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Abstract

Recent developments in satellite processing tools allow noncost, fast and automatic processing of a large amount of information

from Earth observation, enhancing the capability of detecting coastal changes from space at different temporal scales. However,

these automatic procedures are usually based on processors calibrated with information from a limited set of beaches, and the

application of these tools to areas with different conditions may lead to significant errors in coastal change assessment. In this

work, we evaluate the capability to monitor changes in coastal morphology at various temporal and spatial scales using 1D

(coastlines) and 3D (bathymetry) satellite-derived data obtained from site-specific processing methods. Local characteristics

were included in several phases of the development of the satellite products used here: i) VHR images from each pilot site

were used in the coregistration process to guarantee high geolocation accuracy in images from different missions, ii) different

spectral indices were tested at each pilot site to guarantee reliable detection of the coastline at all sites and iii) measured

topobathymetry data were used to obtain datum-based satellite shorelines and bathymetry. The accuracy and skill of those

satellite products were assessed at several pilot sites in Spain. The results indicated high horizontal accuracy, with errors on the

order of half of the pixel size. Time-series analysis using satellite-derived shorelines showed that coastal change processes can be

detected at several temporal and spatial scales, such as short-term erosion and accretion events on a small beach, seasonal beach

rotation, and long-term trends at local and regional scales. However, the results from satellite-derived bathymetry indicated

that the quantitative assessment of the coastal morphology with 3D products is still limited. Some in situ measurements are

necessary to obtain satellite data that represent site-specific conditions. However, the quantity of required data measured in

situ is significantly lower than the quantity required by traditional monitoring methods.
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Abstract 13 

Recent developments in satellite processing tools allow noncost, fast and automatic processing 14 
of a large amount of information from Earth observation, enhancing the capability of detecting 15 
coastal changes from space at different temporal scales. However, these automatic procedures 16 
are usually based on processors calibrated with information from a limited set of beaches, and 17 
the application of these tools to areas with different conditions may lead to significant errors in 18 
coastal change assessment. In this work, we evaluate the capability to monitor changes in 19 
coastal morphology at various temporal and spatial scales using 1D (coastlines) and 3D 20 
(bathymetry) satellite-derived data obtained from site-specific processing methods. Local 21 
characteristics were included in several phases of the development of the satellite products used 22 
here: i) VHR images from each pilot site were used in the coregistration process to guarantee 23 
high geolocation accuracy in images from different missions, ii) different spectral indices were 24 
tested at each pilot site to guarantee reliable detection of the coastline at all sites and iii) 25 
measured topobathymetry data were used to obtain datum-based satellite shorelines and 26 
bathymetry. The accuracy and skill of those satellite products were assessed at several pilot sites 27 
in Spain. The results indicated high horizontal accuracy, with errors on the order of half of the 28 
pixel size. Time-series analysis using satellite-derived shorelines showed that coastal change 29 
processes can be detected at several temporal and spatial scales, such as short-term erosion 30 
and accretion events on a small beach, seasonal beach rotation, and long-term trends at local 31 
and regional scales. However, the results from satellite-derived bathymetry indicated that the 32 
quantitative assessment of the coastal morphology with 3D products is still limited. Some in situ 33 
measurements are necessary to obtain satellite data that represent site-specific conditions. 34 
However, the quantity of required data measured in situ is significantly lower than the quantity 35 
required by traditional monitoring methods. 36 

Keywords: coastal morphodynamics, coastal erosion, coastal monitoring, Earth Observation, 37 

coregistration  38 

1. INTRODUCTION 39 

Sandy shores are highly dynamic areas affected by natural and human-induced changes that 40 

often put human assets and natural habitats located inland in the backshore area of erosion 41 
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hotspots at risk. Moreover, climate change is expected to intensify coastal erosion processes in 42 

the future and, consequently, aggravate coastal erosion impacts. 43 

Regular and efficient monitoring is necessary to inform coastal management decisions, but 44 

although in situ measurements are highly efficient in capturing coastal features at a given time, 45 

the cost of continuous acquisition campaigns in large areas is dissuasive. In contrast, Earth 46 

observation, based on publicly available satellite missions equipped with optical sensors, 47 

provides wide spatial coverage over a large temporal scale at a reduced cost. Remarkably, the 48 

recent Sentinel-2 satellite provides a high temporal frequency (revisit time up to 2 days), and 49 

the earlier Landsat-5 and Landsat-8 provide a long temporal series (from 1984 to the present) 50 

(Turner et al., 2021). 51 

The development of the Google Earth Engine (Gorelick et al., 2017) has made noncost satellite 52 

images available anywhere on the globe for the past 3 decades. Such a tool provides valuable 53 

data for analyzing coastal morphodynamics at local and global scales. Particularly at the global 54 

scale, recent studies with a high impact on the general media have been developed to assess 55 

erosion/accretion trends of the world’s beaches based on the use of the Google Earth Engine to 56 

obtain massive satellite-derived data (Luijendijk et al., 2018; Vousdoukas et al., 2020a). Although 57 

these global assessments are undoubtedly relevant to providing an overall picture with regard 58 

to coastal change and to pinpointing critical erosion areas, they assume several simplifications, 59 

and the scientific community acknowledges the limitations of these kinds of approaches (Cooper 60 

et al., 2020; Vousdoukas et al., 2020b). The use of waterline processors for the automatic 61 

detection of instantaneous coastlines (e.g., Luijendijk et al., 2018; Vos et al., 2019b) is one of the 62 

simplifications of both global and local assessments based on globally available satellite-derived 63 

information. These processors are usually calibrated with information from a limited set of 64 

beaches, and consequently, the application of these tools to areas with different conditions may 65 

lead to significant errors in waterline detection and coastal change assessment (Castelle et al., 66 

2021; Ceccon et al., 2021; Vos et al., 2019b) 67 

In this work, we evaluate the capability to monitor changes in coastal morphology at various 68 

temporal and spatial scales, making use of satellite-derived data obtained from site-specific 69 

processing methods that were developed in the project “Coastal Erosion From Space” 70 

(https://coastalerosion.argans.co.uk/, hereafter, the CEFS project). For that purpose, the 71 

accuracy and skill of 1D and 3D satellite-derived products that represent the coastline and the 72 

seabed morphology have been assessed in several pilot sites in Spain with diverse geographical 73 

scopes from the local scale (i.e., a small beach) to the regional scale (i.e., a whole gulf), which 74 

https://coastalerosion.argans.co.uk/
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comprises 290 km of coast in total. At those sites, coastal changes were assessed in the short-75 

term (i.e., erosion after a storm), midterm (i.e., seasonal beach rotation), and long-term (i.e., 76 

erosion due to chronic sediment deficits), taking advantage of the short revisit time of Sentinel-77 

2 and long time series of Landsat-5 and 8. 78 

2. STUDY SITES IN SPAIN 79 

Four study sites were considered in this work (Figure 1): i) Malgrat Beach (1.5 km) located south 80 

of the Tordera River mouth in the Tordera Delta, ii) the beaches south of Barcelona located 81 

between Barcelona and Ginesta Ports (18 km), iii) the coastal stretch between the ports of 82 

Sagunto and Castellon (40 km) and iv) the Gulf of Cadiz between the Strait of Gibraltar and the 83 

Spanish-Portuguese border (230 km). 84 

I. Malgrat Beach is located on the Spanish northern Mediterranean coast where the tidal 85 

range is lower than 1 m and extreme storm wave and surge events take place frequently 86 

(Sanuy and Jiménez, 2019). Rapid shoreline retreat over 25 m has been observed in 87 

Malgrat Beach after storm events (Jiménez et al., 2018), and this area has experienced 88 

a steady shoreline retreat of approximately 120 m over the past two decades, with 89 

erosion rates of approximately 3.8 m/year (Jiménez et al., 2011). We selected this site 90 

to assess coastal changes in the long- and short-term at a local scale. 91 

II. The beaches south of Barcelona, with a marine climate similar to that of Malgrat Beach, 92 

are also located on the Spanish northern Mediterranean coast. The Llobregat River 93 

mouth is located in the northern part of El Prat Beach, where the sediment load of the 94 

river plume often causes high sediment and particulate matter concentrations in the 95 

water, which makes this area a challenge for detecting the seabed by optical sensors. 96 

Despite the sediment yield by the Llobregat River, long jetties on the river mouth and 97 

large breakwaters of Barcelona Port block littoral drift (from NE to SW) and cause 98 

erosion in the northern sector of these beaches (erosion rates up to 6 m/year were 99 

verified by Françoise et al., 2000), whereas the southern sector experiences accretion 100 

due to the accumulation of sediments at the main breakwater of Ginesta Port. To 101 

overcome the erosion problem, the Barcelona Port Authority backpasses the sediment 102 

once a year and undertakes a monitoring program that consists of topobathymetry field 103 

surveys before and after dredging and dumping operations in the borrow area (north of 104 

Port Ginesta) and dumping area (south of Barcelona Port). We selected this site to assess 105 

coastal changes due to human activities. 106 
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III. The coast between Castellon and Sagunto Ports, also located on the Spanish 107 

Mediterranean coast, is mostly urban with several artificial embayed beaches between 108 

man-made coastal structures. The tidal range in this area is microtidal, and the wave 109 

climate has a strong seasonal pattern, with dominant NE high waves during the winter 110 

and SE low-energy sea states during summer. The coastal configuration and the bimodal 111 

wave climate in the area cause a seasonal shoreline rotation, which is a process that has 112 

been reported previously on other beaches of the Spanish Mediterranean coast(e.g.,  113 

Castelle et al., 2020; Ojeda and Guillén, 2008; Turki et al., 2013). We selected this site to 114 

investigate seasonal (midterm) coastal erosion patterns. 115 

IV. Finally, the coast of the Gulf of Cadiz, with a tidal range of approximately 3 m, is located 116 

on the Spanish Southern Atlantic coast. Previous studies detected erosion hotspots at 117 

several locations in this area (CEDEX, 2013; MITECO, 2019). We selected this site to 118 

assess coastal change at a large scale. 119 

This set of study sites was selected to evaluate the capability of satellite-derived data to detect 120 

coastal changes at several spatial and temporal scales. Furthermore, the set includes various 121 

environmental conditions (with regard to marine climate and tidal range) to challenge satellite-122 

derived remote sensing skills, including sites with frequent cloud coverage or high 123 

concentrations of suspended sediment in the water column. 124 
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 125 

Figure 1: Pilot sites along the Spanish coast. The white squares highlight the areas used for the validation of satellite-126 
derived products. 127 

3. DATA 128 

Diverse information can be extracted from satellite images to detect changes in coastal 129 

morphology, such as 1D coastlines (Vieira Da Silva et al., 2016; Vos et al., 2019a), 2D land cover 130 

maps (Ruiz-Luna and Berlanga-Robles, 2003), and 3D digital elevation models (Caballero and 131 

Stumpf, 2020, 2021; Erena et al., 2020). In this work, we focus on the changes detected by 1D 132 

and 3D products developed within the CEFS project that were obtained from Landsat-5, Landsat-133 

8, and Sentinel-2 images (hereafter, CEFS products). 134 
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We validated the results obtained from the CEFS products (see Chapter 5), making use of in situ 135 

measurements (i.e., topobathymetric surveys) and reference data from previous scientific 136 

studies. In this chapter, we describe both the CEFS products and the validation dataset used in 137 

this work. 138 

3.1. CEFS products 139 

In regard to 1D products, detection of the coastline position in satellite images depends on the 140 

indicator used to determine the sea-land interface (e.g., the water-sand interface, the wet-dry 141 

sand interface, or the vegetation line – Ruggiero et al., 2003). The CEFS project developed two 142 

different 1D products that represent the coastline (satellite-derived waterlines, SDW, and 143 

satellite-derived shorelines, SDS) and one 3D product for the seabed morphology (satellite-144 

derived bathymetry, SDB). Below, we briefly describe these three different products, which have 145 

been used in this work, and the auxiliary data (site-specific information) that enabled the 146 

development of such data (see Figure 2): 147 

 148 

Figure 2: Examples of the three CEFS products: a) satellite-derived waterline (SDW), b) satellite-derived shoreline 149 
(SDS) and c) satellite-derived bathymetry (SDB). HAT is the highest astronomical tide, MSL is the mean sea level and 150 
LAT is the lowest astronomical tide. 151 

- Satellite-derived waterlines (SDW): The satellite-derived waterline (Figure 2a) is the 152 

instantaneous interface between water and sand detected at the moment when the 153 

satellite image was taken, and it is associated with the water level at the same moment. 154 

- Satellite-derived shorelines (SDS): The satellite-derived shorelines are datum-based lines 155 

derived from SDWs (Figure 2b). To detect changes over time, all waterlines must be 156 

referenced at the same water level (usually a local datum based on tidal records); 157 

otherwise, observed changes might come from changes in the water level and not from 158 

changes in coastal features. SDWs were transformed into SDSs to represent a certain 159 

datum. The correction was performed through trigonometric relations using the beach 160 

slope and water level measurements. Local beach topography from in situ surveys was 161 
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used to obtain the beach slope at each pilot site. The water level records were obtained 162 

from tide gauges of the national oceanographic monitoring system from Puertos del 163 

Estado (www.puertos.es). Water level reanalysis data from the Environmental 164 

Hydraulics Institute “IHCantabria” (Cid et al., 2014) were used where in situ 165 

measurements were not available. 166 

- Satellite-derived bathymetry (SDB): Coastal bathymetry maps were developed from 167 

empirical relations between satellite spectral information and the depth of the water 168 

column. The result was digital elevation models in the submerged area. There are some 169 

limitations in the detection of satellite-derived bathymetry from optical sensors, and 170 

after completing all steps of SDB development, there was a significant reduction in the 171 

number of datasets in the time series when compared to the total number of images 172 

available. 173 

This paper focuses on the capability of detecting coastal changes by means of satellite-derived 174 

data obtained from site-specific methods and not on the remote sensing processes applied to 175 

derive CEFS products from satellite images. Nevertheless, here, we highlight the three main 176 

innovative contributions of the processors to developing the SDWs, SDSs, and SDBs used in this 177 

work: i) coregistration of images, ii) locally adaptive waterline and shoreline extraction and iii) 178 

confidence indices associated with each product. These three innovations improve the accuracy, 179 

precision, and reliability of the CEFS products and are briefly explained below. Further details 180 

about the development of the SDWs, SDSs, and SDBs are available on the CEFS project website 181 

(https://coastalerosion.argans.co.uk/doc.html, see algorithm theoretical baseline documents). 182 

3.1.1. Coregistration 183 

When studying coastal change by means of several images in a time series, coregistration of 184 

images is key to guarantee that the observed coastal changes are not the result of differences 185 

in satellite sensors. In Landsat 8 images, the geolocation accuracy is approximately 30 m, while 186 

it is approximately 10 m for Sentinel-2 (L1C) (Clerc, 2021). The coregistration improves the 187 

accuracy of changes detected by satellite products, as it reduces that shift and guarantees the 188 

geolocation agreement between images from different sensors and with different spatial 189 

resolutions so that any feature in one image overlaps as well as possible its footprint in any other 190 

image in the time series. 191 

The coregistration process applied to the CEFS products was carried out automatically, using 192 

very high-resolution commercial images as a reference (master images) to align the satellite 193 

images (slaves) (Figure 3a and Figure 3b). The structural similarity index measure (SSIM – Wang 194 

https://coastalerosion.argans.co.uk/doc.html
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et al., 2004), which indicates the similarity between images, increased significantly (ideal SSIM 195 

is 1) at all control points after coregistration was implemented (Figure 3c to Figure 3f). For the 196 

Tordera Delta, for example, 90% of the coregistered images showed horizontal and vertical shifts 197 

below 3 m in comparison to the master image (Gomes da Silva et al., 2020). To the author’s 198 

knowledge, this is the first time that an automatic coregistration process has been applied to 199 

obtain coastal products such as waterlines, shorelines, and bathymetry. 200 

201 
Figure 3: Scheme of the coregistration process (a and b) and SSIM results before and after coregistration on several 202 

control points of an image taken from Tordera (c and d) and Cadiz (e and f). 203 

3.1.2. Waterline extraction 204 

The satellite image resolution impacts the thickness of the interface between water and land, 205 

which represents the precision of the contour measurement, not to be confused with the 206 

accuracy of positioning the contour. There are subpixel methods to increase the resolution of 207 

satellite-derived data in an attempt to enhance their accuracy, but they were not applied to the 208 
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CEFS products. Instead, with regard to the positional accuracy, a coregistration method was 209 

implemented (see Section 3.1.1). For the reliability of the identification of the boundary 210 

between land and sea, the processing method to obtain SDWs included testing with different 211 

spectral indices to ensure the use of the best index at each pilot site. The spectral indices were 212 

used to obtain binary images in which the pixels were classified as water or land, which allowed 213 

the identification of the waterline as the border between those two classes. The normalized 214 

difference vegetation index (NDVI – Tarpley et al., 1984), the normalized difference water index 215 

(NDWI - Gao, 1996) and the green normalized difference vegetation index (GNDVI - Gitelson et 216 

al., 1996) were tested. A locally adaptive thresholding method on these spectral indices was 217 

designed according to the type of land cover and building on the established knowledge of the 218 

operator and the local specificities of the study locations. This includes site-specific information 219 

to the processor that improves waterline detection. Details about the methods applied to obtain 220 

site-specific SDW can be found in the algorithm theoretical baseline documents available at 221 

coastalerosion.argans.co.uk. 222 

3.1.3. Datum-based shoreline 223 

SDS vectors were developed by changing the SDW from its original water level (the water level 224 

at the moment that the image was taken) to a reference level using the typical beach slope and 225 

trigonometrical relations. Different proxies have been used to estimate the water level of CEFS 226 

waterlines depending on the available in situ measurements: the water level was either 227 

obtained from the nearest tide gauge or interpolated based on the Euclidean distances between 228 

nearby tide gauges if there was more than one (more details on site-specific SDS can be found 229 

in the algorithm theoretical baseline documents available at coastalerosion.argans.co.uk). This 230 

is particularly important for CEFS products developed at the regional scale, where relevant 231 

variations in the water level may exist along the pilot site. Preference was given to water levels 232 

obtained from in situ measurements, although reanalysis data were applied in those locations 233 

in which tide gauges were not available. 234 

 235 
3.1.3. Confidence indices 236 

Part of the limitations of satellite-derived data may be due to detection problems related to 237 

local environmental conditions and/or satellite instrumentation. Some examples of the 238 

environmental drivers of errors from the automated detection process are i) the presence of 239 

cloud cover, ii) suspended matter and sediment in the water column, iii) soil moisture (i.e., wet 240 

sand makes it difficult to detect waterlines during low tide) and iv) the presence of foam due to 241 
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wave breaking (Hagenaars et al., 2018). On the coast of Spain, all these drivers might occur 242 

individually or in combination, and satellite-derived data are frequently affected. 243 

Confidence qualifiers were included within the metadata of all CEFS products to shed light on 244 

their reliability. Confidence indices of SDWs and SDSs were based on the occurrence of line 245 

vectors detected outside the typical area of waterlines and line vectors with lengths that did not 246 

agree with the coastal length. For example, this allows the detection of low confidence 247 

waterlines generated due to the presence of white water. Confidence indices of SDBs were 248 

based on the image reflectance, the amount of suspended matter, and the sediment 249 

concentration in the water column. 250 

3.2. Validation data 251 

The assessment of the accuracy of CEFS products and their ability to detect coastal change (see 252 

Chapter 4) require ground truth information based on either in situ measurements or reference 253 

data from previous works, as described below. 254 

3.2.1. In situ measurements 255 

Topobathymetry data from Malgrat Beach (Tordera Delta) measured on November 15th, 2015 256 

are available. The beaches south of Barcelona have been monitored twice a year since 2007, and 257 

topobathymetric measurements have been carried out every pre- and postdredging operation 258 

by the port authority as part of a periodic sediment backpassing program. From those 259 

measurements, five dates matched the satellite-derived data from June 2015 to April 2018. 260 

Along the Gulf of Cadiz, in situ measurements are available at 4 different beaches: Camposoto, 261 

La Barrosa, El Palmar, and Fontanilla, from July 12th to July 16th, 2018 (see Figure 1). 262 

Water level time series (including tide and storm surge variations) were obtained from the 263 

nearest tide gauges from Puertos del Estado. In situ waterlines were obtained from the available 264 

topobathymetry data and water level measurements. In this approach, the location of the 265 

measured waterline is the intersection between the terrain model and the water level. The 266 

water level at the moment when the satellite image was taken was estimated as the sum of 267 

astronomical tide and storm surge. The same procedure was applied to obtain the measured 268 

shorelines (datum based), applying the corresponding datum correction to the instantaneous 269 

water level. 270 

3.2.2. Reference data from previous works 271 
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The reference data from previous works included i) trends in coastal evolution observed locally 272 

from in situ measurements and photogrammetry and ii) the erosion/accretion hotspots 273 

identified by the local authorities responsible for coastal protection. The works from Ojeda and 274 

Guillén (2008), Blasco (2011), Castelle et al. (2020), Turki et al. (2013), CEDEX (2013) and MITECO 275 

(2019) have been used as a reference for validation. 276 

4. METHOD 277 

The methodology to assess the ability of CEFS products to detect coastal changes can be divided 278 

into three steps: i) a visual check (see Section 4.1) to verify if the dataset from different missions 279 

is in accordance with the general aspects of the coast in each pilot site; ii) the accuracy 280 

assessment (see Section 4.2), based on differences between individual CEFS products and in situ 281 

measurements; and iii) the skill assessment (see Section 4.3), focused on the assessment of the 282 

ability of CEFS products time series to reflect coastal changes at different temporal and spatial 283 

scales. 284 

4.1. Visual check 285 

A qualitative by-eye check was performed to verify the consistency of CEFS products: 286 

- SDWs should correspond to the water-sand interface in satellite images in the case of 287 

sandy coasts and the interface structure-water in the case of hard coasts. 288 

- SDSs that represent different tidal levels should cover the totality of the intertidal area. 289 

- SDBs should be coherent to typically known seabed morphology. 290 

4.2. Accuracy assessment 291 

The accuracy of CEFS products was assessed through the mean absolute error (MAE – Eq. 1) and 292 

the root mean squared error (RMSE - Eq. 2): 293 

𝑴𝑨𝑬 =
𝟏

𝑵
∑ |𝒙𝒋 − 𝒚𝒋|
𝑵
𝒋=𝟏 , (1) 

𝑹𝑴𝑺𝑬 = √
𝟏

𝑵
∑ (𝒙𝒋 − 𝒚𝒋)

𝟐𝑵
j=𝟏 , (2) 

where 𝒙𝒋 − 𝒚𝒋 represents the error between in situ measurements and CEFS products (SDW, 294 

SDS, and SDB) and 𝑁 is the number of pairs of data. The error position was quantified in terms 295 

of the cross-shore distance between coastlines extracted from in situ measurements and SDWs 296 

or SDSs over transects displayed every 20 m along the coast. For the bathymetry, the error was 297 



12 
 

estimated in terms of the difference in depth between in situ field surveys and the SDBs in points 298 

distributed every 10 m over the target area. 299 

The amount of data used in the accuracy analysis depends not only on the available CEFS 300 

products but also on the availability of in situ measurements on similar dates. In this work, the 301 

temporal distance between the time of satellite image acquisition and the date of in situ 302 

measurements was limited to ensure the absence of significant morphological changes between 303 

both datasets (see Table 1), and a maximum delay of ±6 days was accepted. A total of ten SDWs 304 

(9 from Sentinel-2A and 1 from Landsat-8), ten SDSs, and three SDBs were assessed (only SDBs 305 

that did not show inconsistencies due to sediment concentration were used). The absence of 306 

concurrent in situ measurements with available CEFS products obtained from Landsat-5 does 307 

not allow accuracy analysis of the dataset derived from this mission. 308 

Table 1: Dataset used to estimate the accuracy of satellite data from Landsat 8 (L8) and Sentinel 2 (S2). 309 

Site In situ measurements Satellite data (mission) 

Malgrat Beach (Tordera) 11/Nov/2015 14/Nov/2015 (L8) 

Barcelona 01/Jun/2016 (predredging) 07/Jun/2016 (S2) 
22/Jun/2016 (postdredging) 27/Jun/2016 (S2) 
23/May/2017 (predredging) 23/May/2017 (S2) 
13/Jun/2017 (postdredging) 12/Jun/2017 (S2) 
20/Apr/2018 (single measure) 18/Apr/2018 (S2) 

Gulf of Cadiz (Camposoto) 12/Jul/2018 16/Jul/2018 (S2) 
Gulf of Cadiz (Fontanilla) 13/Jul/2018 16/Jul/2018 (S2) 
Gulf of Cadiz (La Barrosa) 16/Jul/2018 16/Jul/2018 (S2) 
Gulf of Cadiz (El Palmar) 16/Jul/2018 16/Jul/2018 (S2) 

 310 

4.3. Skill assessment 311 

The ability of time series of CEFS products to detect changes on the coast was assessed in the 312 

framework of several morphodynamic processes at diverse temporal and spatial scales (see 313 

Table 2). 314 

Table 2: Dataset used to assess diverse coastal processes. 315 

Site Coastal change process CEFS products 

Malgrat Beach 
(Tordera) 

Long-term shoreline change SDS time series (1995–2019) 

Pre- and postnourishment/erosion event Pre- and postevent SDS 

Barcelona Changes in bathymetry Pre- and postdredging SDB 
(2017) 

Castellon-Sagunto Seasonal beach rotation SDS time series (2017-2018) 
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Gulf of Cadiz Long-term changes: identification of 
erosion hotspots in a large area 

SDS time series (1995-2019) 

With regard to SDS, time series were compared to what was identified previously in the 316 

literature, and the following coastal change processes have been verified: 317 

- Long-term SDS evolution trends were assessed on local (Malgrat Beach) and regional 318 

(Gulf of Cadiz) scales using the DSAS tool (Himmelstoss et al., 2018). 319 

- Short-term SDS changes during specific events were assessed in Malgrat Beach through 320 

the analysis of the shorelines obtained immediately before and after nourishment and 321 

erosion events. 322 

- Finally, SDS changes at the seasonal scale were assessed in three beaches on the coast 323 

between Castellon and Sagunto Ports. 324 

For SDBs, their skill in detecting changes in the seabed was assessed through the Brier skill score 325 

(BSS - Sutherland et al., 2004), which is an estimate of the error relative to the changes observed 326 

in the ground and includes contributions due to errors in predicting amplitude, phase and mean. 327 

The BSS is calculated as: 328 

BSS = 1 −
𝟏

𝑵
∑ (𝒙𝒋−𝒚𝒋)

2𝑵
𝒋=𝟏

𝟏

𝑵
∑ (𝑏𝒋−𝑥𝒋)

2𝑵
𝒋=𝟏

, (3) 

where 𝑏𝒋 is a baseline observation equal to the most likely anticipated change observed at the 329 

pilot site. Perfect agreement gives a skill score of 1, whereas observing the baseline condition 330 

gives a score of 0. SDBs obtained from 2017 in Barcelona were used in this analysis, and 331 

predredging in situ bathymetry was assumed to be the baseline for BSS estimation. 332 

5. RESULTS 333 

5.1. Visual check 334 

The visual check of CEFS products aims to verify whether the detection process resulted in 335 

features that are coherent to what can be directly observed in the satellite images. The results 336 

of this visual check for 1D and 3D products are presented here. 337 

5.1.1. SDW 338 

In general, the SDWs agreed with the coastline shape in satellite images and represented both 339 

natural and human-made features well (Figure 4). The lines were distributed in the vicinity of 340 

port structures within a distance that visually agreed with image resolutions (Figure 4d). Natural 341 
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coasts were also well represented. Some stretches of the coast resulted in inconsistencies where 342 

the sediment plume or the foam resulting from wave breaking led to erroneous waterlines (foam 343 

and sediment plume were detected as land). In many cases, the confidence index values (see 344 

Section 3.1.3) available in the CEFS product metadata allowed the identification of those 345 

unreliable stretches, facilitating the visual check (Figure 5). 346 

5.1.2. SDS 347 

The SDSs correctly represented the expected tidal range observed in the various pilot sites with 348 

different tidal regimes. Natural and artificial coastlines were fairly represented as well (Figure 349 

6). 350 

 351 

Figure 4: Examples of SDWs obtained from each pilot site. a) Landsat 5 SDW in the Gulf of Cadiz, b) Landsat 8 SDW in 352 
Barcelona and c) Sentinel 2 SDW in Castellon. d) Example of SDWs in ports. 353 

 354 
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 355 

Figure 5: Confidence index of an SDW from Huelva (Gulf of Cadiz). 356 

 357 
Figure 6: Examples of SDSs from Castellon (left) and Cadiz (right). Tidal datums: lowest astronomical tide (LAT), 358 

mean low water springs (MLWS), mean low water (MLW), mean sea level (MSL), mean high water (MHW), mean 359 
high water spring (MHWS) and highest astronomical tide (HAT). 360 

5.1.3. SDB 361 

The visual check of the SDBs indicated problems in conditions of high sediment concentration. 362 

For example, some SDBs from Barcelona presented anomalous depth values after a strong river 363 

discharge because the sediment plume was identified by the SDB algorithm as shallow waters 364 



16 
 

(Figure 7a and Figure 7b). When this type of condition takes place, the use of confidence indices 365 

(Figure 6c) allowed the identification of the SDBs that may contain erroneous information. 366 

 367 

Figure 7: Example of inconsistencies observed in SDBs from Barcelona due to the sediment plume: a) SDB, b) satellite 368 
image from which the SDB was obtained, and c) confidence index. 369 

5.2. Accuracy 370 

The accuracy of 1D (SDW and SDS) and 3D (SDB) products were tested through RMSE and MAE 371 

statistics (Table 3), and details of the analysis are presented below. 372 

Table 3: RMSE and MAE obtained from the analysis of the different CEFS products and from the different missions. h 373 
is the water depth. 374 

CEFS products RMSE [m]  
(Sentinel) 

RMSE [m] 
(Landsat) 

MAE [m]  
(Sentinel) 

MAE [m] 
(Landsat) 

BSS 

SDW 8.4 15.3 5.8 14.7 - 

SDS 9.1 18.9 5.6 18.4 - 

SDB 1.13 (0.77 if h1 < 8 m) - 0.83 (0.63 if h1 < 8 m)  0.26 
1h=water depth     

 375 

5.2.1. Accuracy 1D products (SDW and SDW) 376 

The comparison between SDW and in situ measurements resulted in RMSE and MAE values 377 

below the pixel resolution of the satellite images from which the products were obtained (MAE 378 

and RMSE < 10 m for data from Sentinel 2 and < 30 m for data from Landsat 8) (see Table 3). As 379 

an example of the results at each study site, Figure 8 shows the distribution of the offset 380 

between the measured waterlines and SDWs at Barcelona, Tordera, and Fontanilla Beach (Gulf 381 

of Cadiz). These results represent the accuracy obtained from different missions (Sentinel 2 and 382 
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Landsat 8) and from diverse environmental conditions: the Mediterranean microtidal beaches 383 

of Barcelona and Tordera and Atlantic macrotidal Fontanilla Beach. 384 

 385 

Figure 8: Examples of the accuracy results of SDW at a) Tordera (L8), b) Barcelona (S2) and c) Fontanilla – Gulf of Cadiz 386 
(S2). The left panels show the location of the transects at each beach, central panels present the offset per transect 387 
and right panels present the distribution of the offsets. 388 

 389 

 390 

Figure 9: Overall accuracy of SDW and SDS: offset histograms from Sentinel 2 (left) and Landsat 8 (right). Positive 391 
(negative) offset values indicate that satellite data are located seaward (landward) from the measured line. 392 
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Some simplifications were assumed when developing those products, such as the use of a single 393 

slope to derive datum-based SDSs from SDWs that were applied irrespective of changes in the 394 

topography over time. Although the uncertainties related to this simplification add inaccuracies 395 

to the SDS (Figure 9), the MAE and RMSE values from the comparison between SDS and in situ 396 

measurements were in accordance with the pixel resolution of the satellite images (Table 3). It 397 

is worth noting that the purpose of transforming SDWs into SDSs was not to increase the 398 

accuracy of the individual products but to improve the coherence of the time series of products 399 

and, therefore, to improve the accuracy of the estimated changes. 400 

5.2.2. Accuracy of 3D products (SDB) 401 

A high correlation was observed between in situ measurements and SDBs, indicating the 402 

agreement between both sources of data. The majority of the dataset (84%) presented errors 403 

ranging between -1 and 1 m. The overall accuracy analysis of the three SDBs from the beaches 404 

of South Barcelona resulted in MAE and RMSE values equal to 0.83 m and 1.13 m, respectively 405 

(Figure 10a). Higher errors were observed at higher depths (see Figure 10c to Figure 10h), which 406 

highlights the limitation of the method used to estimate the bathymetry when applied to depths 407 

higher than 8 m (e.g., Yunus et al., 2019 found limitations in water depths > 10 m). By limiting 408 

the analysis to depths lower than 8 m, the MAE and RMSE were equal to 0.63 m and 0.77 m, 409 

respectively (not shown in the figure). 410 
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 411 

Figure 10: Accuracy assessment of SDBs. a) Scatterplot between in situ measurements and SDB depths, b) distribution 412 
of the error between both datasets, c) to h) distribution of the error obtained from different depth ranges. 413 

To verify whether SDBs can be used to identify seabed morphology, the dataset from 13th June 414 

2017 (satellite) was compared to the data from 12th June 2017 (in situ). A longshore bar was 415 

observed in both datasets (¡Error! No se encuentra el origen de la referencia. 11a and Figure 416 

11b). Although the analysis showed a clear underestimation of depth values (Figure 11c) that 417 

hampered the detection of temporal changes, both datasets presented similar bar shapes, and 418 

the SDB was proven to be useful in terms of a qualitative assessment (Figure 11c). 419 
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 420 

Figure 611: Identification of longshore bars in a) in situ measurements and b) SDB and c) the cross-shore depth along 421 
transect T1 and transect T2. 422 

5.3. Skill 423 

The skill of satellite data in reproducing coastal changes was tested through several study cases 424 

(see Table 2). The changes detected in each case are presented here, along with the assessment 425 

of the ability of CEFS products to showcase coastal changes at different temporal and spatial 426 

scales. 427 

5.3.1. Long-term shoreline changes in Malgrat Beach (Tordera Delta) 428 

A long-term analysis was carried out on Malgrat Beach using 24 years of shorelines (184 SDSs) 429 

along 68 cross-shore transects based on the cumulative shoreline movement and the resultant 430 

variation rate (calculated with a linear regression method). The analysis indicated a generalized 431 

erosion trend along the whole beach, with a minimum erosion rate of 2.5 m/year in the northern 432 

zone (transect 63 in Figure 12b) and a maximum erosion rate of 6 m/year in the central area 433 

(transect 33 in Figure 12b). This central area experienced a total retreat of almost 150 m in 24 434 

years, and several campsites were affected by erosion due to both long-term processes and 435 

extreme storm events. In fact, all campsites seaward of the coastal road and some buildings had 436 

to be dismantled despite the rip-rap sea defenses (Figure 12c and Figure 12d). 437 
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 438 

Figure 7: Long-term assessment in Malgrat Beach (Tordera Delta): a) cross-shore transects, b) long-term trends 439 
obtained at three profiles and beach erosion from c) 2007 to d) 2017. The red rectangle highlights structures 440 

affected by the erosion process. 441 

These shoreline variation rates agree with values presented by  Blasco (2011), who used high-442 

resolution aerial photographs and obtained an average erosion rate of 4.68 m/year between 443 

1995 and 2009 on the coast southward of the Tordera River mouth, a value similar to that 444 

obtained here using SDS (4.79 m/year) for the same period at the same location. 445 

5.3.2. Short-term shoreline changes in Malgrat Beach (Tordera Delta): detection of 446 

nourishment and erosion events 447 

In May 2015, a nourishment project was carried out to restore the beach and overcome the 448 

continuous erosion of Malgrat Beach. In November of the same year, a storm event hit the area, 449 

and a significant amount of the renourished sand was lost. The comparison of the SDSs obtained 450 

immediately before and immediately after each event (Figure 13) enabled the assessment of the 451 

evolution of the coast during that sequence of events. After the nourishment, the SDS advanced 452 

a maximum distance of approximately 60 m seaward, which is in agreement with the 453 

nourishment project records. Nevertheless, the analysis of the SDS after the storm event 454 

revealed a net seaward shift of only approximately 15 m (averaged along the beach) and net 455 

erosion on the northern section of the beach, with a landward retreat of more than 30 m caused 456 

by the storm. 457 
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 458 
Figure 8: Short-term changes in Todera’s shoreline after nourishment in May 2015 (red line) and after the storm 459 
event in November 2015 (black). The shoreline position refers to the SDS position before nourishment, with negative 460 
values indicating erosion and positive values indicating accretion. Cross-shore transects are the same as presented in 461 
Figure 12. 462 

5.3.3. Changes in coastal bathymetry in Barcelona 463 

The ability to detect the change in seabed morphology using SDBs in Barcelona before and after 464 

sediment backpassing in 2017 was assessed using the Brier skill score (BSS). The obtained BSS of 465 

0.26 indicates that only part of the changes in the depth values due to backpassing is captured 466 

by the satellite data. This suggests that the errors in seabed changes detected with satellite-467 

derived data are still high in comparison to the changes observed in situ (Figure 14). 468 
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 469 

Figure 14: Seabed changes detected from a) in situ measurements and b) SDB and c) the error between both 470 
estimates. 471 

5.3.4. Mid-term shoreline changes between Castellon and Sagunto Ports: seasonal beach 472 

rotation 473 

A seasonal change in shoreline orientation was verified in three embayed beaches located 474 

between Castellon and Sagunto Ports using heatmaps of SDSs from the summer of 2017 to the 475 

winter of 2018 and from the winter of 2018 to the summer of 2018 (Figure 15). On these three 476 

beaches, northeast waves approach the coast during the winter, driving southward longshore 477 

sediment transport, whereas wave direction shifts to the southeast in the summer, which drives 478 

sediments northward. That seasonal shift in wave patterns and beach rotation was reported 479 

previously on the Spanish Eastern Mediterranean coast (e.g., Castelle et al., 2020; Ojeda and 480 

Guillén, 2008; Turki et al., 2013), although the lack of in situ measurements did not allow a 481 

quantitative assessment in this case. 482 
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 483 

Figure 15: Seasonal beach rotation in beaches between Castellon and Sagunto Ports. a) Shoreline changes observed 484 
in the winter of 2018: shoreline erosion in the north and accretion southwards due to predominant northeast waves 485 

during winter. b) Shoreline changes observed in the summer of 2018: shoreline accretion in the north and erosion 486 
southwards due to predominant southeast waves during summer. 487 

5.3.5. Long-term changes at the regional scale: identifying erosion hotspots in the Gulf of Cadiz 488 

Erosion/accretion rates in cross-shore profiles (every 200 m) along the whole Gulf of Cadiz were 489 

obtained using SDSs from Landsat and Sentinel missions between 1995 and 2019 (Figure 16), 490 

which enabled the identification of erosion and accretion hotspots, as discussed here. 491 

- The SDS analysis revealed that Punta del Montijo (Figure 15d) and Los Toruños Spit 492 

(Figure 16e) are the most critical areas in the province of Cadiz, which is in agreement 493 

with the findings of MITECO (2019), who identified these beaches, along with La Victoria 494 

Beach (Figure 16f), as areas under high erosion in previous studies: 495 

o At Punta del Montijo (Figure 16d), traditional aquiculture rubble-mound 496 

structures facilitate the updrift accumulation of sediment and the consequent 497 

downdrift erosion. Government and private initiatives built seawalls along the 498 

coast in this area, but these measures did not prevent erosion from occurring, 499 

according to previous studies. 500 

o The southern part of Los Toruños Spit is a naturally dynamic estuarine area, and 501 

significant erosion rates were observed in previous studies, whereas 502 

Valdelagrana (northward of Los Toruños) is a densely populated area where a 503 

seawall stabilizes the shoreline position (Figure 16e). 504 
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o The SDS analysis yielded a moderate erosion rate at La Victoria Beach. Erosion 505 

in this area is partially related to the construction of groins to stabilize Santa 506 

María del Mar Beach, located northwards of La Victoria Beach (Figure 16f). 507 

These structures block northward longshore drift, causing erosion in La Victoria 508 

and southward erosion at El Chato Beach (Figure 16f). However, this area is 509 

constantly renourished with sand, which hampers our ability to identify erosion 510 

problems using SDS analysis. 511 

- The SDS analysis revealed Islantilla (Figure 16a) and Matalascañas (Figure 16c) as coastal 512 

erosion hotspots in the province of Huelva, in agreement with CEDEX (2013), who stated 513 

that these beaches are areas of critical erosion in which the reduction in the beach width 514 

exposes the backshore during storm wave conditions. 515 

- There is also coherence regarding areas that present shoreline accretion: CEDEX (2013) 516 

reported a seaward shift of the shoreline in the updrift of Mazagon Port, and the same 517 

pattern was verified here using SDS analysis (Figure 16b). 518 
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 519 

Figure 16: Long-term shoreline evolution rate along the Gulf of Cadiz. Negative (positive) values indicate erosive 520 
(accretive) trends. In detail, an example of areas where critical erosive/accretive trends were verified on the Huelva 521 
(a, b and c) and Cadiz (d, e, and f) coasts. 522 

6. DISCUSSION 523 

The results detailed in the previous section show that CEFS products can be used to detect 524 

changes at several temporal and spatial scales. A key point to reach the required accuracy and 525 

skill is the use of site-specific information within the processors (see Section 3.1). These results 526 

are discussed here, highlighting the strengths and weaknesses of these new developments. 527 

6.1. Accuracy of CEFS products 528 

The 1D products assessed here (SDWs and SWSs) presented positional errors (offsets) lower 529 

than the pixel size. Several sources of inaccuracies may contribute to the remaining offset, such 530 

as the resolution of satellite images and the SDW extraction process. The processor used to 531 

develop SDWs defines the waterline as the border of the pixels at the boundary between sea 532 

and land; thus, some positional error may occur if the waterline measured in situ is located inside 533 

the pixel. In this case, the positional accuracy depends on the pixel size, and further 534 
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improvements may be achieved with higher resolution images from future EO missions (Turner 535 

et al., 2021). To overcome this issue in current missions, some studies have suggested the use 536 

of interpolation techniques to obtain SDWs inside pixels. (Vos et al., 2019b) applied such an 537 

approach to increase the resolution of Landsat and Sentinel SDWs and obtained an overall RMSE 538 

lower than 13 m. Nevertheless, it is not clear whether these methods enhance the accuracy of 539 

satellite data. For example, Hagenaars et al. (2018) tested the use of interpolation methods to 540 

increase the resolution of SDWs, expecting to obtain higher accuracy from those products, but 541 

contrary to expectations, their results showed an increase in the offset value on the order of 542 

pixel size. No subpixel interpolation technique was applied in the development of the CEFS 543 

products, and it is remarkable that the estimated errors were approximately half of the pixel 544 

size. 545 

Another source of inaccuracy may be related to the water level associated with SDWs. The 546 

nearshore water level at a specific time is the result of the combined effect of astronomical tides, 547 

storm surges, and short-term sea-level changes induced by breaking waves. While tide and surge 548 

levels can be obtained from tide gauge measurements, the complexity of the runup processes 549 

(including wave setup, infragravity surf beat, and swash) hampers the estimation of the exact 550 

runup level at the moment when the satellite image is taken. To account for the water level 551 

induced by waves, Castelle et al. (2021) suggested the use of mean runup (setup) or maximum 552 

runup (setup plus swash maximum) during a sea state, which can be estimated from empirical 553 

formulas (e.g., Stockdon et al., 2006) . In their pilot site, the water level that resulted in higher 554 

SDW accuracy was runup maxima, which is the maximum level reached by wave bores at the 555 

beach face. This choice makes sense when waterlines are detected at the wet-dry sand interface, 556 

and Castelle et al. (2021) acknowledged that it can render an overestimation of the water level 557 

associated with images taken during the downrush phase of swash, especially if waterlines are 558 

detected at the water-sand interface. For the development of the CEFS products assessed here, 559 

considering the mean and maximum runup in the estimation of the water level associated with 560 

SDWs worsened the accuracy of the SDWs (errors increased by a factor of 2 when using the 561 

mean and maximum runup). Therefore, sea-level changes induced by breaking waves were 562 

disregarded in the estimation of nearshore sea level. 563 

Finally, some inaccuracies can be related to the beach slope used to transform SDWs into SDSs. 564 

The slope of the beach profile changes significantly along the beach and throughout the year 565 

due to seasonal variability in the marine climate. It can also present severe variations after 566 

extreme storm events or due to human actions. Slope data are estimated from sparse datasets 567 

often unavailable for the total extent of the target area or the total period under investigation. 568 
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An alternative to high-frequency in situ topographies is to use the time series of SDWs and the 569 

respective water levels to estimate the beach face topography in a certain time period. For 570 

example, using that approach, Vos et al. (2020) developed a tool to derive the beach slope from 571 

satellite images, which allows obtaining SDSs without requiring local topography. 572 

6.2. Skill of CEFS products to detect changes 573 

Coastal change processes at different temporal and spatial scales, such as seasonal and event-574 

driven changes at local scale in Castellon-Sagunto and Tordera or at regional scales in the Gulf 575 

of Cadiz were verified from the coregistered time series of the CEFS products. However, cloud 576 

cover affects the sampling frequency of time series and limits the analyses of seasonal and short-577 

term (storm) processes. The former depends on high-frequency time series, and the latter 578 

depends on the availability of satellite data on specific dates of interest. This is in accordance 579 

with the results presented by Vos et al. (2019b), who stated that intra-annual changes are barely 580 

detected by publicly available satellite data. 581 

6.3. The importance of site-specific information 582 

The CEFS products were developed on the basis that site-specific information is crucial to obtain 583 

reliable change assessments from satellite data. Thus, local characteristics were included in 584 

several phases of the products’ development: 585 

- In the coregistration phase, very high-resolution images from commercial missions were 586 

used as a reference to correct the geolocation of public images. For each site, a VHR 587 

image was used. 588 

- In the detection phase, several spectral indices were tested (i.e., NDVI, GNDVI, NDWI) 589 

at each pilot site to guarantee reliable SDW identification. 590 

- Finally, auxiliary data such as in situ measurements of the beach topography were used 591 

to obtain SDSs and to estimate the SDBs. 592 

The need for site-specific input feeds the debate on whether automated satellite detection can 593 

be extrapolated to other sites and spatial scales. Recent methods and tools that provide 594 

automatic SDW and SDS change rates (based on single-slope and water level records) (e.g., 595 

Almeida et al., 2021; Hagenaars et al., 2018; Vos et al., 2019b) have been shown to be useful 596 

and have been widely applied by the coastal community. Site-specific information is used to 597 

obtain the SDS change rates in those tools, but the SDW processor is usually calibrated with data 598 

from a few beaches (micro and mesotidal); thus, the reliability of the results may not be even at 599 
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all sites, especially at those sites with characteristics that differ from calibration (Castelle et al., 600 

2021; Ceccon et al., 2021). As an example, the same spectral index is used in most of those 601 

waterline detection tools; however, the analysis in Spain with different spectral indices (i.e., 602 

NDVI, GNDVI, NDWI) showed that some indices work better than others according to local 603 

conditions. 604 

The need for auxiliary data to enhance the accuracy and skill of CEFS products limits the benefit 605 

of replacing in situ measurements with satellite data in current monitoring practices. However, 606 

the amount of in situ measurements needed to obtain high-quality satellite products was 607 

significantly lower than the in-situ measurements required for the traditional monitoring 608 

methods, and such a transition from in situ measurements to satellite data undoubtedly reduces 609 

the cost of monitoring activities. 610 

6.3. Future outreach 611 

Great advances have been made in recent years regarding Earth observation. However, further 612 

research is still recommended to refine coastal change detection from satellite images. An 613 

extension of the CEFS project (completed in March 2021) commenced in June 2021 under the 614 

name “Coastal Evolution from Space” (to be completed in May 2022), and here, we highlight 615 

some of the planned future research: 616 

- Here, the detection of beach SDWs was based on the water-sand interface. The 617 

detection of coastlines based on other proxies, such as the vegetation line, scarp edges, 618 

the top of the cliffs, or the boundary with backshore structures, is to be investigated to 619 

allow coastal change detection for the monitoring of other environments, such as cliffs, 620 

sand dunes, and urban areas. 621 

- The CEFS project explored 2D products (land cover maps), but they were not applied to 622 

assess coastal erosion processes in the Spanish pilot sites presented in this work. Time 623 

series of 2D products are to be developed in future works for the assessment of coastal 624 

changes not explored here, such as changes in the dune vegetation that affect dune 625 

morphology and the ecosystem services provided by the dune to coastal systems. 626 

- More studies are necessary to investigate the best estimation of the instantaneous 627 

water level related to SDWs and the automated computation of the beach face slope to 628 

improve the transformation of SDWs into datum-based SDSs (see Section 6.1). 629 

- Further research is also required to improve the sampling frequency of satellite time 630 

series, which will allow coastal change analyses at scales that are not currently assessed. 631 

Earth observation by means of synthetic aperture radar (SAR) sensors might overcome 632 
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some of the limitations of optical sensors because they do not depend on sunlight and 633 

penetrate cloud cover. Furthermore, the improvement in frequency sampling that SAR 634 

can provide to SDW time series will be a key contribution to the stochastic analysis of 635 

shoreline changes. The possibility of using optical and SAR sensors deployed in current 636 

satellite missions to build high-frequency coregistered time series is promising 637 

(Costantini et al., 2018; Hnatushenko et al., 2021; Ye et al., 2021). However, because of 638 

the distinct nature of SAR and optical images, shoreline detection is different, and 639 

further research is still necessary to obtain accurate SAR shorelines and compose 640 

reliable time series. First, the verification of SAR-derived products requires an expert 641 

since regular visual checks are not possible, whereas optical images are more familiar to 642 

nonexperts than SAR images. Second, the positioning accuracy of SAR products depends 643 

on the angle of measurement and on the satellite trajectory (ascending/descending), 644 

which requires further investigation. 645 

7. CONCLUSIONS 646 

This work focused on assessing the capability to monitor changes in coastal morphology at 647 

various temporal and spatial scales, making use of satellite-derived data obtained from site-648 

specific processing methods, such as CEFS products. The results of the products’ accuracy 649 

analysis indicated high horizontal accuracy, with errors on the order of half of the pixel size. 650 

Some in situ measurements are necessary to obtain satellite data that represent site-specific 651 

conditions. However, the quantity of required data measured in situ is significantly lower than 652 

the quantity required by traditional monitoring methods. 653 

Time-series analysis with SDW and SDS products showed that coastal change processes can be 654 

detected at several temporal and spatial scales, such as short-term erosion and accretion events 655 

on a small beach, seasonal beach rotation, and long-term trends at local and regional scales. The 656 

results from SDBs indicated that the quantitative assessment of the coastal morphology with 657 

these 3D products is still limited. The analysis of SDB from Barcelona showed that in some areas 658 

of high suspended sediment concentration, it is possible to generate quality bathymetry under 659 

certain conditions. However, for some coastal monitoring practices, higher accuracy in detecting 660 

seabed changes and a higher sampling frequency is still necessary. At present, the accuracy that 661 

can be achieved by remote sensing techniques to detect the seabed is still not enough to afford 662 

the full shift from the use of in situ measurements to satellite-derived products. Generally, the 663 

sediment concentration in the water is still a challenge to obtain satellite-derived bathymetry 664 
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from optical sensors, and further research on methods to obtain SDBs in these challenging areas 665 

is clearly necessary. 666 

The CEFS project brought together experts with different backgrounds, such as Earth 667 

observation and coastal engineering and management. The satellite-derived data used in this 668 

work benefit from the site-specific approach of the methods applied to extract relevant 669 

information from satellite imagery to monitor changes in coastal morphology and overcome one 670 

of the critical issues of general tools. An important advance of the satellite dataset used here is 671 

that it is based on coregistered images that guarantee precision between images from different 672 

missions and allows change analyses at different temporal resolutions. Although this approach 673 

has been widely used to assess environmental changes from satellites in other thematic areas 674 

(e.g., Cucchiaro et al., 2020; Nuth and Kääb, 2011), it is still little explored for assessing changes 675 

in coastal morphology. 676 

It is important to remark that the accuracy of satellite products is greatly limited by the spatial 677 

resolution, and improvements are expected with higher resolution Earth observation data from 678 

future missions. Further improvements are also expected regarding the sampling frequency of 679 

the satellite time series obtained from optical sensors, which is not enough to represent some 680 

short-term processes. The development of coregistered multiple-sensor (SAR and optical, for 681 

example) time series is promising and can overcome that issue. Because of the distinct natures 682 

of SAR and optical images, shoreline detection is different, and more studies on that topic are 683 

still necessary to achieve reliable composite time series. 684 

Further investigations are already ongoing in the framework of the extension of the CEFS 685 

project, under the name of the “Coastal Evolution From Space” project. 686 
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