), X-BEACH 60 

(Roelvink et al., 2009, Plomaritis et al., 2011) or GEOSTORM (Almeida et al., 2011). From these models 61 

several parameters are estimated, such as the lost beach profile volume, shoreline recession or maximum 62 

flood level during the storm. These models need wave and beach morphology information as input data 63 

and, since they are essentially theoretical, the results must be compared to field data measured before and 64 

after the storm. In most of the studies, the model output is validated for specific beach segments from 65 

where accurate measurements of changes are acquired using systematic profiles (Trifonova et al., 2012; 66 

Armaroli et al., 2012), or digital terrain models (DTM) obtained from emerged and submerged areas 67 

(Gervais et al., 2012). 68 

Another method for assessing the impact of storms consists of the analysis of the morphological changes 69 

in specific coastal segments. This method is based on continuous monitoring of changes before and after 70 
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the storm and enables the assessment of beach losses and subsequent recovery over time (McLean and 71 

Shen, 2006). Several techniques have been used – including the generation of beach profiles (Thom and 72 

Hall, 1991; Morton et al., 2002). This technique is effective for the estimation of volume change, but it is 73 

limited by the high cost. When applied to large segments, the distribution of profiles tends to be sparse to 74 

reduce costs, and this makes it difficult to accurately register variations along the shore (Robertson et al., 75 

2007). A more economic alternative is the registration of changes in the shoreline position (Dolan et al., 76 

1978; Leatherman, 1983; Morton, 1991; Moore, 2000). Traditionally, a shoreline is defined by the high 77 

water line or the wet/dry line. However, many different indicators are proposed for this purpose (Boak 78 

and Turner, 2005). List et al. (2006) stated that for storm impact studies a datum-based shoreline has 79 

advantages over visually interpreted shorelines because its position only shifts in response to sediment 80 

transport. Farris and List (2007) concluded that the use of shoreline changes – obtained from datum-based 81 

shorelines – is a useful proxy for emerged beach volume change, with the advantage of simplicity, since it 82 

can be determined by means of GPS-RTK (Global Positioning Systems-Real Time Kinematic) sensors 83 

located on four-wheel vehicles (Pardo-Pascual et al., 2005). These techniques have been used in some 84 

studies (Pardo-Pascual et al., 2011; Psuty and Silvera, 2011). However, other authors emphasise that 85 

shoreline change is not always representative of the emerged beach volume change. Thus, Robertson et 86 

al. (2007) analysed the impact of Hurricane Ivan (September 2004) and the recovery process on a stretch 87 

of 25 km near Panama City (Florida), by comparing the beach width changes with respect to the subaerial 88 

volume change. The mean shoreline retreat measured after the hurricane was -16.5 m, and the volume 89 

change was -30.9 m
3
/m. Twenty days later, the shoreline had recovered 10.1 m, while the volume 90 

recovered was only 2.7 m
3
/m. A new measurement 74 days later showed that the shoreline had recovered 91 

only 5.1 m (with respect to the September measure) and the volume recovered was 8.4 m
3
/m. Therefore, 92 

they concluded that the use of a single date shoreline position is insufficient for characterizing recovery 93 

processes.  94 

An increasingly popular alternative that enables efficient, fast, and accurate characterisation of the beach 95 

shape is the use of airborne LiDAR (light detection and ranging) (Krabill, et al., 2000; Sallenger, et al, 96 

2003; Robertson et al., 2007). However, the main constraint is the limited frequency of temporal data that 97 

can be provided. In addition, it is usually difficult to take measurements at the peak of a storm and obtain 98 

a sufficient number of post-storm measurements to properly monitor the recovery of a beach. Video-99 

monitoring techniques can partially solve these limitations by providing continuous images of the same 100 
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area, and while they have been used for storm evaluation (Silva et al., 2009; Sancho-García et al.. 2011) 101 

these techniques can only be applied in very local areas, and only two dimensional changes (beach width 102 

measurements) can be detected (not three dimensional changes). 103 

All the above- mentioned beach monitoring approaches – those based on field measurements, GPS, 104 

LiDAR or video monitoring – provide very useful and accurate information, but they are not practically 105 

applicable for monitoring storm response and recovery for large coastal segments due to the high cost 106 

involved. In this paper, shoreline automated extraction techniques from a Landsat image series are 107 

applied to monitor the impact of storms on beaches and the posterior regeneration. The method employed 108 

was proposed by Pardo-Pascual et al. (2012), and involves the sub-pixel extraction of the water/non-water 109 

line with an accuracy of approximately 5m RMSE. This method enables the use of Landsat images that 110 

have been systematically acquired on a global scale with high frequency since March 1984.  111 

This paper evaluates the ability of this RS methodology to study the impact of storms on beaches, as well 112 

as the regeneration process, over long segments of coastline with a variety of beach types by applying a 113 

subpixel shoreline extraction method using Landsat imagery. We attempt to discern to what extent using 114 

these data for monitoring coastal evolution along wide segments after several coastal storms enables the 115 

identification of various morphological responses on the beaches and, thus, the recognition of the main 116 

factors that control these geomorphological processes.  117 

2. STUDY AREA AND DATA  118 

 119 

Fig. 1. Map of the study area. The green continuous line shows the location of the foredunes near the 120 

beach and dotted line (pink line in the web version) shows developed areas near the beach. The numbers 121 

indicate the places where submerged profiles were obtained during December 2007.The A, B and C 122 

indicate the areas covered by different Landsat images (see table 1). For interpretation of the references 123 

to colour in this figure legend, the reader is referred to the web version of this article 124 

 125 

The study area is located in the central and southern part of the Gulf of Valencia (Fig. 1) and extends 126 

along 100 km of the Spanish Mediterranean coast. This is a sector with small tides: the mean 127 

astronomical tide range is 0.18 m, but the maximum water level range registered at the gauge at Valencia 128 

in 2009 was 0.73 m (REDMAR, 2009). The dominant waves, obtained from data provided by a non-129 

directional buoy located outside the port of Valencia (39 º 46 'N, 0 º 28'W) and anchored at a depth of 21 130 
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m, have low heights and short periods. For the period 1985-2005, the mean significant wave height was 131 

0.78 m and the average peak period was 5.97 seconds 132 

(http://www.puertos.es/oceanografia_y_meteorologia/redes_de_medida/index.html). Larger waves 133 

develop during storms that are associated with low pressure areas produced by the general westerlies that 134 

affect the middle latitudes. The largest storms that affect the Valencian coast have low pressure areas 135 

centred on the Gulf of Lyon, but there are also major storms with low pressure areas centred on the 136 

Alboran Sea near Gibraltar (Pardo-Pascual 1991). The annual net direction of the longshore current and 137 

littoral drift in the Gulf of Valencia is north to south .There is an important sand volume transported  to 138 

the south every year, estimated in 467,486 m
3 
near the port of Valencia (Serra-Peris, 1986). However, 139 

because of the orientation of the coast and the angle of the approach of the waves, the transport to the 140 

south is more effective when the coast is oriented to the north-east or north and is less effective when the 141 

coast is oriented to the north-west. Therefore, longshore transport to the south is more effective north of 142 

the Port of Valencia and also along a small segment south of Cape Cullera until the mouth of the river 143 

Xuquer. Because of the change of coastal orientation at the southern end of the study area, the littoral drift 144 

is practically undefined south of the marina at Goleta d’Oliva (Fig. 1).  145 

From a geomorphological point of view, this sector is dominated by a wide variety of accumulation 146 

forms: alluvial fans, flood plains, beach barriers, lagoons, sand dunes and beaches. Most of the beaches 147 

are located on beach barriers near marshes. Along the central and southern part of the Gulf of Valencia 148 

there are sandy beaches, with small intermittent pebble beaches (Sanjaume, 1985). The formation of the 149 

beach barrier has created lagoons, and these are found continuously along the coast. Most of the lagoons 150 

located in the study area are actually marshes. Only ‘Lake Albufera’ just south of Valencia city can still 151 

be considered a lagoon, although it has been reduced considerably in size over the last century as a 152 

consequence of human action (Sanjaume, 1985). 153 

The shoreline of the area analysed is basically formed by three types of coast: (i) sandy beaches, (ii) the 154 

artificially-stabilised coast protected by engineering structures (seawalls, ports, groins); and (iii) small 155 

natural cliffs near Cape Cullera. Sandy beaches occupy the largest part of the study zone (80% of the 156 

coastline). Approximately 50 km of beaches have buildings and constructions in the backshore – mainly 157 

used for holiday purposes – and the other 30 km have coastal dunes along the main alignment of the 158 

foredune (Fig. 1). There are also some parts where coastal dunes cover wide areas. The largest is the 159 

Devesa del Saler dune field that extends over 850 ha (Sanjaume and Pardo-Pascual, 2011a). There are 160 

http://www.puertos.es/oceanografia_y_meteorologia/redes_de_medida/index.html
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other significant areas where two or more dune alignments can be found – such as the Oliva municipality 161 

and a coastal segment between Xeraco and Gandia.  162 

The submerged beach shows significant differences related to the slope profile and the possible existence 163 

of submerged bars. A set of submerged profiles made by the Valencia coastal authority (Dirección 164 

General de Costas de Valencia) during December 2007 were analysed and the slope (in degrees) between 165 

the shoreline and the -5 m depth isobath was surveyed (Fig. 2). Gentle slopes appear in the accumulative 166 

beach sites near the jetties of the ports of Valencia (Patacona, Meliana) or Gandia, and a natural sediment 167 

trap as Cape Cullera (North Cullera). Immediately south of these areas, and related with the impact of the 168 

littoral drift, are the most eroded beaches – Pinedo, Estany Gran, Brosquil – and these also have steeper 169 

slopes.  170 

 171 

Fig. 2. Profile of the submerged beach slope calculated between elevations 0 and -5 m at different points 172 

of the studied area in December 2007. The points where the measurements were acquired are indicated. 173 

North to south locations are ordered from left to right in the figure. The dotted line represents the mean 174 

slope. Fig. 1 indicates the location of these profiles. 175 

 176 

3. IMAGE DATA ANALYSED AND STORM CHARACTERISTICS 177 

The study area was covered by two Landsat standard scenes (199-033 and 198-033) and cloud free 178 

Landsat 5 TM and Landsat 7 ETM images downloaded from the USGS archives 179 

(http://earthexplorer.usgs.gov/). All images used were catalogued as L1T product (NASA, 2006). This 180 

means a level of accuracy better than 0.44 pixels, meaning an error close to 13 m. From the 12 images 181 

used (Table 1) only seven cover the complete zone (area C, Fig. 1), another four cover the northern part  182 

(66 km) (area B, Fig. 1) and one covers only a small area (30 km) in the central part (area A, Fig. 1). 183 

Images    
       

                                                         Storms 

Date  Zone       Tidal 
                            level 
                                    (m) 

 Duration(h)  Hs(m) Hmax(m)       Tp(m) Tidal  Max  Mean  Max 
                                                                       level(m) tidal  meteor.  meteor. 
                                                                                     level            tide(m)  tide(m) 

  
11/8/01  C   -0.02         
11/10/01          49        4.3      8       11.6      0.22      0.35      0.2       0.32 
11/14/01          42        3.5      6.6       11.6      0.32      0.48      0.21       0.5 
12/14/01          33        3.2      5       11.1      0.03      0.14      0.04       0.1 
12/26/01 C   -0.04         
2/19/02  B   -0.18         
3/28/02           39        3.4      7.1       8.1      0.08      0.13     -0.09       0.06 
4/2/02           17        2.8      5.6       8      0.06      0.16      0.01       0.06 
4/17/02  C   -0.03         
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4/24/02  B   -0.15         
5/6/02           41        3      5.6       8.1      0.16      0.27      0.043      0.12 
5/19/02  C   -0.16         
5/26/02  B   -0.04         
6/28/02  C   -0.07         
7/29/02  A    0.01         
9/8/02  C    0.14         
10/26/02 C    0.08         
12/29/02 B   -0.08      

 184 

Table 1. Acquisition date of the Landsat images, zone (A, B and C in Fig. 1), and tidal elevation at the 185 

time of image registration. Information related to storms: duration (in hours), biggest significant height 186 

waves (Hs), largest height waves registered (Hm), maximum peak wave period (Tp), mean and maximum 187 

sea levels, mean and maximum meteorological tide during the storm.  188 

 189 

Data on storm characteristics were obtained from an oceanographic buoy near the Port of Valencia (Fig. 190 

1) and the tide gauge located in the same port. The sea level data were defined considering the mean sea 191 

level at the gauge as the zero datum.  Here, a storm is understood as defined by Jiménez et al. (2012) for 192 

the coast of Catalonia: an event that exceeds a threshold wave height (Hs) of 2 m for a minimum period of 193 

six hours. This value was recommended by Mendoza and Jiménez (2008) to define storms in terms of 194 

their morphodynamic impact as the minimum condition that induces a significant beach profile response. 195 

During the 13 months analysed there were six storms (as defined above): two of them in November 2001, 196 

one in December 2001, one in January 2002, one in March 2002, and one in May 2002. The largest storm 197 

(Fig. 3) was the first of the series, starting on 10 and 11 November with waves of 4.4 m (Hs); the largest 198 

wave was registered at 8 m, and the storm surge was 0.32 m. Another storm started on 14 November, with 199 

Hs two days later over 3.5 m and a storm surge of 0.5 m. The next four storms registered lower wave 200 

heights and sea level elevations. 201 

 202 

Fig. 3. Significant height wave (Hs) and maximum wave height (grey line) during the studied period. The 203 

acquisition date (mm/dd/yyyy) of the Landsat images is shown in the dotted line. 204 

 205 

The first image (11/08/2001) was taken two days before the 10 November storm and is labelled as a pre-206 

storm situation. The next 11 images were acquired between December 2001 and December 2002 (table 1, 207 

Fig. 3, 4). 208 
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As explained above, the mean tidal range in the study area is very small, but there are water level changes 209 

related to astronomical and meteorological factors. Fig. 4 shows the variation measured at the tide-gauge 210 

at the Port of Valencia when Landsat acquired the images, and the moment of maximum water level 211 

during the storms. 212 

 213 

Fig. 4. Water level change when the Landsat images were acquired, and maximum water level during 214 

each analysed storm. The water level has been measured in the tide-gauge located in the port of Valencia, 215 

and is referred to the zero level at this gauge. 216 

 217 

4. METHODOLOGY 218 

Fig. 5 shows the overall methodological process followed. A time-series of Landsat images (30 m/pixel) 219 

were used, together with an accurately orthorectified high-resolution image (0.5 m/pixel) as the geometric 220 

reference. This was the input data used for the shoreline extraction algorithm, and it produced a series of 221 

georeferenced points every 7.5 m of coast thus defining the detected shorelines per date. The geometric 222 

accuracy of the obtained shorelines, understood as the land/water limit and expressed in terms of RMSE, 223 

is approximately 5 m depending on the type of image employed: 4.96 m in the case of Landsat TM; 4.69 224 

m for Landsat ETM with high gain radiance; and 5.47 m for Landsat ETM with low gain radiance.  The 225 

mean error is: -1.66 m , -1.57 m, and  -1.22 m, respectively, in each of these image types (values that are 226 

close to zero but with a slight landward bias). To convert the points to lines, a customised software 227 

program was developed that is described in Section 4.2. The Digital Shoreline Analysis System (Thieler 228 

et al., 2009) was then used to determine and analyse the changes in the shoreline.  229 

 230 

Fig. 5. Workflow of the methodology used to extract the shorelines  231 

 232 

4.1. Shoreline extraction from Landsat imagery 233 

The automated shoreline extraction algorithm is based on a procedure initially described in Ruiz et al. 234 

(2007), in which a coarse line is first defined at pixel level using the Landsat middle infrared band 5. A 235 

7x7 neighbourhood around each pixel in this coarse coastline is then analysed to obtain the subpixel line 236 

by finding a 2D polynomial that fits the intensity function at that point; and finally, the maximum 237 
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gradient of this polynomial (representing the land-water interface) is computed. To reduce the effect of 238 

variability in the reflectance values of different land covers, a correction coefficient is applied based on 239 

the modelling of the local histogram of the image. The final shoreline is obtained as a succession of points 240 

every 7.5 m along the coast.      241 

Even considering that the accuracy of the original images was better than 13 m, this was not sufficient for 242 

our purposes, and the georeferencing of images needed to be improved. This was achieved by applying a 243 

single-step discrete Fourier transform (DFT) algorithm, based on the cross-correlation of two images 244 

(Guizar-Sicairos et al., 2008) and also referred to as a local up-sampling factor (Wang et al., 2011). The 245 

process is fully automated thanks to the specific software developed and no ground control points were 246 

required, although a 0.5 m/pixel ortho-image was used as reference. The ortho-image is down-sampled to 247 

the Landsat spatial resolution (30 m/pixel) and the Landsat images are geometrically registered to it. The 248 

x and y offsets computed for each Landsat image enable the proper correction of the shoreline points 249 

previously extracted from the images. A detailed description of this procedure is given in Pardo-Pascual 250 

et al. (2012).  251 

 252 

4.2. Conversion from points to lines 253 

The shoreline delineation software (SLD) is a Visual Basic-based application that converts the original 254 

shoreline points to line geometry. This process involves two main steps: removing anomalous points and 255 

line delineation. To remove erroneous points, a coarse reference shoreline (in our case obtained from the 256 

National Cartographic database and represented as a dotted line in Fig. 6) was used as the centre line of a 257 

buffer (Fig. 6a) that facilitates the elimination of points located too far from the reference line. A 258 

shoreline was then delineated as line geometry using the remaining points. For this, different geometric 259 

tolerances were applied, such as angle (Fig. 6b) and distance, in order to reduce angularity and smoothen 260 

the final line (Fig. 6c). The complete process is automated and a considerable amount of information can 261 

be extracted in a reasonable time.  262 

 263 

Fig. 6. Main steps of the SDL tool for shoreline delineation:  a) Anomalous point removal; b) union of 264 

points that fulfill the criteria of angular tolerance; and c) linear smoothing of the shoreline.   265 

 266 
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4.3. Measuring and analysing the changes 267 

Once the shorelines were converted to line features, the Digital Shoreline Analysis System (DSAS) 268 

application from ArcMap (Thieler et al., 2009) was used to automatically measure the shoreline change at 269 

systemic transects that cut the shorelines every 50 m. The changes measured in these transects were then 270 

analysed. The rigid coastal segments (seawalls, harbours, groins, etc.) were not analysed as they are man-271 

made and do not respond to natural wave energies and conditions. 272 

 273 

4.4. Ancillary data: beach slope measures  274 

Since there was not availability of slope data from the dates of storms, the slope was obtained using aerial 275 

LiDAR data acquired in August, 2009. First, the shoreline position was located, then transects 276 

perpendicular to the shoreline were obtained every 50 m, and the slope was computed on each of them as 277 

the height difference between the shoreline and the point on the transect 5 m landwards.  278 

 279 

 280 

5. RESULTS  281 

All shorelines were compared in successive transects that measured the changes from the situation prior 282 

to the storm (11/08/2001) at eleven subsequent temporal positions in each of the analysed transects. In an 283 

initial analysis, the mean changes detected during the period using all the data registered for the eight 284 

shorelines that cover the complete area (area C of Fig. 1) were estimated. Fig. 7 shows that on 26 285 

December – just after the largest storms – the average shoreline retreat was about 10 m. The shoreline at 286 

04/19/2002 follows a negative trend. The largest retreat (20 m) was registered in May (05/26/2002), just 287 

after the last of the series of five storms after November. Subsequently, as a result of improved wave 288 

conditions, the beach width increased, although not reaching the full extension achieved before the series 289 

of storms. This behaviour is coherent with the energetic wave conditions experienced during the year, and 290 

shows the cumulative effect that successive storms have on most of the beaches – even after taking into 291 

account that the first storm was the most energetic.  292 

 293 
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Fig. 7. Mean shoreline variation of the studied area with respect to the pre-storm situation. 294 

 295 

Although this is an interesting result, it is especially important to analyse the spatial variations observed 296 

along the 100 km of the studied beach. To achieve this, the study area was divided into 25 sub-areas or 297 

zones of different length. In general, they were defined as 5 km in length, except for those areas with 298 

features that could change the beach dynamics, such as groin fields, harbour jetties, headlands, etc. In 299 

these cases, the segments were subdivided into smaller segments. As a result, the length of the segments 300 

ranged from 0.7 to 5 km (Fig. 8).  In the electronic version of this paper the reader can open several kmz 301 

files to observe in Google Earth the position of the 12 Landsat extracted shorelines and the 25 defined 302 

zones (online Supplementary Material). 303 

Fig. 8. Geographical distribution of the 25 different zones – including their local names and lengths. 304 

 305 

The mean change between the position of the shore on each date analysed and its location prior to the 306 

storm (11/08/01) was calculated for each zone. The change between each date and the pre-storm situation 307 

was calculated for each analysed transect, and the mean change of all the transects was then obtained. 308 

This value is a good indicator of net coastal change, since very local changes in individual transects are 309 

smoothened.  310 

The Hovmoeller plot in Fig. 9 shows the shoreline variations along the coastal segments (Y axis 311 

represents the latitude) and the time passed since the first storm analysed (X axis). The position of the 25 312 

zones is scaled and marked. The representation of the last three zones (23-25) is more difficult due to 313 

their orientation E-W. The two columns on the right (Fig. 9) represent the mean slope and orientation in 314 

each zone. Even if the slope measures correspond to the moment of LiDAR data acquisition – August 315 

2009 - and therefore they are not necessarily representative of the situation in 2001 and 2002 due to the 316 

dynamics of the coast, since the mean values of each zone were used the slope characterization can be 317 

sufficiently satisfactory. However, there are still some zones where the values are not representative 318 

because they have suffered several artificial sand nourishments during the period 2002 to 2009 (e.g. in 319 

zones 1 and 6). These zones were not used to evaluate the relationship between slope and shoreline 320 

changes.  321 
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 322 

Fig. 9. Hovmoeller chart of shoreline variations along the coastal segments. This chart shows the loss 323 

and gain distribution along latitude and time. In addition, the right columns show the slope and 324 

orientation of each zone.  325 

  326 

6. DISCUSSION 327 

After describing the shoreline evolution along 100 km of coast, it is important to review the advantages 328 

and limitations of the methodology proposed to characterise the impact of storms on beaches, as well as 329 

the recovery process. Do the results obtained provide relevant information to assess the effect of storms 330 

on beaches and to what extent? To answer these questions, the results must be related to the 331 

morphological properties of the beaches, as well as the storm properties, by analysing the main factors 332 

that explain the registered morphological changes.  333 

 334 

6.1. Main factors that explain differences in morphological changes  335 

The global evolution of the studied area (Fig. 7) shows how the largest retreat of the shoreline is not 336 

associated with the highest waves, surges and the longest storms (Table 1) (November 2001), but mainly 337 

with the cumulative effect of successive storms. However, as mentioned above, some important 338 

differences depend on the geographical area and geomorphic characteristics of the beaches. When we 339 

analyze the results (Fig. 9), some remarks about morphodynamic behaviour can be outlined:  340 

i. influence of beach geomorphic conditions, 341 

ii. differing impact on beaches of the November 2001 storm, 342 

iii. differing impact and recovery processes of successive storms, and 343 

iv. influence of water level variations.  344 

 345 
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Fig. 10. Mean shoreline retreat along the 100 km analysed during the studied period. The dotted  line 346 

shows the average retreat. 347 

6.1.1. Influence of beach geomorphic conditions 348 

Depending on the geomorphic conditions of the beach, the shore retreat varied greatly. In Fig. 10, the 349 

mean beach retreats after the storms of November and December 2001 are represented. This enables the 350 

identification of those zones with large variability, such as zones 2, 4, 7, 10, 13, and from 17 to 22. In 351 

contrast, zones 1, 3, 8, 9, 15, 16, 23 and 24 showed little variability. The quantification of 352 

geomorphological differences in the dynamics of the shoreline enables better interpretation of the factors 353 

that affect the behaviour of each sector. Some of these factors have been previously noted by various 354 

authors, such as the differing responses observed depending on the types of beaches, especially slope and 355 

size of grain sediment (Reyes et al., 1999, Morton, 2002; Haerens et al., 2012). There is an inverse 356 

relationship, (r= -0.71, p<0.001) between the beach mean slope – calculated as explained above - and the 357 

mean shoreline change (Fig. 11) which indicates, as expected, that the slope affects the change.   358 

 359 

Fig. 11. Relation between the mean slope and the mean beach retreat (in absolute values) obtained per 360 

zone for the analysed period. The analysis was made over 78.5% of the length of the beaches, excluding 361 

those zones where beach slope changes from 2002 to 2009 were due to artificial sand nourishment.   362 

However, not all areas with small changes are related to the beach slope. Thus, along the beach barrier 363 

island of the Albufera lagoon (zones 8 and 9) there are differences in the magnitude of changes in an area 364 

with very similar textural characteristics (Sanjaume, 1985). Zones 8 and 9 showed less change 365 

(approximately 8.5 m) than zones 10 and 11 (more than 15.5 m). This could be related to the existence of 366 

a well-developed foredune in zones 8 and 9, while in zones 10 and 11 the back-beach is formed by 367 

buildings and promenades. The dunes of zones 8 and 9 have their bases 2.5 m above mean sea level. 368 

Sometimes, during the storms the water level can reach the base of the dune, eroding it  and releasing a 369 

great volume of sand to the beach (Edelman, 1968; Pye and Blott, 2008). Wave dune erosion returns sand 370 

to the littoral system and act to widen the beach and reduce the level of wave action at the dune toe 371 

(Davidson-Arnott, 2010). In order to assess this possibility, two parameters were measured: the observed 372 

water level (measured at the tide gauge located in the Port of Valencia) and the elevation associated with 373 
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the wave run-up (Heathfield et al., 2013). In order to estimate the wave run-up, the elevation which wave 374 

swash and set-up attain during storms of high energy on dissipative beaches has been used the following 375 

relationship proposed by Ruggiero et al. (2001): 376 

R2% = 0.27 (SHsL0)
1/2 

377 

where R2% is the beach elevation above the local reference datum that only 2% of extreme water levels 378 

will exceed, S¸ is the beach slope (computed as described above), Hs is the deep water significant wave 379 

height (measured at the Valencia buoy) and L0  is the wavelength (deduced from wave period data 380 

measured at the buoy). The beaches of zones 8 and 9 in our study area are also dissipative (Pardo-Pascual 381 

and Sanjaume, 1995). 382 

Using this method, it has been estimated that the water elevation at November 12
th

 (first storm) was 2.88 383 

m in zone 8 and 2.87 in zone 9, and two days later (second storm) water reached 2.76 and 2.75 m, 384 

respectively. Therefore, as the mean elevation of the dune toe along this area is of 2.5 m the dunes 385 

probably were scarped by waves during these storms, supplying sand to the beach during storm events, 386 

thus minimising the impact of the storm on the beach width. It is remarkable that, although in zones 8 and 387 

9 the shoreline retreat associated with the November 2001 storm was small, the foredune position 388 

suffered a retreat of several metres (Sanjaume and Pardo-Pascual 2011b), as measured by comparing a 389 

DEM of the Devesa del Saler dune field that was surveyed in April 2001 with later surveys in 2003 and 390 

2005. Similarly, in zone 12, where 70% of the back-beach is characterized by dunes, the mean shoreline 391 

retreat was lower than in the two zones immediately to the north (zones 10 and 11). However, there are 392 

other sectors – zones 19 to 22 – where the dunes did not seem to have the same effect or, at least, this has 393 

not been evidenced by the mean shoreline retreat registered on the beaches. 394 

 395 

6.1.2. Different impact on beaches of the November 2001 storm  396 

The impact of the biggest storms – November 2001 – was very different depending on the zones: i.e., it 397 

was greater in zones 1 to 6, 13 and 18, but its impact was slight in the remaining zones (Fig. 9). The two 398 

November 2001 storms affected large areas of the Spanish Mediterranean coast. The southern part of the 399 

study area was less affected due to the distance from the centre of the storm, which probably led to a 400 

lower storm surge than in northern sectors. Some authors had previously remarked that the alongshore 401 
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variability of the storm processes, and the geographical location of the storm centre, influence the type 402 

and magnitude of storm impacts (Morton, 2002; Haerens et al., 2011). However, in our case, there are two 403 

zones (zones 13 and 18) that are distant from the other zones which also suffered substantial shoreline 404 

retreat following the storms of November 2001. A factor that could explain this impact is the coastline 405 

orientation. Zone 13 – similarly to zones 1 to 6 – is orientated north-south, whereas the other zones are 406 

more or less oriented to the NW-SE. Coastal orientation determines longitudinal transport efficiency and 407 

seems to have significant influence on the impact of the storm, as Pye and Blott (2008) and Gervais et al. 408 

(2012) suggested, particularly in the coastal segment studied here, where the littoral drift is very 409 

significant (Sanjaume and Pardo-Pascual, 2005). The differences in coastal orientation are also relevant 410 

for understanding why the area closest to the port of Denia (zones 23 to 25) behaved differently to the 411 

other areas (Fig. 12). 412 

 413 

Fig. 12. Representation of the mean shoreline change in different beach orientations. The impact of the 414 

largest storm varies depending on the coastal orientation. The coast orientated north-south includes 415 

zones 1 to 6 and 13. Coasts with a northwest-southwest orientation include zones 7 to 22, except the 13
th

 416 

zone, and coasts with a west-east orientation include zones 23 to 25 in the southern part of the area 417 

studied. 418 

However, zone 18 (oriented NW-SE) also retreated by more than 25 m on average in comparison with the 419 

situation on 8 November. An analysis of the shoreline retreat 8 km north of the Gandia port, from 8 420 

November to 26 December shows that 8 km north of the port (Fig. 13) there is a distinct response in the 421 

shoreline position. This difference is probably related to the very different slope of the beach profile due 422 

to the cumulative effects of the structure of the port dikes that act as sediment traps (e.g. the case 423 

observed in Fig. 13, where the profile 6, measured at the north of Gandia port, presents a slope of 0.75º, 424 

while the profile 7 measured 8 km northern from the port presents bigger slope).  425 

 426 

Fig. 13. Detail of the changes recorded between 8 November and 26 December 2001 some 8 km north of 427 

the port of Gandia. Vertical dotted lines indicate the position of beach profiles made in 2007. In 428 

parenthesis is represented the beach slope (see Fig. 2). 429 

 430 
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6.1.3. Different impacts and recovery processes of successive storms 431 

The succession of storms (Fig. 3 and 4,) – although none was more powerful than the first – generally 432 

produced a retreat in the position of the shoreline (Fig. 9) until the weather improved and the storms 433 

diminished (June 2002). This occurred in all the study areas except zones 23, 24, and 25, where there is 434 

no clear erosive trend during the first part of the year. As explained by Del Río et al. (2012), beaches 435 

eroded and flattened by a storm tend to dissipate incident wave energy, which together with the lower 436 

wave run-up in gentler slopes could point to a lesser vulnerability to the impact of subsequent storms, and 437 

so to a higher threshold for subsequent morphological change. However, flattened beaches allow a given 438 

water level to reach areas further inland than in steeper profiles. Our shoreline positions only allow for the 439 

registration of two-dimensional change, but not volumetric change. Two response modes to successive 440 

storms can be differentiated, as described below: 441 

(a) The coastal sectors basically orientated north-south (zones 1 to 6 and 13), where after the first storms 442 

(November and December 2001) the shoreline position remained stable or only changed slightly until 443 

June 2002, when a progressive recovery process began. This response mode, where the maximum impact 444 

is related to the first storm and successive events do not have much impact, is similar to the recovery 445 

model in the Gulf of Cádiz as described by Del Río et al. (2012).  446 

(b) The coastal sector basically oriented northwest-southeast (zones 8 to 23, except zone 13) where 447 

successive storms provoke a progressive retreat of the shoreline and achieve a maximum erosion in May 448 

2002. This second response mode shows how several successive medium-energy storms present 449 

accumulative impacts on the beach, achieving the maximum erosive impact with the last storm, as 450 

discussed by Lee et al., (1998) or Ferreira (2005).  451 

Zone 7 should be classified as a transitional area sharing characteristics of the models (a) and (b). The far 452 

southern part of the study area, where the storm impacts were very limited, do not follow any particular 453 

response mode. 454 

Our results observed from shoreline changes seem coherent with observations made in the Gulf of Cádiz 455 

(Benavente, et al., 2000; Del Río, et al., 2012) where the beach profile morphology was not recovered 456 

during calm periods between storms, but began during the summer months when the breeze regime 457 

becomes predominant. Moreover, it is interesting to analyse the zones that displayed a clear retreat one 458 

year after the first storm. There are eight zones (zones 2, 4, 7, 13, 18, 19, 20 and 21) where the maximum 459 

mean recovery exceeded 25 m, and according to the final images less than 70% of this retreat was 460 
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recovered. These eight zones have a common characteristic: the longshore transport is very limited 461 

(Pardo-Pascual, 1991; Sanjaume and Pardo-Pascual, 2005). Zones 2 and 4 are between groins and ditches 462 

and these infrastructures make longitudinal sand nourishment difficult. Zone 7, located immediately south 463 

of the port of Valencia, is a clearly starved sector because the jetties of the port act as impervious traps. 464 

Zone 13, located south of a headland (Cape Cullera), also acts as a sediment trap except during the largest 465 

storms, and receives little sand when the longshore transport comes from the north. Finally, in the four 466 

southern zones (18 to 21), the littoral transport from the north is very weak due to the progressive change 467 

in the coastal direction in these areas (Pardo-Pascual, 1991; Sanjaume and Pardo-Pascual, 2005). This 468 

behaviour is coherent with the main conclusion exposed by Morton et al. (1994) stating that complete 469 

recovery depends on the degree of coastal development, which affects the availability of sand to restore 470 

the original beach profile. Sometimes, however, if the storm is too heavy, the recovery of the shoreline to 471 

the previous positions is not possible, occurring a long term shoreline retreat (Kish and Donoghe, 2013). 472 

 473 

6.1.4. Influence of water level variations  474 

In many zones, the biggest change between two registers occurs between the shoreline positions at 475 

05/19/2002 and 05/26/2002 – a mean retreat of about 10 m in the area where data is available. However, 476 

there were no storms during these seven days. The shoreline receded between these two dates in all zones, 477 

but there were important differences: in zones 17 and 2 the shoreline retreated 25 m and 20 m, 478 

respectively. In zones 8, 9, 15 and 16 the retreat was more than 10 m. The rest of the time, where data are 479 

available (zones 1 to 18), the retreats were less than 10 m. How can this be explained? An analysis of the 480 

water level change (Fig. 4 and Table 1) shows a rise of 12 cm between the two dates. This substantial 481 

impact can only be explained if the beach had a very gentle mean slope. After six storms – the last one 482 

had a 3.3 m Hs, and a maximum water level of 0.27 m over mean sea level (Table 1 and Fig. 4) and began 483 

on 6 May — the beach face may have retained very little gradient. The differences could then be 484 

explained by the beach slope differences associated with the impact of the May storm. An interesting 485 

contrast is found when analysing the morphological changes after the storms of March and April (with 486 

similar wave heights to May storm but slightly lower water level elevation, Table 1 and Fig. 4), and the 487 

shoreline changes observed between 17 and 24 April when the mean retreat was only 3 m; despite the fact 488 

that  tidal elevation fell 12 cm between these two dates. As a result, the beaches slope after the sequence 489 
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of storms registered between 28 March and 12 April must be clearly  steeper than after the May storm, 490 

otherwise  the registered shoreline changes cannot be explained. 491 

Therefore, depending on the effective beachface slope, small changes in water level may dramatically 492 

affect the shoreline position. This means that considering only the shoreline position can lead us to 493 

incorrect deductions about beach evolution, as suggested by Robertson et al. (2007). Furthermore, if this 494 

methodology is applied to a coast with greater tidal range, the robustness of the deductions will probably 495 

be weaker. Therefore, in order to assess the effect of the tidal range in the impact of coastal storms on the 496 

shoreline, this methodology should be appropriately tested using data from other areas.  497 

 498 

6.2. Potential and limitations 499 

As mentioned in the introduction section, there are different methods and tools to characterise the impact 500 

of storms and beach recovery processes. However, their main limitation is the difficulty of monitoring 501 

large coastal areas over a long period of time. A solution is proposed that can frequently monitor a 502 

morphological indicator, such as the shoreline position, across large segments of coast. This enables the 503 

identification of differences not only in the magnitude of change produced by a particular event, but also 504 

in the cumulative effect associated with several storm events, and in the study of how the beach recovery 505 

process takes place. This can help specialists in coastal dynamics identify the most relevant factors 506 

affecting morphological changes.  507 

The main limitations in using the methodology proposed to obtain the shoreline position from Landsat 508 

images are related to: (i) the precision in the shoreline detection; (ii) the nature of the indicator obtained, 509 

that is, the water/land interface; and (iii) the registration instant defined by the image acquisition time. 510 

Regarding the first issue, although obtaining 5 m RMSE in the shoreline position using 30 m/pixel spatial 511 

resolution is an excellent result, this precision is insufficient for every scenario. For example, in areas 512 

with low variability (e.g., beaches with high slope, such as those with gravel and pebbles) this precision is 513 

insufficient. 514 

Regarding the nature of the indicator, it is obvious that the position of the shore does not always reflect 515 

direct sediment changes in the beach profile, and these can be produced as a result of changes in the water 516 

level or differences in the beachface slope. Therefore, it would not be safe to make conclusions based on 517 
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only one shoreline position at a given moment, and it is necessary to study and compare the dynamics and 518 

evolution of a temporal series of shorelines.   519 

Finally, regarding the third limitation, it is remarkable that this source of information cannot be 520 

considered as the best solution when the purpose is to evaluate the maximum real impact of a particular 521 

storm. Landsat satellites 5 and 7 have their own data acquisition frequency, and sometimes the first image 522 

after a storm is registered so long afterwards that the maximum penetration of the sea waves cannot be 523 

determined. Many authors (Masselink et al., 2006; Quartel et al., 2008; Gervais, et al., 2012) indicate that 524 

beach changes are difficult to observe when the survey occurs a long time after the event, particularly if 525 

the beach recovery is rapid. In this sense, the outcomes presented prove that the impact of a storm, in 526 

most of the areas studied, can be clearly detected even 45 days after the event. How long is a ‘long time’ 527 

after the event? The Landsat satellites record a particular scene every 16 days. However, as sometimes 528 

happens in some of the studied areas, a part of the territory is recorded in two different scenes. Moreover, 529 

between 1999 and 2011, two Landsat satellites were capturing Earth images with different schedules, 530 

although from 2003 a malfunction in Landsat 7 meant that the images recorded by the ETM+ sensor 531 

showed a systematic linear error. Since February 2013, the Landsat 8 satellite images are also available. It 532 

is therefore likely that in many places, especially where clouds are not usual, the repeatability of records 533 

provided by the Landsat series may be appropriate for monitoring beach changes caused by the storms. 534 

However, sometimes the time between a particular event and the next available image can be too much, 535 

or several events may happen between two consecutive available images. These two possibilities can be 536 

considered as limitations.  537 

Therefore, the changes recorded using shorelines extracted from Landsat imagery can give us key 538 

information for understanding the response of sandy beaches to storms, as related to their morphology 539 

and geographical position, especially in coastal segments with low tidal ranges. However, there is a risk 540 

of producing a confused idea of storm impact or the recovery process if only one shoreline is used. A 541 

coherent trend response is obtained when many registers are used, as observed in our study area, and the 542 

recovery process can be considered as correctly characterised. Therefore, when comparing several 543 

shorelines in short periods of time, a high spatial coherence between positions is observed, and the overall 544 

tendency of change is properly characterised. This new source of information is valuable because of the 545 

frequency with which information is made available for very large areas. 546 
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 547 

7. CONCLUSIONS 548 

The possibility of obtaining shoreline positions from Landsat TM/ETM+ images with an accuracy of 549 

approximately 5m (RMSE), as proposed by Pardo-Pascual et al. (2012), opens an interesting perspective 550 

in the analysis of storm impacts and the beach recovery process. The changes observed along a 100 km 551 

coastal segment have been analysed using this method, based on 12 shoreline positions registered during 552 

a period of less than 14 months. Up to six storms were recorded during the first months, followed by a 553 

long period of calm. 554 

The results show how the beach response in the study area is highly variable, being likely to be 555 

conditioned by the morphological differences between the beaches, their geographical location, their main 556 

orientations, and any artificial structures in the surrounding area. The detailed analysis of each of the 25 557 

zones studied showed that beaches with major slopes exhibit less change in the shoreline position. 558 

Additionally, it has been shown how the existence of dune alignments in some areas mitigates the storm 559 

impact and minimises shoreline erosion. It has also been noticed that the influence of the coastal 560 

orientation was important in the beach response to a given storm, as shown by the greater impact of the 561 

storm on November 2001 on beaches oriented from north to south compared to those oriented NW-SE. 562 

Other zones oriented E-W did not undergo significant changes due to this storm. Beach orientation affects 563 

how the storm arrives at a beach, but also on the longshore transport efficiency, which is also relevant to 564 

the magnitude of the morphological impact. Longshore transport efficiency influences the recovery 565 

processes, and these process are slower when the transport of sediments is limited by artificial 566 

infrastructures (groins, jetties, ports), natural sediment traps, or simply because of a weak littoral drift 567 

caused by the coastal orientation and wave regime. The impact magnitude of the first major storm means 568 

that smaller subsequent storms affect the beaches differently. Where changes were substantial after the 569 

first storm, the following storms simply maintained the same situation. However, in zones where the 570 

effect of the first storm was slight, successive storms produced a progressively larger impact. 571 

A main goal of this work was to evaluate if the use of shorelines automatically extracted from Landsat 572 

imagery can provide relevant information about the impact of storms and the recovery process on sandy 573 

coasts, especially in areas with low tidal ranges. The results presented show that this source of coastal 574 

data gives a new perspective that enriches other methods and tools used by coastal scientists. It is 575 
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interesting to note the possibility of re-analysing the effect of storms that took place during the last 30 576 

years in microtidal sandy beaches thanks to the availability of this data source. New tools are available to 577 

systematically analyse the response of beaches to storms and their recovery process. 578 
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