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Abstract: SAET (Shoreline Analysis and Extraction Tool) is a novel open-source tool to enable the
completely automatic detection of shoreline position changes using the optical imagery acquired by
the Sentinel-2 and Landsat 8 and 9 satellites. SAET has been developed within the ECFAS (European
Coastal Flood Awareness System) project, which is intended to be the first European service for
coastal flood forecasting, management, and recovery analysis. The tool is developed to characterise
the shoreline response associated with punctual events such as coastal storms as well as any other
phenomenon. For a given beach segment, SAET facilitates the selection of the satellite images closest
in time to the analysed events that offer an adequate cloud coverage level for analysing the shoreline
change. Subsequently, the tool automatically downloads the images from their official repositories,
pre-processes them and extracts the shoreline position with sub-pixel accuracy. In order to do so,
an initial approximate definition of the shoreline is carried out at the pixel level using a water
index thresholding, followed by an accurate extraction operating on the shortwave infrared bands
to produce a sub-pixel line in vector formats (points and lines). The tool offers different settings
to be adapted to the different coastal environments and beach typologies. Its main advantages
refer to its autonomy, its efficiency in extracting complete satellite scenes, its flexibility in adapting
to different environments and conditions, and its high subpixel accuracy. This work presents an
accuracy assessment on a long Mediterranean sandy beach of SDSs extracted from L8 and S2 imagery
against coincident alongshore reference lines, showing an accuracy of about 3 m RMSE. At the same
time, the work shows an example of the usage of SAET for characterising the response to Storm
Gloria (January 2020) on the beaches of Valencia (E Spain). SAET provides an efficient and completely
automatic workflow that leads to accurate SDSs while only relying on publicly available information.
The tool appears to be a useful extraction tool for beach monitoring, both for public administrations
and individual users.

Keywords: shoreline extraction; erosion monitoring; beach morphological characterisation; Sentinel-2;
Landsat; coastal storms

1. Introduction

Coastal dynamism takes place at different spatial and temporal scales. In contrast to
actions sustained over time that cause changes in coastal trends, punctual events can cause
serious impacts on the morphology of the beaches. This is the case for anthropic actions
carried out on the coast, such as the construction of infrastructure or sand nourishments [1],
and the occurrence of natural events such as coastal storms. The latter constitutes a key
factor controlling beach morphology as they can imply important physical modifications [2]
and contribute to erosive processes. Associated with climate change and sea-level rise,
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the magnitude and frequency of coastal storms are expected to increase [3,4], as is the
likelihood of storm surges [5] and, associated with that, their impact on the morphology of
the coast.

Following storms, the resulting state of beach morphology may be unsuitable for the
maintenance of beach functions [6,7]. When this happens, it may be necessary to carry out
emergency actions [8] that allow the morphology to revert to a state similar to that prior to
the impacts or to support the recovery process of the beach. The availability of up-to-date
information on the state of the beaches before and after the storm is necessary to implement
efficient management measures. Furthermore, it is also necessary to know to what extent the
recovery process occurs in the longer term, thus allowing to assess the effectiveness of these
measures over time and their cost-benefit for society [9]. This is not always possible due
to the limitations of traditional coastal monitoring techniques, usually leading to datasets
constrained to small study areas or with a low temporal resolution. To overcome these
limitations, coastal monitoring studies are being increasingly supported by the use of freely
available optical satellite imagery with planetary coverage and high revisit frequency [10],
as well as those from the Landsat and Copernicus programs (e.g., [11-13]). These images
offer a sub-weekly revisit time [14], which is especially important for recognizing the
morphological impact of storms and their subsequent recovery as these changes can occur
in a short time frame [15].

During the last years, the mapping of the water/land interface using remote sensing
images acquired in the optical range of the electromagnetic spectrum has been pursued in
different works (e.g., [16-22]). They lead to the definition of the so-called satellite-derived
shorelines (SDSs) along large coastal segments and periods. This large abundance of SDS
data can overcome the lack of representativeness attributed to punctual measurements
that may be supplied using traditional techniques as well as provide data in areas that
would otherwise not be monitored. The SDS constitutes a clear indicator of morphological
changes on beaches with moderate water level changes, such as those at microtidal coasts.
On the contrary, in other types of coasts, a proper interpretation of the morphological
alterations of the beach may require the information provided by SDSs to be complemented
by additional data such as the sea level at the instant of image acquisition and the slope of
the beach face [23].

The real exploitation of satellite imagery requires tools able to characterise shoreline
positions and changes robustly and accurately, covering large territories and time series.
Different systems and tools such as CASSIE [24], SHOREX [25,26], and CoastSat [27] have
recently been developed to obtain the satellite-derived shorelines with subpixel accuracy
while attempting to integrate and simplify the different required processes. However,
these tools present important differences, among which the way the image is segmented
to define the land/water boundary stands out. Solutions such as CASSIE [24] or the
one proposed by Hagenaars et al. [28] sustain this segmentation through the use of the
normalized difference water index (NDWI; [29]). It has the advantage of using the green
and near-infrared (NIR) bands, which, in the case of Sentinel-2 (S2), have a pixel size
of 10 m. However, the NDWI is prone to confounding the wave foam and the emerged
beach [30], forcing us to discard images with large waves even if they appear cloud-free.
Thus, Hagenaars et al. [28] suggested that accurate results can only be obtained with waves
with Hs < 0.5 m. CoastSAT [27] solves this limitation by pre-identifying the areas affected
by foam through supervised classification. For shoreline detection, the tool employs the
Modified Normalized Difference Water Index (MNDWI; [31]) that includes the short-wave
infrared (SWIR-1) band, which is much less affected by this phenomenon. On the MNDWI,
the tool applies a thresholding based on the method of Otsu [32], considering exclusively the
spaces classified as water and sand, thus obviating the foam. Subsequently, the marching
squares algorithm [33,34] interpolates on the MNDWI image the value defined by the
thresholding to define the subpixel line. SHOREX [25,26] follows a completely different
philosophy since, for the water/land segmentation defining an approximate line at the
pixel level, it uses the automated water extraction index (AWEI; [35]), which exaggerates
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the differences between these two bodies. Subsequently, the sub-pixel detection is based
on a neighbourhood analysis along the approximate pixel-scale line. Then, a polynomial
function is fitted, and the position of the maximum gradient is detected [36] over the SWIR
1 band since it is the one that most robustly differentiates the water/land boundary [26,30].

All these tools rely on external platforms, such as Google Earth Engine (GEE), with the
aim of achieving maximum efficiency by pre-processing the image in the cloud. Despite
the benefits associated with its efficiency, the use of a commercial platform of this type
brings conflicts for its integration into public and official services. For this reason, SAET
has been designed to be able to operate completely autonomously, depending only on
the official sources supplying images. In fact, SAET is a tool developed ad hoc to be
integrated into ECFAS (European Coastal Flood Awareness System), a proof of concept
for the implementation of a coastal flood monitoring and warning system at the European
scale [37] with the potential to be integrated into the Copernicus Emergency Management
Service (CEMS). A key outcome of this project is the detection of shoreline position changes,
enabling the characterisation of the impact on the beach morphology associated with
the storms and the subsequent recovery. Thus, the collection of SDS before and after
storm events may be used to generate rapid mapping and risk and recovery mapping
products. Considering the particular characteristics of coastal storm events, the ECFAS
project requires a tool that allows the definition of SDSs with high accuracy and in a fast and
robust way, covering large coastal sectors. In this context and taking advantage of the freely
available imagery from the Copernicus program of the European Space Agency (ESA) and
the United States Geological Survey (USGS), SAET (Shoreline Analysis and Extraction Tool)
appears. It constitutes a new tool for shoreline extraction, mainly based on the existing
solution, SHOREX. In fact, SAET presents the same operational rationale and applies the
same algorithmic solution for sub-pixel shoreline detection. However, it presents three
important differences with respect to its predecessor. The first and most important is that it
represents an open-source and free-access tool. The second is that it presents a complete
level of automation, being able to operate without any manual intervention based on the
information currently available in public and open databases. However, at the same time, it
allows, if the user so decides, to modify different parameters to achieve a better adaptation
to the specific conditions analysed in each case. The third difference is that, unlike SHOREX,
SAET does not have a system for improving image georeferencing. This is just because in
the design of SAET, it was determined that the system should be able to be supplied for any
place on the European coast using public and open information, and to apply the subpixel
georeferencing processes applied by SHOREX [38], it is required to have high-resolution
orthophotographs that are not publicly available for the entire European coast.

This work presents a new open-source software toolkit called SAET to automatically
extract the shoreline position along the beaches with subpixel accuracy by using the freely
available Sentinel-2 and Landsat 8 and 9 images, which offer high revisit frequencies,
worldwide coverage, and long-term perspectives. The work describes its working modes,
presents an accuracy assessment, and demonstrates the ability of the resulting SDSs to
accurately detect and characterise the shoreline position and its changes associated with
the impact of Storm Gloria along the coast of Valencia (E Spain) to quantify the changes
that occurred.

2. Software Rationale, Capabilities and Usage
2.1. Rationale

SAET is an open-source tool developed in the Python language designed to provide
SDSs within an automatic system in the framework of a Copernicus service. At the same
time, it may be employed in local mode by any user, and it is possible to customise their
parameters and data sources to optimise their applicability for each specific purpose.

The extracted SDSs must offer a level of accuracy high enough to quantify the impact
on the shoreline position caused by coastal storms, enabling the diagnosis of the beach
morphology and its change. All this must be accomplished by considering the requirements
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of the ECFAS project as a system included within the Copernicus framework. Those are
the following:

e  The shoreline position will be defined immediately before and after the storm event
by analysing the pre-storm and post-storm satellite images available closest in time.
The shoreline definition must be time efficient, making the resulting SDS available in
a short period after the storm takes place.

e  Aslarge coastal storms can affect broad regions, shoreline definition may be carried
out covering long beach segments (tens or hundreds of kilometres).

e The system must be able to operate fully automatically and its applicability to all
European coasts must be ensured. It must therefore be able to operate based on data
that are available for the entire European coastline and not just for certain specific areas.

e  Since SAET has been designed to provide data to the ECFAS project, which is intended
to constitute a Copernicus service, it must be ensured that the tool can operate almost
automatically to efficiently obtain the results.

e  Considering that it must work in a wide variety of environments, the process must
be flexible, enabling the user to choose multiple settings (water indices, segmentation
methods, cloud masking severity, etc.) to refine the shoreline definition if needed.

e  Since it has been designed to be used within a Copernicus service, SAET must ensure
direct interconnection with the data providers. Therefore, platforms for downloading
and managing the images such as Google Earth Engine are avoided, and the system
only relies on the official hubs of the satellite image providers (ESA and USGS).

2.2. Workflow

As input, the tool obtains the main information from the optical satellite images (and
auxiliary data such as cloud conditions) of the satellites Sentinel-2 (52), both A and B, and
Landsat 8 and 9 (L8 and L9). Both sets of images are freely available from the Copernicus
program of the European Space Agency (ESA) and the United States Geological Survey
(USGS). The images offer a revisit time of 5 (Sentinel) and 8 (Landsat) days when combined
and a spatial resolution of 20 and 30 m for the S2 and Landsat series, respectively. They
are retrieved from the official providers: Sentinel images from ESA Copernicus Open
Access Hub servers and Landsat images from USGS servers. Before running SAET, it is
mandatory to get suitable credentials (user and password) from both providers. In the case
of USGS, besides obtaining these credentials, it is also necessary to request access to the
machine-to-machine (M2M) application programming interface (API).

The workflow is divided into four main phases (Figure 1):

1. Image downloading. SAET is able to analyse entire image scenes, allowing the
downloading of 52 and L8-9 images from ESA and USGS servers, respectively. To
improve the performance, SAET takes advantage of the capabilities of each server,
downloading only the necessary bands when possible. Regarding the ESA server, only
the most recently acquired images are immediately available (online mode). On the
contrary, it is required to request a specific image to shift from offline to online modes
(https:/ /scihub.copernicus.eu/userguide /DataRestoration, accessed on 1 June 2023).
This process is relatively fast and does not constitute an important drawback, but the
user must be aware of this.

2. Water-land interface segmentation. SAET allows employing different procedures for
separating the land and the water coverages. Thus, the images can be segmented by
using the clusterisation technique k-means or by combining different bands to create
several water indices to obtain a binary water-land mask to determine the position of
the shoreline at the pixel level.

3.  Water-land mask refinement. Considering the water-land mask as input, SAET
removes all shoreline pixels lying outside beach areas or those that are in pixels
classified as clouds. Cloud coverage distribution is obtained from the classification
bands associated with both S2 and L8-9 images. On the other hand, beach areas are
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obtained from the European Coastal Zone dataset, provided by the Copernicus Land
Monitoring Service [39].

4. Sub-pixel shoreline extraction. From the pixel-level shoreline obtained in the previous
step, SAET computes a new shoreline with sub-pixel accuracy. The core algorithm
for sub-pixel shoreline extraction used for SAET takes advantage of the SHOREX
system [25,26]. The extraction is carried out by performing a kernel analysis for each
pixel classified as shoreline, analysing the gradient variation of the pixel values of
the SWIR1 band, as this band has a high contrast between water and land and, at the
same time, is less sensitive to disturbing effects, such as those caused by the wave
foam, for example. The resulting shorelines can be stored in different geometries and
file formats (e.g., polylines or points, SHP or JSON).
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Figure 1. SAET workflow.

It is important to notice that SAET considers some auxiliary data to improve its
performance, such as a grid of the satellite imagery scenes and tiles and the beach polygon
layer. The overlapping of the area affected by the coastal storm with the scene grids enables
to select the scenes of interest and, finally, extract the shoreline comprised within the
beach polygons. The beach polygon layer enables to focus the shoreline extraction on
specific coastal segments. Although this layer currently includes the beaches along the
European coast, it can be easily updated by adding new polygons or modifying the existing
ones, allowing the user to adapt SAET to his needs and carry out the analysis in other
coastal regions.

2.3. Usage: Running Modes and Main Settings

SAET works in a command-line style by typing the name of the main script followed
by the suitable parameters in a terminal window. The parameters can be classified into
three categories (Table 1): (i) running modes (only searching, downloading, and processing,
only downloading and only processing); (ii) filters (spatial filters by region of interest, ROI,
or scenes or attribute filters by type of product); and (iii) advanced parameters, which allow
to refine the extraction.
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Table 1. SAET settings.

Parameter

Type

Description

rm

Running mode

Run mode ‘os’ (only searching) is used to search images, ‘dp” for
downloading and processing images, ‘'od” for downloading images
without processing, and ‘op’ for processing or re-processing
previous downloaded images using different advanced parameters.

fp (footprint)

Filter

ROI for scene searching. This parameter has three ways to be used:
-Path to the ROI file (in.json format).
-Bounding box in latitude and longitude coordinates.
-The value NONE for this parameter will deactivate the spatial filter
and the user will be able to activate the filter by scenes
(parameters--11 and-sl).

sd (start date)

Filter

Start date for searching scenes.

cd (central date)

Filter

Central date for searching the scenes. It is assumed to be the central
date of the storm.

ed (end date)

Filter

End date for searching scenes.

mc (maxim cloud coverage)

Filter

Maximum percentage of cloud coverage in the scene.

lp (Landsat products)

Filter

Product type for L8-9 scenes. By default, SAET uses the Collection 1
to search L8 images, but it also can search L8-9 from Collection 2 at
levels 1 and 2.

11 (list of Landsat scenes)

Filter

Scene list identifiers for Landsat images. This parameter is used
only if the spatial filter by ROI is deactivated.

sp (Sentinel-2 product)

Filter

Product type for S2 tiles. By default, SAET uses Sentinel-2 at level
1C, but the user also can search images of level 2A.

sl (list of Sentinel-2 tiles)

Filter

Scene list identifiers for S2. This parameter is used only if the
spatial filter by ROl is deactivated.

of (output folder)

Advanced

Output data folder. By default, this folder will be located in the
SAET installation folder but can be defined by the user

wi (water index)

Advanced

Water index type. SAET supports the indices AWEINSH, AWEISH
and MNDWIL

th (thresholding/segmentation
method)

Advanced

Threshold method to obtain the water-land mask from the water
index. SAET supports four methods: standard 0 value, Otsu
bimodal, and Otsu multimodal with three classes and the clustering
method k-means (only to SWIR band).

mm (morphological method)

Advanced

Morphological method. Used to obtain the shoreline at pixel level
from the water-land mask. SAET can apply two methods: erosion
and dilation.

cl (cloud masking severity)

Advanced

Cloud masking severity. This parameter controls the type of clouds
considered to refine the initial water-land mask. Three levels may
be defined: low (SAET does not use any cloud mask Value 0),
medium (only opaque clouds are used. Value 1), and high (opaque
clouds, cirrus, and cloud shadows are used. Value 2).

ks (kernel size)

Advanced

Kernel size. Advanced users can control the size of the kernel
analysed when the subpixel extraction takes place, choosing
between 3 and 5 pixels.

np (number of products)

Filter

The number of products (identifiers). List of products to be
processed in both ‘dp” and ‘op” modes. This list makes reference to
the products found by SAET in the searching mode. This parameter

supports three different formats: list of identifiers, range of

identifiers, or all identifiers.

Concerning the running modes, ‘only searching’ is usually the primary option. SAET

will retrieve two types of information (Figure 2): an ordered-by-date list of images, which
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2023-06-16 15:20:46,644 INFO Starting SAET algorithm...

will be displayed directly in the terminal window, and an HTML file containing a preview
of the images. The file includes the name of the image, its acquisition date, its cloud
cover percentage, the time difference (in days) to the peak of the storm, and whether the
image is online or offline (only in the case of S2 images). All this information will help
the user decide which are the most suitable pre-storm and post-storm images. Once the
images are identified, SAET may be run in the ‘download and processing’ mode, selecting
the images of interest. Finally, the user can decide to re-process any image previously
downloaded, changing several advanced parameters. In this case, the ‘only processing’
mode avoids downloading the images again. Some examples of SAET command-line
sentences are shown in Table 2, where each mode of running involves a specific combination
of parameters.

2023-06-16 15:20:46,646 INFO Searching for s2 images...

2023-06-16

Scene: S2A_MsIL1C_20220828T104631_N0400_RO51_T30SYJ_202208287161043
20220825T174106 cloud
Scene: S2B_MSIL1C_20220823T104619_N0400_RO51_T30SYJ_202208237125620
Scene: S2B_MSIL1C_20220820T103629_N0400_ROO0S8.
Scene: S2A_MSILIC

Scene: S2A_MsIL1C_20220825T103641_N0400_R008_T30SYJ

Scene: S2B_MSIL1C 103629_N040:!
Scene: S2A_MsIL1C_20220808T104631_N0400.
Scene: S2A_MSIL1C_20220805T103631_N0400_R0O08_T30sYJ
Scene: s2B_MSIL1C_20220803T104629_N0400_R051_T30SYJ_202208037125551

Scene:

Scene: S2A_MSIL1C_20220815T103641_N0400.

15:20:47,642 INFO Found 10 products

T30SY3

202208107103 8_T30SY3J

_RO51_T305Y3

S2A_MSIL1C_20220828T104631 N0400_RO51_T30SYJ_20220828T161043

: S2A_MSIL1C_20220825T103641_N0400_R008_T30SY3_20220825T174106
04 1

0SYJ_202208237125620
3_202208207124834

date:20220

ra B 8
: S2A_MSIL1C_20220815T103641_N0400_R008_T30SYJ_20220815T155921

: S2B_MSIL1C_20220810T103629_N0400.
: S2A_MSIL1C_20220805T103631

R0O08_T30SY1_20220810T124452

) N0400

R008_T30SY3_20220805T155926

: S2A_MSIL1C_20220808T104631_NO400_RO51_T30SYJ_20220808T160946

: S2B_MSIL1C_20220803T104629_N0400_RO51_T30SYJ_202208037T125551

2023-06-16
2023-06-16

15:21:00,210 INFO Time passed: Ohour:Omin:1l4sec

15:21:00,210 INFO SAET algorithm have finished successfully.

cloud

cloud
_20220820T124834 Cloud
20220818T104631_N0400_R0O51_T30SYJ_202208187161035 Cloud
R008_T30SYJ_20220815T155921 Cloud
_20220810T124452 Cloud
_202208087160946 Cloud
_20220805T155926 Cloud
L cloud

Cloud
Cloud
Cloud
Cloud
Cloud

Cloud
Cloud
Cloud
cloud
Cloud

coverage:
coverage:
coverage: 1. i i nline
coverage: i i

coverage:

coverage: 1. ffline
coverage:
coverage: 0. i i online
coverage: 0. i ility:
coverage: 0. : online

.1 availability: online
-0 availability: offline

offline
offline

online
offline
online
offline
onTine

offline
offline
ys online
-10 days offline

coverage: -12 days online

Figure 2. Example of the results obtained in the searching mode (S2 images). On the left, the first
list shows the found images and their availability, while the second list is an ordered-by-date list
including the central date and showing only the images that are available (online). On the right, the
HTML file displays an overview of the found images. The yellow box highlights the information
for the closest image to the analysed date. The parameters to obtain this result are the following
(see Table 1): --rm=o0s —-fp=NONE --sd=20220801 --cd=20220815 --ed=20220830 --mc=10 --lp=NONE
--1I=NONE --sp=S2MSI1C --s1=30SY].

Table 2. Examples of command-line sentences to run SAET.

Mode Command-Line Sentence Description
saet_run.py --rm=os --f{p=NONE Searching for Sentinel-2 (level 1C) images from
. --sd=20220801 --cd=20220815 1 August to 30 August 2020, belonging to the tile
Only searching

-ed=20220830 --mc=10 --Ip=NONE
--1I=NONE --sp=52MSI1C --s1=30SY]

‘30SY]” and with a cloud coverage of
less than 10%

Downloading and processing

Downloading and processing Sentinel-2 (level
1C) images from 1 August to 30 August 2020,
belonging to the tile ‘30 SY]J” and with a cloud
coverage of less than 10%. The ‘np” parameter
indicates which images, from the list of found
images, will be processed (in this case,
images 3, 4, 6, and 8).

saet_run.py —-rm=dp —-fp=NONE
--sd=20220801 --cd=20220815
--ed=20220830 --mc=10 --IJp=NONE
--11I=NONE --sp=S2MSI1C --s1=30SY]
-np=3,4,6,8

Only processing

Processing of the images stored in the data folder,
using different values to the default values for
some advanced parameters: water index (--wi.
Default value: ‘aweinsh’) and cloud masking
severity (--cl. Default value: 0 (without mask)).

saet_run.py --rm=op --wi=aweish --cl=2
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2.4. SAET Customization

In SAET, advanced parameters control the behaviour of several parts involved in the
extraction of the shorelines. There are three groups of parameters:

(i) those (‘wi” and ‘th’) that let the user choose the band to be segmented (water indices
or bands) and the segmentation procedure,

(if) those controlling the intensity of the cloud mask, helping to remove shoreline pixels
classified as clouds (‘cl’),

(iii) and finally, those controlling the window size in the kernel analysis (‘ks’).

Although SAET suggests some default values, these parameters can be adapted to
the particular features of each type of analysis. Among them, the choice of water index or
band and segmentation method is key since they determine the location of the approximate
shoreline at the pixel level. Since not all types of combinations perform well on every coastal
type, SAET provides three water indices (Table 3) and three thresholding methods, as well
as the specific option to threshold the SWIR band with the k-means method. Regarding the
water indices, SAET allows the application of the two versions of the Automated Water
Extraction Index (AWEI), AWEInsh and AWEIsh [35], together with the MNDWI [31]. As
the thresholding values, SAET allows selecting among the value 0, the Otsu method [32],
and the multi-Otsu method [40].

Table 3. Water indices applied by SAET. Positive values refer to the water, while negative values refer
to the land.

Water Index Expression
AWEInsh 4 x (green — SWIR1) — (0.25 % NIR +2.75 * SWIR2)
AWEIsh blue + (2.5 x green) — (1.5% (NIR + SWIR1)) — (0.25 « SWIR2)
reen—SWIR1
MNDWI green+5WIR1

The water indices aim to highlight the contrast between land and water. Nevertheless,
since all these indices are computed by applying linear combinations of bands, under
certain conditions (water turbidity, cirrus, etc.), the value for a specific band is higher or
smaller than expected. This may alter the equation, leading to a bad classification of the
land and water areas. Thus, in certain cases, as in the Sentinel-2 from 26 February 2022
(Figure 3), the AWEInsh index mistakes water for land, whereas the indices AWEIsh and
MNDWI classify water and land reasonably well, with MNDWI being more sensitive to the
clouds. However, most of the time the three water indices work reasonably well (as is the
case for the Sentinel-2 acquired on 8 April 2017 in the Cornwall region, UK (see Figure 3),
even though the AWEInsh gets a better result).

Regarding the influence of the clouds in the extraction, a cloud mask has been intro-
duced within the SAET workflow to reduce the necessity of manual intervention. As pixels
classified as clouds cannot be processed, they will be used to mask the shoreline at the pixel
level obtained by the water index segmentation. This information can be obtained from the
classification bands associated with both 52 and L8-9. Depending on the type of image or
its level of processing, the classification may be more or less robust (Table 4).

The process is not completely error-free, and cases of misclassification can be found.
In the case of shoreline extraction, if part or the whole beach area is wrongly classified
as cloud, SAET will not obtain any result. Therefore, in these cases, it will be necessary
to set the parameter ‘cl’ of SAET to the value 0 (low level of cloud severity) to maintain
the shoreline that would be removed due to the misclassification of the clouds. When
comparing almost-coincident 52 and L9 images affected by clouds and foam (Figure 4), it
can be appreciated how the S2 image classifies most of the beach as clouds and the foam
as snow/ice, causing the shoreline position to remain undetected. In the case of L9, the
presence of clouds is higher, and although the majority of the water/land boundary is
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correctly identified, the northeast part of the beach is classified as water. This leads to
an incorrect definition of the shoreline along the boundary with the vegetated area inland.

49554
50,3751

(e) 2617/04/08 _ AWEInsh

Figure 3. For the coast of Cornwall (U.K.), the four first images show (a) the RGB Sentinel-2, the
indices (b) AWElInsh, (¢) AWEIsh, and (d) MNDWI using the 0 threshold for the date 26 February 2022.
The next four images show (e) the Sentinel-2 and the indices in the same order (f-h) for the date
8 April 2017.
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Table 4. Cloud classification bands for S2 and L8-9 imagery and their different characteristics. TOA
indicates top-of atmosphere processing, and SR refers to the surface reflectance.

Image Type

Image Level of

Band Resolution (m) Description

Processing

S2

Classification: opaque clouds, cirrus, and no
clouds. Source: https:

1C (TOA) QA60 60 / /sentinel.esa.int/web /sentinel /technical-

guides/sentinel-2-msi/level-1c/cloud-masks
(accessed on 1 June 2023)

S2

2A (SR) SCL 20

Classification: low, medium, or high cloud
probability; presence of cirrus; cloud shadows.
Source: https:/ /sentinels.copernicus.eu/web/

sentinel / technical-guides/sentinel-2-msi/

level-2a/algorithm-overview
(accessed on 18 June 2023)

L8-9

1(TOA)and 2 (SR)  QA_PIXEL 30

Classification: based on levels of confidence
(low, medium, high) for clouds, cirrus, and
cloud shadows. Source:
https:/ /www.usgs.gov/landsat-missions/
landsat-collection-2-quality-assessment-bands
(accessed on accessed on 1 June 2023)

Cloud high conf.
Snow/ice

Figure 4. S2 (a) and L9 (b) images of St. Ives Bay (Cornwall, U.K.) were acquired the same day with
only 10 min of difference. The classification, mainly focused on water and clouds (high confidence)
classes, shows several problems of misclassification.

As previously stated, when introducing the workflow, the core algorithm of SAET for
sub-pixel extraction is based on SHOREX [25,26]. This algorithm takes as input the approxi-
mate shoreline at the pixel level obtained from the water index segmentation. Subsequently,
it applies a kernel analysis of the SWIR1 band values overlapping the approximate line
and identifies the maximum slope in its gradient variation. The values of the SWIR1 band
are resampled to increase the spatial resolution and then fitted to a polynomial surface to
smooth the transition between adjacent pixels. After that, the Laplacian operator for the
polynomial surface is computed. The contour where the Laplacian operator reaches the
0 value will be considered the shoreline with subpixel accuracy. Considering that, it is im-
portant to remark that the kernel size is an important parameter conditioning the resulting
shoreline position. The larger the kernel, the larger the area to be analysed (3 x 3 kernel
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represents an area of 60 x 60 m in S2 and 90 x 90 m in L8-9) for subpixel extraction. As
a general rule, if the water index segmentation has a good quality and the beach is wide
enough, a smaller kernel size can be selected. On the contrary, less confident shorelines at
pixel level demand a higher kernel size, but considering that this may bring other problems,
for example, in a narrow beach next to a vegetated area, the detected shoreline probably
will suffer a landward displacement. To adapt to these different conditions, 3 x 3 and
5 x 5 kernel sizes are available in SAET.

3. Assessment and Example of Application
3.1. Accuracy Assessment of the SDSs against Coincident Reference Lines

The SDSs extracted from SAET on different dates, both from S2 and L8 images, were
assessed in order to validate further uses of the extraction tool. For this purpose, the
studied sector includes the beaches located between El Saler Beach (Valéncia) and the Cape
of Cullera (Figure 5), covering a coastal length of about 28 km. This coast is a micro-tidal
sandy beach area, showing tidal oscillations below 0.2 m [41] and medium-sized waves,
with significant wave heights averaging 0.7 m and a mean wave period reaching 4.2 s [42].

S PA' N Valéncia

Cape of Cullera

Figure 5. Location map of the study area between Valencia Port and the Cape of Cullera (Spain).
The sections considered in the shoreline assessment appeared in black (7 May 2018), green
(14 September 2015), yellow (10 July 2018) and blue (26 January 2020). The SIMAR point was
employed for defining the oceanographic data at the moment of the assessment. Source: EO
Browser, https:/ /apps.sentinel-hub.com/eo-browser/ (accessed on 10 April 2023), Sinergise Ltd.
(Ljubljana, Slovenia).

The SDSs were extracted, and their position was planimetrically compared against
reference lines obtained on the same day. Two types of information sources were used to
define the reference shorelines, covering up to 28 km alongshore (Figure 5). On the one
hand, three lines defined at elevation = 0 (14 September 2015; 7 May 2018 and 10 July 2018)
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were defined alongshore with the DGNSS system by the surveyors of the Spanish General
Directorate of Coasts. On the other hand, the reference shoreline was photointerpreted the
26 January 2020 using the VHR image Pléiades 1A, with a 10 min delay with respect to the
52 image.

The SDSs were extracted as points, from which the shortest distance to the reference
lines was measured. The total errors (Figure 6) and their averages (Table 5) were calculated
for each section. As can be seen, the errors were similar for the four dates, with a very small
bias and similar values for the RMSE, which ranged from 2.62 m to 3.79 m. The evaluation
has been made using a large number of measurements (more than 7500) on the four dates
analysed. The error presents a similar magnitude over the whole area analysed as well as
between the different dates, without notable differences between the shorelines extracted
from S2 or L8 images.

20
15
10
= 1 bt ’
g W
> i xM A b .M,»P.
5 il i R
-5 J‘ w |
-10
-15
0 5 10 15 20 25 30
Distance alongshore (km)
—07/05/2018 —26/01/2020 —14/09/2015 10/07/2018
Figure 6. Errors of the SDSs along the study site. Positive values represent a seaward bias, while
negative values indicate a landward bias.
Table 5. Shorelines extracted from Landsat 8 and Sentinel-2 imagery, data employed for defining
the reference lines to compare them with, and the oceanographic conditions for the moments of the
image acquisition. The VHR image is a Pléiades 1A and was obtained from ESA Data Warehouse
(IMG_PHR1A__PMS_202001261050033_ORT_4779958101-001_R1C). The average errors for each
SDS/date appear expressed as bias, 0 and RMSE, all of them in m.
. Standard
Date (dd/mm/yy) Satellite Reference Sea Level Hs(m) Tp () No. Bias (m) Deviation RMSE
Image Data (m) Data (m) (m)
26 January 2020 S2 Pléiades 0.220 0.52 8.27 5038 0.03 3.79 3.79
10 July 2018 L8 DGNSS 0.096 0.12 5.13 1367 0.12 2.62 2.62
7 May 2018 L8 DGNSS 0.085 0.22 5.56 384 —1.02 3.61 3.75
14 September 2015 S2 DGNSS 0.175 0.32 2.43 885 —0.11 2.75 2.75

3.2. Application of SAET: Characterising the Shoreline Changes along the Valencian Coast during
the Storm Gloria

This section provides an example of the application of SAET for characterising the
shoreline changes on the Valencian coast associated with Storm Gloria. This event affected
the Spanish Mediterranean coast between 19 and 22 January 2020. The storm peaked on
20 January 2020 (Hs max = 8.09 m, Figure 7), heavily affecting eastern Spain. This storm
constitutes a remarkable disruptive event considering its unusually large magnitude and
impacts along the Western Mediterranean [42—45]. As a result, there were very strong
impacts of both flooding and erosion on the beaches and coastal dunes.
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Pre-storm (16/01) Post-storm (26/01)
Sentinel-2 image Sentinel-2 image
VHR Pléiades image
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Figure 7. Significant wave height (m) and availability of satellite imagery during the occurrence of
Storm Gloria (January 2020). Data from the SIMAR station 2,081,111 (0.25°O, 39.25°N) by the Spanish
Ports Authority (https://www.puertos.es/es-es/oceanografia/Paginas/portus.aspx, accessed on
10 April 2023). The pre-storm and post-storm images employed for the shoreline extraction are
shown in green and red colour respectively. Likewise, coinciding with the post-storm image, the very
high-resolution image used for the accuracy assessment also appears.

The first step to analysing the event consists of the selection of suitable satellite images.
This selection is based on their coverage and date of acquisition with respect to the storm.
Regarding the location, in this example, the whole study site is covered by a single Landsat
scene and by a single Sentinel-2 tile (Figure 8). The next step is to search for the closest
images before and after the date of the peak of the storm by running SAET in the ‘only
searching’ mode. In the event that two products (Landsat and Sentinel-2) coincide on the
same date, it would be preferable to use those products with higher spatial resolution.

SPAIN

217

Figure 8. The study area (in red) is covered by both a Sentinel-2 tile (30SY], in blue) and a Landsat
scene (198,033, in purple). The choice of one or the other product will depend on which images are
closest to the peak of the storm.

After running SAET in “only searching” mode (Figure 9), two pre-storm and post-storm
Sentinel-2 images were selected (16th and 26th January), according to the criteria of lowest
possible cloud coverage and closest to the date of the storm peak (20th January). These
two images were used as input to run SAET again, but this time, in mode ‘downloading
and processing’, using the default values for the segmentation method (AWEInsh water
index with threshold 0). Thus, two Sentinel-2 images were processed, leading to 123 km
of extracted shoreline (for each image), a resolution of 1 point every five meters, and
a processing time of 10 min (Table 6).

: S2B_MSIL1C_20200126T105229_N0208_R051_T30SYJ_20200126T114741 Cloud coverage: 0.89% 6 days Online
] Central date:20200120

: S2B_MSIL1C_20200116T105309_N0208_R051_T30SY1_20200116T124825 Cloud coverage: 1.27% -4 days Online

] Scene:

S2B_MSIL1C_202001137104309_N0208_R008_T30SYJ_20200113T120057 Cloud coverage: 0.35% -7 days Offline

Figure 9. Ordered-by-date list of the available satellite images. This list offers some information about
each image, such as the identifier, the cloud coverage percentage, and the difference in days with
respect to the peak of the storm. In this example, Sentinel-2 numbers 0 (26 January) and 1 (16 January)
are selected to run SAET in the ‘downloading and processing” mode.
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Table 6. Settings of SAET.
SAET Mode Command Line Description
saet_run.py —rm=os —-fp=NONE Selarch‘mg for}llevgll 1,C Sen’Emel'—f1 1mellges
sd=20200110 --cd=20200120 belonging to the tile “30SY]’, with a cloud
Only searching cover of less than 10%, and that was

--ed=20200130 --mc=10 --Ip=NONE
--1I=NONE --sp=S2MSI1C --s1=30SY]

acquired between 10 January and
30 January 2020.

Downloading and processing

saet_run.py —rm=dp —-fp=NONE
--sd=20200110 --cd=20200120
--ed=20200130 --mc=10 --lp=NONE
--1I=NONE --sp=52MSI1C --s1=30SY]
--np=0,1

Downloading and processing images [0]
and [1]. These images correspond with
the position of each selected image in the
list obtained when running SAET in the
‘only searching’ mode.

The pre- and post-storm SDSs show an important retreat associated with Storm Gloria
along the study area, although with important differences along the coast (Figure 9). The
differences are more evident when analysing a much longer stretch, such as the 28 km
between the port of Valencia and the Cape of Cullera (Figure 10). Between the two studied
dates, 5712 shoreline points were compared, allowing to map the different retreatments
along the coast. Furthermore, an average retreat of 13.9 m (£7.4 m) was identified, reaching
a maximum retreat of 42.5 m.
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Gloria storm impact
SAET SDS vs reference shoreline
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Figure 10. Detail of the extracted shorelines associated with Storm Gloria. The pre-storm (in green)

and post-storm (in red) SDSs are displayed together with the reference line from the VHR image (in
yellow). Coordinate system: WGS84/UTM 30N. Background image: Pléiades-1A © CNES (2020),
distributed by Airbus DS, provided under COPERNICUS by the European Union and ESA, all
rights reserved.
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4. Discussion

During the past few years, considerable progress has been made in the ability to
characterise the evolutionary dynamics of beach spaces over large areas and/or periods
at a high level of detail based on the information provided by satellite-derived shorelines
(e.g., [7,9,42,46,47]). However, applying these systems over very diverse energetic and
environmental conditions has revealed limitations in terms of accuracy, capacity to work
over large areas, and dependency on external data and commercial platforms that may
jeopardize their public usability in certain countries and/or in the future. Considering the
limitations of the existing solutions, SAET is proposed as a new, freely available tool for
shoreline extraction in an attempt to overcome them. This solution was developed in associ-
ation with the ECFAS project, which aims to implement a coastal flooding awareness system
at the European scale [37]. SAET will provide the system with SDSs for characterising the
shoreline change in response to a storm that may lead to products susceptible to being
integrated within the CEMS (as in Figure 11). Furthermore, it constitutes an open-access
tool for the analysis of coastal changes. One of the main novelties of SAET compared to
other available tools comes from its adaptability to the specific needs imposed by different
beach morphologies, oceanographic conditions or the image itself. Some of the examples
shown (Figure 3) prove that not all segmentation techniques always work well under
all these circumstances. That is why SAET provides several possibilities to use different
segmentation options over eligible bands/indices, a possibility that does not exist in any
other tool currently available for the definition of SDSs. The NDWI is not included, which
is the one proposed by other solutions [21,24,28], but this is so given the serious confusion
problems associated with the presence of white water.

Shoreline change (26 Jan - 16 Jan)
Distance (m)
¢ -42.55--30.00
* -29.99 —-20.00
-19.99 - -10.00
-9.99 - -5.00
-4.99 - 0.00
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* 10.01-20.00
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Figure 11. Shoreline change measured with SAET as response to Storm Gloria along 28 km of the
Valencian coast. Coordinate system: WGS84/UTM 30N. Background image: Pléiades-1A © CNES

(2020), distributed by Airbus DS, provided under COPERNICUS by the European Union and ESA,
all rights reserved.
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Another key advantage of SAET is its efficiency in defining the shoreline position
over large areas or coastal segments. As stated before, the extraction of the two SDSs for
characterising the impact of Storm Gloria (a total of 123 km of shoreline) took 10 min.
Furthermore, the entire process (from image download to SDS retrieval) of extracting
a complete Landsat 8 scene (480 km of shoreline) takes only 12 min. This capability
contrasts with other open solutions, such as CoastSAT, that require the space to be analysed
to be subdivided into small spatial units (coastal segments of less than 10 km). On the other
hand, SAET allows the easy reuse of already downloaded images, which substantially
shortens the management time since downloading is the most time-consuming phase. This
is especially useful in order to carry out a new SDS extraction with different settings.

The evaluation of the SDS shows its good accuracy (2.62-3.79 m RMSE, see Figure 6
and Table 5), comparable to that obtained by SHOREX in similar environments (error
of 3.01 and 3.57 m RMSE for S2 and L8 imagery, respectively) as on the sandy beach of
Cala Millor, Mallorca [26]. Actually, this fact should not be too surprising since the core
algorithmic basis of SAET is the same as that of SHOREX, except for the sub-pixel geometric
correction that is not applied in SAET. It is also obvious that the level of accuracy will not
necessarily be identical in all environments and oceanographic conditions. If we observe in
detail the measured errors along the more than 28 km of beach analysed (Figure 6), it can
be seen that for the same date, the bias does not always remain constant. Moreover, it is
expected that the SDSs extracted by SAET may be affected by larger biases or errors in the
combination of certain morphological and oceanographic conditions. Hagenaars et al. [28]
remarked that the accuracy of their method was negatively affected in areas where the
beach slope is low, while the results obtained by CoastSat appear considerably conditioned
by the run-up and the appearance of intertidal spaces [23]. The occurrence of this type
of morphology and oceanographic conditions are therefore expected to affect the SDS
positions extracted by SAET. The level of error found in the four tests performed, using
both S2 and L8 images, presents very low error magnitudes (the RMSE being clearly lower
than 4 m). These values are close to those obtained by SHOREX and suggest that, when
considering oceanographic conditions at the moment of image acquisition, SAET could
also provide similar errors to those described for SHOREX in mesotidal environments [48]
or in energetic coasts such as the Chilean coast [49].

The interpretation of the shoreline position and its changes in the absence of accurate
water levels and wave forecasts constitutes a challenge, especially in tidal and/or energetic
environments [23]. SAET usage for analysing shoreline changes should be carried out
with caution on certain coastal types. In microtidal and low-energetic environments, the
SDSs can be interpreted straightforwardly, so any significant change in the position of the
shoreline can be interpreted as the beach experiencing erosion or accretion. This is the case
of the Mediterranean and Baltic Seas, with a tidal range mainly below 0.5 m (Figure 12)
and usually low energetic conditions. On the contrary, in meso/macrotidal and energetic
environments, the results provided by the SDSs should be taken with extreme caution.
The tidal range and the swash, together with gentle slopes, may translate into important
horizontal displacements of the shoreline position. The analysis of the shoreline changes
should be carried out with the support of tide levels and wave parameters, together with
the beach slope of the studied site, in order to avoid misleading interpretations.

This new solution increases the degree of automation by minimizing manual interven-
tion. This is accomplished by substituting the manual cloud-checking processes followed in
SHOREX with cloud probability maps and by applying automatic thresholding techniques,
i.e., the AWEInsh index, instead of the manual thresholding supervision proposed by Coast-
Sat and needed when using SHOREX on energetic coasts [48]. Furthermore, the higher
degree of automation and efficiency offered by SAET enables the processing of complete 52
tiles or Landsat scenes, thus making it possible to efficiently analyse large geographical
areas affected by storms (see Figures 5 and 8 for the application in Valencia).
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Figure 12. Tidal range along the coast of Europe. Data obtained from the Global Tidal Range dataset
computed by ESRI (https://www.arcgis.com/home/item.html?id=d5354dea41b14f0689860bf4b2cf5
e8a, accessed on 2 June 2023) using the FES2014 tide model produced by Noveltis, Legos and CLS
and distributed by Aviso+, with support from Cnes (https://www.aviso.altimetry.fr/, accessed on
2 June 2023).

The example of application along the Valencian coast shows how SAET is able to
characterise the shoreline position and the changes that occurred as a response to the
outstanding wave conditions that occurred during Storm Gloria along a large coastal
segment. The comparison of the position of the SDS obtained before (16 January 2020) and
after (26 January 2020) the peak of the storm (Figure 11) allows mapping the shoreline retreat
linked to this event along a coastal segment of 28 km length. The extracted SDSs enable the
comparison of pre- and post-storm shoreline positions and the quantification of subaerial
beach morphological changes over time. In addition to the immediate characterisation
of the events, SDSs can be obtained over time, enabling to map the recovery process.
Alternatively, its use in local mode enables any user to study change events offline and
independently of ECFAS. The SDSs obtained with SAET can be used to monitor not only the
morphological changes that occur as a response to coastal storms but also those associated
with actions of anthropic origin, such as beach nourishment or the construction of coastal
infrastructure. Moreover, while it is designed with the idea of quantifying changes with
respect to a given event (such as coastal storms), SAET can also be used to extract large, long-
time series of SDSs. Thus, SAET constitutes an advanced tool to complement the existing
ones in providing long-term, large-scale, quantitative and homogeneous information. All
this will contribute to alleviating the lack of coastal monitoring of sandy beaches necessary
for managing this critical zone [50].

5. Conclusions

SAET has been developed as an open-source tool for the efficient definition of SDSs
to study the beach response to disruptive events such as coastal storms. It uses EO data
from the European Sentinel series (S2 imagery), complemented by the integration of the
contributory EO missions Landsat (L8 and L9), which offer a high temporal resolution.
SAET is a powerful tool capable of automatically processing complete satellite scenes,
enabling the characterisation of the shoreline position along broad beach segments while
offering a high level of subpixel accuracy.

SAET is mainly based on the same algorithm employed by SHOREX but with sev-
eral improvements to increase its efficiency, flexibility and robustness. The modifications
include a higher degree of automation by making manual thresholding techniques and
cloud-checking processes unnecessary; the omission of the georeferencing process, avoiding
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the necessity of orthorectified images; and the possibility to easily set different extraction
parameters (as the water index and the kernel size, among others) according to the coastal
conditions, being completely independent of commercial platforms such as GEE. The shore-
line accuracy (assessed along a Mediterranean sandy beach) has the same magnitude as the
one obtained by SHOREX under similar conditions, ranging from 2.62 m to 3.79 m RMSE.

SAET appears integrated within the ECFAS project workflow, providing the system
with shoreline positions and offering new products to the Copernicus Emergency Manage-
ment Service (CEMS), such as the study of shoreline changes in response to a storm, as
well as the recovery process of a sector. Nevertheless, as an open-source software program,
its local mode will allow its use as a completely independent tool for studying the impact
and recovery of the beach morphology to any punctual storm event, such as in the case of
anthropogenic interventions or even long SDS series.
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