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Preface

May this preface be a tribute to our colleague Dr. David Moncoulon, our fellow co-editor for this
Special Issue (SI). He passed away too soon, too young, and still had much to contribute to research
and development. We join his family, friends, and colleagues in mourning his loss.

This SI aims to provide a common forum to share knowledge about the growing threat of
geohazards such as landslides, earthquakes, coastal changes, and drought, among many others, due
to the expanding size of cities and urban areas, the critical use of agricultural lands, and the effects
of climate change. A total of thirty-one papers (twenty-eight research papers, one review paper, and
one technical note) on different topics like coastal changes, landslides, earthquakes, and others are
presented in this reprint. The published works have been carried out in different parts of the world,
such as Europe (i.e., Spain, France, Italy, etc.), Asia (i.e., China, South Korea, India, etc.), or America
(i.e., Canada and Mexico).

Among the diverse research that the reader will find in this SI related to climate change and
human intervention over coastal areas are the works of Fernandez-Hernandez et al. [1], Bio et al. [2],
or Oh et al. [3]. These works use different data, such as aerial photographs (in some cases, more than
90 years ago), digital elevation models (DEMs), and video monitoring systems.

The contributions to this SI are mainly related to landslides (Saha et al. [4], Affandi et al. [5],
Leonardi et al. [6], Gao and Zhang [7], Wu et al. [8], Liu et al. [9], Franco et al. [10], Cobos et al.
[11], Niu et al. [12], and Gutiérrez-Martin et al. [13]), especially in populated areas, and focus on the
development of prediction models, susceptibility maps, analysis of critical factors (e.g., rainfall, soil
types, slope, etc.) or remediation techniques. These works include the use of geographic information
systems, geotechnical flow modeling software, or electrical resistivity tomography.

Additionally, the contributions on earthquakes or seismic risks, including quantification of
effects, stochastic generators, or analysis for insurance purposes (Cao et al. [14], Szabo et al. [15],
Fidani [16], Gouache et al. [17], Hui et al. [18], Issadi et al. [19], Issadi et al. [20], and Pérez-Moreno et
al. [21]), are noteworthy:.

The reader will also find different laboratory studies on the influence of rainfall on slope erosion,
the effect of dry-wet cycles on loess, or debris flow mobility (Tian et al. [22], Liu et al. [23], and Chang
et al. [24]). To finish, readers will find articles on the effects of extreme droughts, forest fires, floods,
or marine gas hydrate (Kapsambelis et al. [25], Gualdi et al. [26], Garrote et al. [27], Lee and Kim [28],
Ledn et al. [29], Jami et al. [30], and Li et al. [31]).

Finally, the editors would like to thank all the authors and reviewers, as well as the MDPI staff
(especially Amy An), for their valuable contributions to this reprint.

Ricardo Castedo, Miguel Llorente Isidro, and David Moncoulon
Editors
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Abstract: A good understanding of historical change rates is a key requirement for effective coastal
zone management and reliable predictions of shoreline evolution. Historical shoreline erosion for
the coast of Guardamar del Segura (Alicante, Spain) is analyzed based on aerial photographs dating
from 1930 to 2022 using the Digital Shoreline Analysis System (DSAS). This area is of special interest
because the construction of a breakwater in the 1990s, which channels the mouth of the Segura River,
has caused a change in coastal behavior. The prediction of future shorelines is conducted up to the
year 2040 using two models based on data analysis techniques: the extrapolation of historical data
(including the uncertainty of the historical measurements) and the Bruun-type model (considering the
effect of sea level rises). The extrapolation of the natural erosion of the area up to 1989 is also compared
with the reality, already affected by anthropic actions, in the years 2005 and 2022. The construction of
the breakwater has accelerated the erosion along the coast downstream of this infrastructure by about
260%, endangering several houses that are located on the beach itself. The estimation models predict
transects with erosions ranging from centimeters (70 cm) to tens of meters (30 m). However,
both models are often overlapping, which gives a band where the shoreline may be thought to be
in the future. The extrapolation of erosion up to 1989, and its subsequent comparison, shows that
in most of the study areas, anthropic actions have increased erosion, reaching values of more than
35 m of shoreline loss. The effect of anthropic actions on the coast is also analyzed on the housing
on the beach of Babilonia, which has lost around 17% of its built-up area in 40 years. This work
demonstrates the importance of historical analysis and predictions before making any significant
changes in coastal areas to develop sustainable plans for coastal area management.

Keywords: climate change; beach erosion; dune cliff; land management; data analysis

1. Introduction

Coasts are valuable and vulnerable environments that provide numerous ecosystem
services and support human populations in different ways [1]. It is estimated that sandy
beaches make up approximately one-half of the world’s ice-free coastline [2]. According
to the United Nations, approximately 10% of the world’s population currently lives in
coastal areas that are less than 10 m above sea level, and about 40% lives within 100 km
of the coast [3]. These areas are residentially, touristically and economically attractive;
thus, they are becoming densely populated, but the concentration of infrastructures due to
intense anthropic activity (i.e., ports, cities and resorts) puts additional stress on the coastal
environment, sometimes pressing it to its limits [4].
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Coastal zones are particularly vulnerable to natural erosive processes due to factors like
wave action or storm events [5]. These processes can lead to the loss of land, degradation
of coastal ecosystems, and increased risks for human settlements and infrastructure. The
problem is emphasized when anthropic constructions modify coastal dynamics in some
way, even though their primary objective is to protect the coast from erosion due to natural
phenomena [6-8]. While these structures (i.e., harbors, channels or breakwaters) may
provide immediate protection against erosion, they can disrupt the natural movement of
sediment along the coastline, leading to unintended consequences [9,10]. Many of these
hard structures were built from the 1950s to the 2000s, without accurate studies of the
effects on coastal sediment dynamics and flora and fauna [1]. In contrast, in the last two
or three decades, management strategies have focused on soft methods such as artificial
beach nourishment, revegetation of dunes or bioengineering [11,12]. For example, some
researchers have found a relationship between increased shoreline erosion in areas around
the mouths of dammed rivers and in areas with high population densities in the Gulf
of California [13]. Research conducted on the East Coast of South Korea found that the
artificial structures constructed along the coast have not completely solved or stopped
erosion but shifted it from one location to another [14]. On the contrary, work by Skilodimou
et al. [15] shows how coastlines have been enhanced by 40% over the last 76 years due to
human interventions, in this case, earth filling.

The effects of climate change on coastal regions are critical due to their exposure to
rising sea levels, increased storm intensity and changes in oceanic and atmospheric condi-
tions [16]. In general, rising sea levels can be a significant factor in shoreline changes [17].
Higher water levels mean that waves and storm surges can reach farther inland, eroding
coastlines and flooding low-lying areas. This can result in the loss of beaches, dunes and
other coastal landforms, which can lead to feedback loops, e.g., as coastal areas erode,
sediment may be lost, reducing natural coastal barriers and exacerbating erosion. This, in
turn, can increase vulnerability to coastal hazards. Changes in ocean wave characteristics,
including alterations in wave height, period and direction, can further impact coastal
erosion, sediment transport and stability. In addition to this, storms, including hurricanes
and tropical cyclones, can cause significant changes due to intense erosion and the trans-
portation of large amounts of sediment along the coastline [18]. An example is the work of
Simeone et al. [19], who demonstrate that the beaches studied in Western Sardinia (Italy)
show greater changes when faced with consecutive storms and not with an isolated one.
These climate change impacts can lead to the loss of coastal land, damage to infrastructure
and the displacement of communities. For these reasons, the analysis of the long-term
effects of anthropic actions in past cases, in combination with information on the adverse
effects of climate change (both at the global and regional levels), is fundamental to ensure
the long-term sustainability and resilience of the new actions to be taken.

The aims of this work carried out in Guardamar del Segura, Alicante (Spain) are as
follows: (1) analyze the historical evolution of the shoreline from 1930 to 2022, taking into
account different anthropic constructions; (2) study the effects of these constructions on the
erosion rates of the shoreline and a cliff dune; (3) evaluate the loss of built surface (houses)
due to changes in coastal dynamics; (4) estimate the shoreline situation for the year 2040
with the information from available data and the use of two prediction models based on
historical recession rates and changes in sea level; and (5) compare, with the use of these
computational models, the positions that the coastline would have had in the years 2005
and 2022 without the constructions carried out in the area. The results and methodology
provided by this work can be used as the basis for coastal planning and management,
especially in areas with key infrastructures.

2. Study Area

This work focuses on the coastline of Guardamar del Segura located in the southeast
of Alicante, Spain, on the Mediterranean coast (see Figure 1). The area has a population
of more than 16,000 inhabitants, and the main economic activity in the region is summer
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tourism. The studied coast includes the beaches of Los Viveros (corresponding to zone B in
Figure 1c) and Babilonia (zone C in Figure 1c). These two beaches have an actual length
of 2.7 km and an average width of 12 m, reaching a maximum of 35 m. They are open
beaches of golden sand with a grain size of around 0.27 mm [20], which is between fine
and coarse sand.

706,500 707,000 706,500 707,000
p B 4 T 4,221,000
Barcelona [®
Madrid
Lisboa 4,220,500
Argel
4,220,000
Alacant/Alicante
Murcia
4,219,500
Cartagena
Dolores 4,219,000
4,218,500
Mata T\(”r.x eja
Torrevieja
706,500 707,000 706,500 707,000
0 1
e s ™ s | 8

Figure 1. (a) Location of the study area. (b) Orthomosaic of the coast in 1930 and details of the
transects used in the study. (¢) Orthophoto of the coast in 2022. Note that the coordinates used are
UTM ETRS89 H30N.

Guardamar del Segura coast is a fetch-limited environment with a predominance of
sea waves. This coast is an environment with small astronomical tides (as is common in
the Mediterranean) that oscillate about 0.3 m (SIMAR data from Puertos del Estado [21]).
However, the so-called meteorological tides can reach up to 0.45 m. The dominant wave
direction is northeast, creating a net N-S-oriented coastal current. Significant wave heights
in this area, from 1958 to 2023, are 50.80% of the time between 0 and 0.5 m, 37.52% between
0.5 and 1 m, 8.7% between 1.0 and 1.5 m, 2.06% between 1.5 and 2.0 m and the remaining
0.92% between 2.0 and 3.5 m [21]. It should be noted that according to the available data [21],
the maximum monthly values up to 1970 did not exceed 3 m of significant height. In the
1980s, there were already some peaks that exceeded 4 m, a trend that remained constant
with peaks between 2.5 m and 4 m until 2010, but with an average value of around 2 m.
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However, in the last 13 years, the average has risen around 3 m with some peaks in 2019 of
almost 7 m. The latter peak is due to the large Isolated Depression at High Levels (DANA
in Spanish) that occurred in the area in 2019 [22]. As for the peak period, the histogram is
centered on the 5-6 s interval (23.94% of the time), distributed on the 2—4 s interval (29.12%)
and then on the 4-5 s interval (19.59%), 67 s interval (17.89%) and 7-10 s interval (17.43%).

According to the latest data published by the Intergovernmental Panel on Climate
Change (IPCC), the trend of accelerating sea level rise in the Mediterranean is consistent [23].
However, there are important differences depending on the methods and time horizons
used in the analyses. In general, the accepted sea level rise referred to in the 20th century
was 1.4 £+ 0.2 mm yr~! [24]. However, by 2050, it is estimated that the sea level may rise
between 0.52 and 1.22 m above the mean relative sea level between 1996 and 2014. The
relative sea level rise from 1927 to 2012 in Alicante was 1.28 + 0.5 mm yr’1 [25].

This coastline has a long history of anthropogenic actions since the 18th century. The
dune system in this area was left unfixed due to the massive felling of trees for the fishing
industry during the 18th century. This meant that for a long time, the town of Guardamar
was “threatened” by the movements of the dunes. From 1900 to 1930, the engineer Mira y
Botella directed the reforestation of the area, which reduced the mobility of the dunes and,
therefore, prevented the burial of the town. The houses of Babilonia (zone C in Figure 1) did
not respond to the predatory model of the urbanism of the second half of the last century
around the Spanish Levante. On the contrary, they had an environmental function and
fit perfectly with the coastal physiognomy of the municipality in the 1930s. The number
of houses increased until the end of the 1970s and remained constant until the 2000s, but
since then, houses started to naturally and progressively collapse due to marine action. See
Figure 2 for some photographs of the area since 2010.

Figure 2. (a) View from north of Babilonia Beach on 2 April 2010. (b) View of Los Viveros artificial
dune on 2 April 2010. (c¢) View from north of Babilonia Beach on 5 May 2021. (d) View from north of
Los Viveros Beach and artificial dune on 13 August 2021.

The main period of anthropic actions began in the mid-1970s and lasted about
20/25 years. In the 1970s, a small groin was built in the southern part of the mouth
of the Segura River, which was completed in the mid-1980s with the construction of a larger
groin in the northern part. In the period between 1987 and 1988, a large dredging of the
mouth of the Segura River was carried out. Between 1990 and 1994, to reduce the risk
of flooding, its mouth was channeled by means of a 525 m breakwater with an east and
northeast orientation (zone A in Figure 1c), the opposite of all those built in the Spanish
Levante [26]. This orientation stops the longitudinal transport of sediments from the north
and blocks the outflow of sediments transported by the Segura River [7]. This forces the
“Confederacion Hidrografica del Segura (CHS)” to schedule periodic dredging due to
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sediment accumulation that, if not executed, could cause breakage of the breakwater [27].
A volume of 14,000 m? of material extracted in the works of the early 1990s was used to
raise Viveros beach (zone B in Figure 1c), and the rest of the material was used to raise
other beaches to the south of the area of this study. Between 1996 and 1999, the Guardamar
marina was built. In this project, a volume of sludge of approximately 200,000 m3 was
obtained, basically sand, with a low proportion of fines, very similar to that which makes
up the current dune system. This sediment was dumped on a foredune originating an
artificial dune (with the appearance of a small cliff) about 500 m long and of variable height
(zone D in Figure 1) with a trapezoidal section, ranging from 8 m in the sector closest to the
riverbed to 4.5 m in the southern part [6,28]. From 2002 to 2011, an attempt was made to
eliminate the dumped anthropogenic materials, leaving the existing dune sands uncovered,
and native species were planted to fix them [29]. Currently, this small cliff dune has areas
up to 10 m high and slopes of up to >45° [30].

3. Methodology

The explanation of the methodology is divided into three blocks: shoreline evolution
data, historical data analysis using the Digital Shoreline Analysis System (DSAS) [31] and
prediction of future shorelines.

3.1. Dataset Preparation

Twenty aerial images covering a period of 93 years were used, with images in the
following years: 1930, 1946, 1956, 1977, 1985, 1989, 1997, 1999, 2003, 2005, 2007, 2009, 2012,
2014, 2017, 2018, 2019, 2020, 2021 and 2022 (see Table 1 for details). They were obtained from
different sources: National Geographic Institute (Instituto Geografico Nacional (IGN) [32])
and Valencian Cartographic Institute (Institut Cartografic Valencia (ICV) [33]) photo li-
braries. The used reference system is ETRS89, UTM projection zone 30. In all images, the
sea is calm, and therefore, all available data can be used for a comparative study.

Table 1. Main information from the aerial imagery used in this research. Note that GSD is the ground
sampling distance: the distance between two consecutive pixel centers measured on the ground. This
concept is equivalent to spatial resolution in remote sensing.

Year, Source Flight Type Date GSD (m) Phol:ogram.m etric
rocessing

1930 Ruiz de Alda Analogical B/W 1929/1930 0.75 Orthomosaic
1946 American Flight Series A Analogical B/W 1946 0.43 Rectification
1956 American Flight Series B Analogical B/W 1956 0.63 Rectification
1977 Interministerial Flight Analogical B/W February 1977 0.45 Rectification
1985 National Flight Analogical B/W March 1985 0.75 Rectification
1989 Coastal flights Analogical Color March 1989 0.12 Rectification
1997 Flight OLISTAT Analogical B/W October 1997 1 Orthomosaic
1999 Five-Year Flight Analogical Color 27 August 1999 1 Rectification
2002 Institut Cartografic Valencia Analogical Color 12 May 2002 0.50 Orthomosaic
2005 Institut Cartografic Valencia Analogical Color 30 September 2005 0.50 Orthomosaic
2007 Institut Cartografic Valencia Digital Color 23 August 2007 0.50 Orthomosaic
2009 Institut Cartografic Valencia Digital Color 5 August 2009 0.25 Orthomosaic
2012 Institut Cartografic Valencia Digital Color 16 June 2012 0.50 Orthomosaic
2014 Institut Cartografic Valencia Digital Color 21 June 2014 0.22 Rectification
2017 Institut Cartografic Valencia Digital Color 18 August 2017 0.25 Orthomosaic
2018 Institut Cartografic Valencia Digital Color 13 June 2018 0.25 Orthomosaic
2019 Institut Cartografic Valencia Digital Color 14 May 2019 0.25 Orthomosaic
2020 Institut Cartografic Valencia Digital Color 2 May 2020 0.25 Orthomosaic
2021 Institut Cartografic Valencia Digital Color 13 May 2021 0.25 Orthomosaic
2022 Institut Cartografic Valencia Digital Color 8 May 2022 0.25 Orthomosaic
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The photographs of the first flight used (Ruiz de Alda 1929-1930) were treated with
AgiSoft Metashape to obtain an orthomosaic of the study area since the photos were not taken
systematically [34]. Control points identified on the 2022 orthomosaic were used to make
the 1929-1930 orthomosaic. It seems clear that, although the 1930 orthomosaic has an error
(Table 1), it can be considered within acceptable limits when working with data 50 years old
or more [35], especially when you consider that it provides an important piece of information
that is worth considering. The 1946, 1956, 1977, 1985, 1989, 1999 and 2017 aerial photographs
were rectified using easily identified points on the 2022 orthomosaic, which was taken as a
reference for the entire work. The remaining used images were orthomosaics produced by the
official cartographic agencies and downloaded from their data servers.

Once the 20 mosaics with the orthophotos of all the years of study were uploaded
to GIS, the next step was the vectorization of the shorelines, the cliff top and the houses
of Babilonia Beach. The shoreline was drawn manually by the same operator instead of
using automatic techniques more commonly used in remote sensing [36], following the
last wet tide mark on the beach profile (see Figure 3 as an example). This line defines the
boundary with the backshore and can be visually identified in orthophotos [37,38]. This
methodology can be used in sedimentary littoral formations exposed to the open sea (i.e.,
beaches). To profile the cliff dune, the top (crest) of the slope is used, which is a visually
perceptible feature [39]. The calculation of the number of dwellings and occupied area is
based on the most current 2011 cadastral data [40]. On these cadastral data, the remaining
19 layers were manually modified to adapt them to each orthophoto from 1930 to 2022. All
this work was carried out by the same operator to ensure a uniform criterion in the choice
of geomorphological features.
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Figure 3. (a) Orthomosaic of the coast in 1930. (b) Orthomosaic of the coast in 1930 with the drawing
of the shoreline. (c) Detail of the shoreline in the area of transects 4 and 8 (north of zone B in Figure 1).
(d) Detail of the shoreline in the area of transects 25 and 29 (south of zone C in Figure 1).
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3.2. DSAS—Historical Shoreline Analysis

Digital Shoreline Analysis System (DSAS) version 5.1 [31] was used to analyze the
historical evolution of the coastline. For its analysis, the study region was divided into
three parts, in addition to the cliff area (see Figure 1c). In total, there are 40 transects, 3 of
which are in zone A (numbered 1 to 3), 14 are in zone B (numbered 4 to 17), 12 are in
zone C (numbered 18 to 29) and 11 are in the zone D or cliff zone (numbered 1d to 11d).
The transects are spaced 50 m apart in zones A and D, while in zones B and C, they were
spaced 100 m apart. Each transect is a line perpendicular to the coastline, which joins
the intersection points of the coastline of each of the available images (dates) with said
perpendicular line.

The first analysis of the historical data was performed considering the complete time
series from 1930 to 2022, except for zones A and D. In zone A, the analysis was conducted
up to 1989, as this area was removed during the construction of the north breakwater and
the channeling of the Segura River. Zone D was analyzed from 1999 to 2022 after human
intervention. In addition, to improve the analysis and interpretation of the results and
consider the important anthropic actions in zones B and C, an analysis of two-time intervals
was also carried out: 1930-1989 (before the channeling of the Segura River) and 1997-2022
(after the construction of the marina and artificial dune).

The classical linear regression model was selected to estimate the rates of shoreline
change. This technique is based on accepted statistical concepts, includes all the data of the
series and provides the necessary data for the prediction models used in this research. In
detail, the data provided by the DSAS software with this calculation method are as follows:

e  Net shoreline movement (NSM): Maximum displacement of each transect between
the first and the last available data. Measured in meters.

e Linear regression rate (LRR): A least-squares linear regression is fitted to all points of
a transect. The historical rate of change in the shoreline is the slope of the fitted linear
regression. Measured in meters per year (m/yr).

e  Standard error of the slope (LCI): This estimator is often referred to as the standard
deviation and describes the uncertainty (or variability) associated with the calculation
of the LRR at a given confidence interval. In this case, it was calculated at 99%, thus
ensuring that 99% of the data is within the LRR =+ LCI. Measured also in meters per
year (m/yr).

e  R-squared of linear regression (LR2): Also known as the coefficient of determination,
it is the percentage of variance in the data that is explained by a regression. Values
close to 1 imply that the regression fits the data well, while values close to 0 imply that
the regression does not fit as well.

3.3. Prediction of Future Shoreline

While it is challenging to make precise projections on future shorelines, researchers
use available data and models to understand potential scenarios [41,42]. Calculated data
on historical shoreline changes generally serve as the first, and perhaps most important,
input for prediction models. However, these data alone are valid for extrapolation, if in
the future it is assumed that the system remains in the same dynamic equilibrium as in the
historical period analyzed. Otherwise, some variability must be added to the historical
data (i.e., standard deviation) or, in more complex models, the elements in each zone that
are most likely to be affected by future changes must be included.

In this paper, two simple but well-known models were used to estimate the position
of the shoreline in the future: Lee—Clark [43,44] and Leatherman [45—47] models. The
Lee—Clark model is based on the extrapolation of historical data (LRR). In this model, the
standard deviation (LCI) of the measured erosions is incorporated to consider the variability
in the rates over time. Erosion calculation is simple, and the result in year T would be:
LCe = (LRR £ LCI) x T years. The Leatherman model (also known as historical trend
analysis) is basically based on the “Bruun rule” to estimate the potential shoreline retreat
(R, measured in m/yr) resulting from a rise in sea level as: Ry = Sy(LRR/S1), where Sy is



Appl. Sci. 2023, 13,9792

the sea level rise rate (m/yr) during the analyzed period and S, is the projected sea level
rise rate (m/yr) in the study area.

4. Results and Discussion

The results and their discussion were structured by zones, starting with the evolution
of the shoreline, then the cliff dune and ending with a section dedicated to the comparison
of the coastline in 2005 and 2022 with and without the effects of anthropogenic actions.

4.1. Shoreline Evolution (Past and Future)

Table 2 shows the rates of coastline change for the three periods analyzed (1930-1989;
1997-2022; and 1930-2022) in the three areas (A, B and C) that have or have had shorelines.
In zone A, between 1930 and 1989, the erosion is important, with an average rate in the
zone of 1.13 m/yr (Figure 4). As can be seen in Figure 5, most of this erosion is due to the
period 1930-1956. Even in transect 1, the 1977 shoreline was ahead of the 1956 shoreline,
reflecting a small accretion in the area, probably due to the construction of the small groin
on the south side of the river mouth. It seems evident that in this area, there was some
erosion near the natural mouth of the Segura River before it was channeled.

Table 2. Erosion rates for profiles 1 to 29, including zone A, B and C for three different study periods:
1930-1989, 1997-2023, 1930-2022. Negative sign means erosion, while positive sign means accretion
for NSM and LRR.

Period 1930-1989 Period 1997-2022 Period 1930-2022
NSM LRR LCI NSM LRR LCI NSM LRR LCI
ZONE TRANSECT (m) (mlyr)  (mly) LR2 (m) (mlyr)  (mly) LR2 (m) (mlyr)  (mly) LR2
1 -7870 —1.08 1.38 0.76 - - - - - - - -
A 2 -75.33 —1.16 0.74 0.93 - - - - - - - -
3 —-7824 —-1.16 0.88 0.90 - - - - - - - -
4 —69.08 —1.02 0.87 088 —41.80 —1.25 0.96 0.60 —128.64 —1.16 0.22 0.93
5 —64.72 —094 0.67 091 3526 —1.31 1.25 053 —131.03 —1.23 0.21 0.94
6 -5941 -0.91 0.50 095 —47.14 —-124 0.95 0.60 —126.75 —-1.15 0.20 0.94
7 —-58.93 —0.90 0.46 095 —4407 149 1.24 059 —-121.82 —-1.12 0.20 0.94
8 —46.07 —0.68 0.47 092 —4363 -1.17 0.70 0.68 —111.34 —1.05 0.20 0.93
9 -35.72 —-0.62 0.38 094 3686 —1.25 0.69 0.74 —100.45 —-1.03 0.20 0.93
10 -3251 —043 0.37 088 —43.60 —1.18 0.49 082 —-90.12 —-093 0.21 0.90
B 11 —2643 —0.33 0.45 074 —-35.38 —1.23 0.49 0.85 —88.18 —0.94 0.24 0.87
12 —21.07 —-0.24 0.41 0.64 —3848 —1.21 0.61 077 =79.76 —0.84 0.25 0.84
13 -1649 —-0.21 0.31 071 -3041 -1.22 0.40 089 —69.21 —0.81 0.23 0.85
14 —-10.70 —0.05 0.41 0.08 —3421 -1.15 0.50 084 —68.15 —0.73 0.27 0.77
15 —6.42 0.04 0.57 0.03 —-338 -1.15 0.55 079 —60.27 —0.64 0.28 0.71
16 -3.40 0.01 0.67 0.00 —-2274 140 0.73 079 —60.59 —0.64 0.29 0.69
17 —0.70 0.15 0.69 019 -36.04 -1.15 0.72 072 —=57.08 —0.54 0.30 0.59
18 —4.30 0.06 0.77 0.03 —-19.51 —-0.77 0.31 093 -3521 —-0.37 0.30 0.55
19 3.68 0.17 0.52 055 —21.66 —098 0.59 071 -=3572 —0.60 0.29 0.68
20 =560 —0.03 0.62 001 =524 033 0.54 040 —-35.03 —-0.32 0.18 0.65
21 -7.69 —0.05 0.47 006 —437 —-0.17 0.73 016 —-3094 —0.32 0.15 0.70
22 —-1875 —0.24 0.77 034 —11.56 —035 0.35 053 —40.14 -0.31 0.13 0.75
23 —19.27 —-0.23 0.68 038 —473 —-0.26 1.44 028 —45.87 —0.39 0.15 0.78
c 24 -733 —0.09 0.55 011 —-1563 —0.48 0.39 063 —29.02 —-0.33 0.15 0.73
25 -744 —0.12 0.41 031 —13.64 —0.39 0.31 069 3196 033 0.12 0.79
26 =527  —-0.08 0.32 026 —13.76 —0.43 1.25 038 —32.85 —0.28 0.16 0.60
27 -948 —0.14 0.27 059 —-1027 —-0.09 0.55 006 —2936 —0.19 0.14 0.48
28 —-1542 —-0.24 1.04 073 -1329 037 1.07 039 -31.99 -0.20 0.16 0.45
29 =777  —0.08 2.00 0.08 —-11.39 —-0.27 0.71 043 —-2825 —0.17 0.17 0.34
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Figure 4. The upper graph shows the NSM of all transects in zones A, B and C in the periods
1930-1989 and 1997-2022. The lower graph shows the LRR values of each transect for the same zones
and periods.

Figure 5. (a) Shorelines and transects 1 to 3 from 1930 to 1989 (background image from 1989).

(b) Image from 2022 of the same area.

In the northern area of zone B, near the breakwater (transects 4-8, Table 2 and Figure 6),
the erosion during the period 1930-1989 is significant, with an average of 0.89 m/yr. It is
worth remembering that between 1990 and 1992, the beach was regrown by about 50 m due
to the creation of the marina [4]. As shown in Figure 4, this material added to the beach
eroded rapidly, as the 1997 shoreline was behind the 1989 one. However, for the period
1997-2022, the values shot up to an average of 1.29 m/yr. It seems more than evident that
the construction of the breakwater and the channelization of the river has accelerated a
natural process (Figure 4). From transects 9 to 13, erosion rates only reach 0.36 m/yr for the
period 1930-1989. This indicates that this zone, already farther from the mouth of the river,
was less affected by the natural shoreline erosion. In contrast, after construction works
in the area, the rate skyrockets to 1.22 m/yr, almost one meter more in a much shorter
period of only 25 years. The erosion data for the area between transects 14 and 17 present a
low LR2 for the first epoch analyzed. This is because the shorelines in this area are very



Appl. Sci. 2023, 13,9792

close together, having accretion and erosion epochs, which makes it difficult to fit the linear
regression [48]. In any case, the net movement of shoreline erosion in these transects was
5 m for the 60-year period (1930-1989). However, for the period 1997-2022, the mean NSM
for these transects is 31.71 m, which seems to confirm the increase in erosion south of the
breakwater. Looking at the entire period of 92 years, the mean erosion of all transects in
zone Bis 0.92 &= 0.24 m/yr. It happens that throughout zone B, erosion rates have increased
after anthropic actions, reflecting their negative effects, especially in the southern part
(Figure 4).

Figure 6. Zone B. (a,d) Shorelines and transects from 1930 to 1989 (background image from 1989).
(b,e) Shorelines and transects from 1997 to 2022 (background image from 2022). (c,f) Shorelines and
transects from 1930 to 2022 (background image from 2022).

In zone C, for the period 1930-1989, something similar to zone B occurs with some of
the linear regression, where the LR2 value is low. In this zone, some of the transects show a
net accretion for this period (see Figures 4 and 7a). Erosion at Babilonia Beach was very
small until 1989, with only 8.72 m in 60 years, whereas in the last 25 years, 12.09 m, about
40% more, eroded in less than half the time. This has caused the loss of beaches in front of
houses and, therefore, has left them directly exposed to sea waves (see Figure 2). However,
as can be seen in Figure 7, the houses of Babilonia Beach act as an artificial barrier (or
artificial shoreline), and therefore, there can be no further erosion except for the destruction
of the houses themselves. If zone C is analyzed for the entire available time set, it can be
observed that the fits are better and that the NSM value amounts to 33.86 m (0.32 m/yr).
As in zone B, Figure 4 shows how erosion rates have increased after anthropogenic actions.

The effect of erosion on the houses of Babilonia Beach was also analyzed. During the
1930s and up to the 1970s, the built-up area increased, with 8533 m?2 (55 houses) in 1930;
12,277 m2 (80 houses) in 1946; 17,976 m? (117 houses) in 1956; and 19,463 m? (126 houses)
in 1977. This last value remained stable until 1999. From then on, and as a natural response
to the values already discussed, the built-up area has been in continuous decline. Until
2005 the loss of floor area was a mere 131 m? (one house). But from 2005 to 2012, the loss
increased by 2218 m? (14 houses) and has not stopped until 2022 (last data available), with
a loss of another 1003 m? (6 houses). One should consider the numerous attempts to protect
these houses with the use of rock dikes, Hesco barriers filled with rock and sand, etc., that
have managed to somewhat slow down the destruction of these houses [49].

10
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Figure 7. Zone C. (a,d) Shorelines and transects from 1930 to 1989 (background image from 1989).
(b,e) Shorelines and transects from 1997 to 2022 (background image from 2022). (c,f) Shorelines and
transects from 1930 to 2022 (background image from 2022).

Having historical erosion data in different transects, it is possible to apply the pre-
diction models explained in Section 3.3. An adequate time horizon, preferably shorter
than the available observation period (92 years), should be chosen to consider the data
variability and, at the same time, to reduce the impact of data uncertainty on the quality
of the results [39]. Therefore, the simulation is extended for 18 years, up to the year 2040
(see Table 3). Uncertainties have been incorporated for each model, including lower/upper
bounds, having a surface area that delimits the possible solution (Figure 8). In the Lee-
Clark model, uncertainty in the calculation of future erosion (LCe) is incorporated by
adding (upper bound) and/or subtracting (lower bound) the LCI to the LRR value for
each transect (see Table 2). For the Leatherman model, the limits are introduced using a
minimum and maximum estimate of the rate of sea level rise in the future (S;). According
to local estimates, the future rates will be a maximum (upper bound) of 0.5 mm/yr, with a
reasonable minimum (lower bound) value of 0.25 mm/yr [25]. As mentioned in Section 2,
the historical relative sea level rise (S1) has been 1.28 mm/yr.

As can be seen in Figure 8 and Table 3, the prediction models overlap in most cases. In
this situation, it can be said that the shoreline is most likely to be located at some intersection
surface of the two models. The Lee and Clark model has a larger difference between the
lower and upper limits than the Leatherman. This is probably because the variability in
historical erosion rates is greater than the effect of sea level changes for this relatively short
simulation period. In the northern part of zone B, the shoreline is predicted to reach the
area currently occupied by the cliff dune that, therefore, would also be eroded. In zone C,
the houses continue to act as a barrier, although in the northern zone, erosion will increase
and the loss of built-up area is likely to increase following the actual trend.

4.2. Cliff Dune Evolution (Past and Future)

The historical evolution of the cliff dune shows episodic erosion with major events
between 2005 and 2007 and, more recently, between 2021 and 2022 (see Table 4 and Figure 9).
In general, this is due to periods of major storms and an increase in wave height in the
region [4,50]. In any case, the mean erosion value (including the 11 transects) for this area
is 1.12 £ 0.66 m/yr. In this part of zone B, erosion data are 1.11 4= 0.20 m/yr for the period

11
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1930-2022 and a little bit higher, 1.31 £ 0.77 m/yr, for the period 1999-2022. This shows, as
is logical, that both cliff dunes and shorelines are closely related.

0 150 30 0 50 100 0 150 300
T —— 1 ——8C8

Figure 8. Shoreline model predictions (Lth—Leatherman; LC—Lee and Clark) by year 2040: (a) general
view of zone B; (b) detailed view of zone B; (c) detailed view of zone C; (d) general view for zone C.

Figure 9. (a) Cliff dune erosion since 1999, zone D. (b) Cliff dune erosion predictions (Lth—Leatherman;
LC—Lee and Clark) by the year 2040.

The behavior of the Lee—Clark and Leatherman model prediction results are very
similar to those obtained for the shoreline, with greater variability in the LC model and
the Leatherman model mostly bordering the upper bound of the LC model. With both
models, the prediction for the year 2040 is that erosion will be such that the paved road
that parallels part of the marina will be eroded.

12
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Table 3. Total shoreline erosion by 2040 in meters.

Lee—Clark Leatherman
Lower Upper Lower Upper
Zone Transect Bound Bound Bound Bound
4 —17.02 —24.79 —24.98 —29.07
5 —18.21 —25.93 —26.38 —30.69
6 —-17.12 —24.44 —24.84 —28.90
7 —16.69 —23.76 —24.18 —28.13
8 —15.22 —22.50 —22.54 —26.23
9 —14.95 —22.04 —22.10 —25.72
10 —13.02 —20.63 —20.11 —23.40
B 11 —12.52 —21.25 —20.18 —23.48
12 —10.70 —19.71 —18.17 —21.14
13 —10.31 —18.75 —17.37 —20.21
14 —8.25 —17.96 —15.67 —18.23
15 —6.53 —16.63 —13.84 —16.10
16 —6.36 —16.81 —13.85 —16.11
17 —4.20 —15.12 —11.55 —13.44
18 —1.34 —12.09 —8.03 —9.34
19 —5.58 —15.94 —12.86 —14.96
20 —2.59 —9.05 —6.95 —8.09
21 —2.96 —8.46 —6.83 —7.94
22 —3.30 —8.04 —6.77 —7.88
23 —4.27 —-9.73 —8.37 —9.74
c 24 —3.31 —8.53 —7.08 —8.24
25 —-3.73 —7.99 —7.01 —-8.15
26 —2.17 —-7.90 —6.02 —-7.01
27 —1.02 —-5.92 —4.15 —4.83
28 —0.70 —6.58 —4.35 —5.06
29 —0.05 —6.24 —3.70 —4.30

Table 4. Erosion rates for profiles in zone D (cliff area) for the period: 1999-2022. Negative sign means
erosion, while positive sign means accretion for NSM and LRR. Also, the total shoreline erosion with
both models by 2040 in meters is shown.

Period 1999-2022 Lee-Clark Leatherman

NSM LRR LCI Lower Upper Lower Upper

Transect (m) (m/yr) (m/yr) LR2 Bound B(E)t?nd Bound B(?L{)nd
1d —11.61 —0.64 0.57 0.81 —-1.36 —-21.71 —13.79 —16.04
2d —33.56 —-0.92 0.59 0.68 —6.02 —27.13 —19.81 —23.05
3d —37.87 —1.08 0.64 0.74 —7.97 —31.00 —23.29 —27.09
4d —42.91 —1.34 0.72 0.78 —11.16 —37.23 —28.92 —33.65
5d —48.39 —1.36 0.77 0.76 —10.58 —38.46 —29.31 —34.10
6d —46.96 —1.34 0.67 0.78 —11.93 —36.16 —28.74 —33.44
7d —42.83 —1.34 0.76 0.73 —10.41 —37.81 —28.82 —33.53
8d —32.11 —-0.99 0.76 0.63 —4.29 —31.51 —21.40 —24.90
9d —29.69 —1.08 0.62 0.73 —8.25 —30.54 —23.18 —26.97
10d —30.31 —1.05 0.51 0.78 —9.57 —28.07 —22.50 —26.18
11d —36.85 —-1.19 0.65 0.77 —9.68 —33.12 —25.58 —29.76

4.3. What Would Have Happened in the Area without Large-Scale Anthropogenic Actions?

With the data obtained in the previous sections, it is possible to simulate where the
shoreline would be without the anthropic actions and compare it with the real situation.
For this purpose, the Lee—Clark model is used in zones B and C for the pre-works period,
i.e., from 1930 to 1989, as shown in Table 2.

13



Appl. Sci. 2023, 13, 9792

In zone B (Figure 10), it can be seen how erosion has been advancing faster than
natural erosion would have. This effect is especially noticeable in 2022 (Figure 10c,d), about
32 years after the start of the main works. At some points, such as transect 6, there was a
difference of up to 10.85 m in 2005 (measured from the upper bound of the prediction to
the shoreline), while in 2022, that difference increased to 20.85 m. However, this effect is
felt more in the central sector of zone B; at transect 12, there was a difference of 23 m in
2005 and of 36 m in 2022. It appears evident that the effect of upstream constructions has
accelerated the erosive process on the shoreline, especially in the central section of zone B
(Figure 10b,d).

Legend

2022
2022 shoreline

Figure 10. Shoreline and area of possible erosion predicted with the LC model: (a) north of zone B by
2005; (b) middle sector of zone B by 2005; (c) north of zone B by 2022; (d) middle sector of zone B by 2022.

In Babilonia Beach, the erosion behavior is strongly conditioned by houses. An
important characteristic in zone C is that in 2005 (Figure 11a,b), the houses had an important
beach area that protected them from the direct action of the sea. In the 2022 images
(Figure 11c,d), this beach does not exist anymore. Figure 11a,c show how a significant
number of buildings have been destroyed from 2005 to 2022 and how these houses have
been replaced by sand. This has left the way open for erosion, which has been increasing
in contrast to what the model predicts (transect 19). According to the projections of the
model used, erosion in some areas would have reached the housing area even without the
works carried out, but these have undoubtedly had an important effect on the acceleration
of this phenomenon.
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Legend

2022
2022 shoreline

Figure 11. Shoreline and area of possible erosion predicted with the LC model: (a) north of zone C by
2005; (b) middle sector of zone C by 2005; (c) north of zone C by 2022; (d) middle sector of zone C by 2022.

5. Conclusions

In general, the results presented and the methodology shown can be used to improve

short- and medium-term decisions in areas where major construction is to be carried out,
as well as where and when to intervene in coastal erosion processes. The conclusions in
response to the objectives set out in the study are as follows:

1.

Erosion changes from one point of the coast to another and according to the period an-
alyzed (1930-1989 or 1997-2022), which demonstrates the complex effect of anthropic
actions that have accelerated the natural erosion of the area.

The erosion of the cliff dune (zone D) shows episodic erosion due to strong storms
but with rates in meters/year like those of the shoreline that protects it (zone B).

The breakwaters at the mouth of the Segura River caused a loss of 3353 m? of housing
and an increment in shoreline erosion rates until 2022.

The prediction models used overlap with each other; therefore, the predicted area
would be the most likely for the shoreline situation in the year 2040. The Lee—Clark
model (based on learning a model created on the derived dataset that is used for
extrapolation of historical data) has greater variability than the Leatherman one (based
on rates of sea level change), although the latter is always close to the maximum
erosion limit of the former. In this area, the effect of the rate of sea level change does

15



Appl. Sci. 2023, 13,9792

not seem to be very important in shoreline erosion since this value was already quite
high during the last century.

5. Comparing the actual shorelines in the years 2005 and 2022 with those simulated
using the Lee-Clark model, it can be said that anthropogenic actions exhibit their
effect by increasing erosion rates. This effect is more noticeable in the central zone of
this study (southern part of zone B and northern part of zone C) and more limited
in the marina zone (northern part of zone B) and in the houses on Babilonia Beach
(southern part of zone C).
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Abstract: Many coasts suffer from prevailing erosion, with them being particularly vulnerable to
predicted climate change impacts, threatening coastal ecosystems, their services, infrastructures
and populations. Understanding coastal morpho-sedimentary dynamics is thus essential for coastal
management. However, coastal vulnerability may differ locally, depending on exposure/protection
and local geological and morpho-hydrodynamical features, suggesting that a local approach to
erosion risk assessment is needed to identify and understand local patterns. Digital elevation models
of a 14 km long coastal stretch in northern Portugal that were extracted from aerial surveys obtained
between November 2008 and February 2019 were analysed to quantify changes in shoreline position
and sediment budgets, both for the whole study area and for distinct beach segments. The observed
dynamics were subsequently analysed by considering prevailing wave and wind intensities and
directions. Overall and during the decade analysed, the beach-dune system of the studied stretch
slightly increased in volume (0.6%), although the shoreline retreated (by 1.6 m on average). Temporal
variability in coastal dynamics was observed at all of the temporal scales considered—from seasons to
5-year periods—with them being related to variability in ocean and wind patterns. There was a trend
from accretional to erosional conditions, with the first 5-year period showing a mean increase in the
beach—dune system’s volume of 0.6% and a mean shoreline progradation of 1.5 m, followed by 5-years
with 0.0% volume change and 3.1 m shoreline retreat. Locally, the dynamics were very variable,
with shoreline dynamics ranging from 24.0 m regression to 51.5 m progradation, and sediment
budgets from 213.8 m?3 loss to 417.0 m> gain, per segment and for the decade. Stretches with relatively
stable morphologies and others with erosional or accretional trends were found, depending on the
beach type, shoreline orientation and the presence of defence structures. Rocky beaches were the
least dynamic and sandy beaches the most dynamic, with mean shoreline position changes of 0.0 m
and —3.4 m, respectively, and mean sediment budgets of —1.1 m? and —2.9 m? per linear meter of
coastline, respectively, for the studied decade. The observed dynamics showed how local conditions
interacted with meteo-ocean conditions in shaping local morpho-sedimentary dynamics, stressing
the importance of a local approach to coastal erosion monitoring and risk assessment.

Keywords: coastal morpho-sedimentary dynamics; erosion/accretion patterns; remote sensing;
beach types; meteo-ocean effects

1. Introduction

Coasts are land—ocean interfaces of high environmental and economic value; they pro-
vide important ecosystem services, from coastal buffering and inland protection to nutrient
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cycling, biodiversity, and recreational and cultural environments. As a consequence, coasts
are often densely populated and modified, suffering increasing anthropogenic pressure [1].
This raises concerns about their increasing vulnerability [2], particularly in the light of
potential climate change impacts, such as sea-level rise and changes in ocean wave char-
acteristics [3,4]. Furthermore, many coasts suffer from erosion due to a sediment deficit,
mostly caused by human actions that disrupt sediment fluxes and retain sediments in
reservoirs and constructions [5]. More than 20% of the European and 30% of the Portuguese
coastline are estimated to suffer from coastal erosion [6]. Erosion causes land loss, threatens
ecosystems and infrastructures through increased exposure to wave impacts, and increases
flood risk [7], and it is expected to be aggravated by climate change [8]. For Portugal, for
instance, the projected sea-level rise is 1.14 m (ranging between 0.39 m and 1.89 m, with a
95% probability) by 2100 [9]. Erosion and shoreline retreat are therefore likely to become
an even more relevant problem in the coming decades. There is hence an urgent need for
coastal zone management and maritime and coastal planning.

The retreat of coastlines can be prevented by hard structures, such as groynes, seawalls
and breakwaters, or through soft methods, such as beach nourishment, dune stabilization
and bioengineering [10-12]. Given the high implementation and maintenance costs of hard
defence structures and their negative impacts on ecosystems, as well as on neighbouring
hydro-morphodynamics, soft solutions have gained in popularity [12-14]. This trend is also
visible in Portugal, where hard defence structures were implemented from the late 1950s
onward, often producing unexpected or unwanted effects and exacerbating downdrift
erosion problems [15,16]. Over the past two decades, management strategies have therefore
favoured soft defence approaches through artificial beach nourishment, placement of fences,
construction of footbridges and revegetation of dunes [17,18].

Furthermore, also after 1950, important dams were built in the main river basins of
the Iberian Peninsula, and large harbours were constructed at the river mouths. These
two anthropic interventions, next to other significant soil-use changes in the river basins,
greatly contributed to diminishing the volumes of sediments that are transported to the
coastal platform or feed the alongshore dominant drift. The consequent sediment starvation
at the coast implies that the design principles of groynes and breakwaters are not satisfied,
making these defence solutions inefficient in most coastal environments.

Sustainable coastal management requires an integrated evaluation of coastal protection
through hard defence structures or soft interventions, such as beach nourishment. Long-
term cost-benefits and feasibility depending on local conditions, vulnerabilities and values,
as well as sediment availability, need to be assessed to decide on mitigation measures or
the alternative of a managed retreat, sacrificing areas that are considered less valuable [11].

Coastal morphology reflects the local natural and man-made conditions. Beach mor-
phological changes occur due to the influence of natural phenomena, such as ocean waves
and coastal currents, wind and river-flow effects, as well as due to human activities, such as
urbanisation, infrastructures and coastal defence intervention [19-21]. Coastal vulnerability
may therefore differ locally, depending on exposure/protection and local geological fea-
tures, as well as local hydrodynamic and meteorological conditions, suggesting that a local
approach to monitoring and management is needed [22]. Spatial and temporal fine-scale
coastal sedimentary morphodynamics studies showed that the trends observed in large-
scale studies may be the opposite of those observed in certain beach segments [23]. The
consideration of local specificities, such as coastline orientation, exposure and natural or
man-made structures, is thus crucial for the assessment of coastal risk and decision-making
regarding protective measures for coastal populations and infrastructures.

Analogously, the characteristics of forcing variables, such as the prevailing wave and
wind directions and intensities, have to be considered, as these are likely to influence
the local impacts [24,25]. The importance of wave direction for the variability of coastal
morphodynamics has been widely studied and acknowledged, with wave direction af-
fecting sediment transport, beach rotation and morphology [26]. While, on open-coast,
non-embayed beaches, morphology is considered to be primarily controlled by wave di-
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rection and energy, sediment transport will vary locally along a non-straight coastline
due to uneven wave attenuation [27]. Lemke and Miller [22], who studied the impact of
storm erosion on beach morphology, furthermore concluded that due to the propensity for
beach conditions to change over short spatial scales, it is important to assess impacts on a
local scale.

Another important parameter that affects beach morphology is the wind. Winds
affect wave formation, as well as sediment transport on land, with this being particularly
important for dune formation, as well as erosion. The aeolian sediment transport, which can
be considered as the primary driver of the sediment flux not influenced by oceanic transport,
is dependent on the wind velocity [28]. Wind speed needs to exceed a certain threshold
value to start the sediment particle movement [29]. However, the wind direction and the
angle of wind approach are also important for the transport of sediments, particularly
regarding dune formation or erosion.

Other parameters that control sediment transport are the moisture content because
moisture increases the inter-particle cohesion and, consequently, reduces the overall rate
of transport [30]; vegetation, which helps to fix the sediments; and the availability of
sediments for dune formation, which is also dependent on the sediment supply from
waves, coastal drifts and rivers [29].

For sound coastal erosion management and mitigation, an analysis of the relationship
between local conditions and forcing variables, as well as local morphodynamics, is thus
needed to quantify and, ultimately, model these effects, allowing for much-needed pre-
diction of future erosion trends and likely changes, for instance, following anthropogenic
interventions (e.g., implementation of coastal defence structures such as breakwaters and
groynes, or structures, such as promenades and buildings) or as a result of the predicted
climate change impacts.

This can only be achieved through monitoring at temporal and spatial scales that
are adequate to capture relevant variabilities and trends. However, high-temporal- and
high-spatial-resolution studies of coastal morphology are rare, particularly in countries
with a lower budget available for regular monitoring, although technological developments
in remote sensing systems and methodologies nowadays allow for regular surveys at
adequate spatial resolutions and affordable costs [31]. The present work aimed to show how
a combination of digital elevation models, extracted from aerial photography, and in situ
data of beach characteristics could provide the necessary information to characterize beach—
dune morphodynamics at a local scale. This constituted a novel, local and comprehensive
approach to the study of coastal sedimentary morphodynamics.

A case study is presented, where the morpho-sedimentary dynamics of a coastal
stretch were analysed both temporally and locally and related to local features, as well as to
the regional meteo-ocean conditions. Digital elevation and terrain models of the Vila Nova
de Gaia coast in Northern Portugal, extracted from aerial photographic surveys carried
out between November 2008 and February 2019, were analysed to quantify changes in
shoreline position and sediment budgets for the study area as a whole and distinct beach
segments. Changes were analysed at seasonal, yearly, five-yearly and decadal time scales.
The observed dynamics were subsequently related to relevant parameters, including beach
type/geology, the presence of a groyne and a breakwater, and dominant wave and wind
directions and intensities.

2. Materials and Methods
2.1. Study Area

The study area covers a coastal stretch of about 14 km length in northern Portu-
gal, between the Douro river mouth in the north and the city of Espinho in the south,
corresponding to the coastline of the Vila Nova de Gaia municipality (Figure 1). This mu-
nicipality is the third most densely populated in Portugal, with a population density in the
coastal zone (up to 5 km from the coastline) of about 2500 inhabitants per square kilometre
(data from the National Institute of Statistics, referring to 2011; www.ine.pt, accessed on

21



Appl. Sci. 2022, 12, 4365

15 March 2022). Consequently, its coastline is densely occupied and urbanised. The coast
is characterised by rocky beaches in the north (Figure 1a) and mostly sandy beaches with
rocky outcrops in the centre and south. Being exposed to the high-energy ocean climate of
the North Atlantic and suffering from sediment depletion, the Portuguese coast has several
sectors that are prone to erosion [18,32]. Therefore, about 14% of the Portuguese coast is
currently defended by artificial structures [33], although these structures, which mitigate
sediment loss locally, often increase downdrift erosion [18]. The studied coastal stretch
comprises a groyne (Figure 1b), which was built to retain sediments and to fix a submarine
outfall, as well as a breakwater (Figure 1c) that was meant to be detached but developed
a tombolo during construction, connecting it to the coast [15]. The beaches near Espinho
have been managed with repeated artificial beach nourishment [34].

41°08’00”"N =

T Y
PORTUGAL %
et SR
)

ey

g
Pree

SPAIN

41°01'00”N -

8°39'00"W

Figure 1. The Vila Nova de Gaia coast (left panel) and its location in Northern Portugal (red rectangle),
and closeups of the rocky sector in the North (a), the groyne at Praia de Canide (b) and the breakwater
at Aguda beach (c) (image: GoogleEarth, Data SIO, NOAA, U.S. Navy, NGA, GEBCO).

The north-western Portuguese Atlantic coast is highly energetic, presenting mean
significant wave heights of 2-3 m offshore, and mean wave periods of 8-12 s [35,36]. Waves
usually come from the NW, which induces a longshore drift current from north to south.
This current is in some areas inverted due to the presence of obstacles (such as breakwaters,
jetties, groynes, ebb tidal deltas and bars) that promote wave diffraction. The continental
shelf is 30-40 km wide [37] and the local tides are dominated by a semidiurnal regime [38],
with amplitudes ranging between 2.5 m and 3.8 m.
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The regional atmospheric climate varies seasonally. Mediated by the Azores Anticy-
clone [39], predominant winds from northerly and north-westerly directions occur during
the whole year, but with the highest amplitude during the summer months [40]. During au-
tumn and winter, southerly, south-westerly and westerly winds become dominant, though
northerly winter winds continue to occur.

2.2. Data
2.2.1. Surveys and Elevation Models

Aerial photos from surveys commissioned in the scope of several research projects
were used to obtain orthomosaics and digital elevation models (DEMs) for the study area.
Series of overlapping photos were taken from a small manned airplane carrying a digital
photogrammetric camera (ZI-DMC, 7680 x 13,824 pixels, for the 20082010 surveys, and
Vexcel UltraCam Falcon, 9420 x 14,430 pixels, for the 2018-2019 surveys) and flying at about
1000 m and 1600 m heights for the 2008-2010 and the 2018 and 2019 surveys, respectively,
to provide high-resolution images with 10 cm and 12-13 cm ground-sampling distance,
respectively. Images were directly georeferenced using an on-board GNSS/INS system. For
postprocessing, the GNSS relative positioning mode was used. For each image, the position
of the camera projection centre and the attitudinal angles were obtained, and a boresight
alignment with ground control points was carried out to correct slight systematic effects in
the attitude angles of about 0.02 degrees [31,41,42]. In situ measurements in built-up areas
were used for calibration, as these contain features that can be used as accurate ground
control points.

Surveys were taken on 14 November 2008, 23 April and 11 November 2009, 5 May
2010, 17 May 2018 and 20 February 2019 during spring low tides. DEMs with 1 m resolution
were computed from the pairs of stereoscopic aerial images after extracting correlated
points through stereo-matching using the Agisoft software [43]. Final DEM accuracies were
in the order of 10 cm and, therefore, close to the image resolution [42].

Additionally, a Digital Terrain Model (DTM) from 2014 (kindly provided by the Diregao
Geral do Territdrio, available at http:/ /mapas.dgterritorio.pt/inspire/atom/downloadservice.
xml (accessed on 15 March 2022)) with a 2 m resolution was used to complement the
elevation data.

2.2.2. Wave Conditions

Wave data were obtained from a DATAWELL directional wave buoy located about
32 km NW of the study area, off the coast of Leixdes harbour (41°19.00' N, 008°59.00" W), at
83 m water depth (processed data supplied by the Portuguese Hydrographical Institute—IH;
https:/ /www.hidrografico.pt (accessed on 15 March 2022)). Average significant heights
(Hs) and wave peak directions for 3 h intervals were used (Figure 2). Wave roses were pro-
duced to show the wave direction distribution depending on the wave height (Figures 3-5),
using 16 cardinal directions and frequencies for 3 significant-wave-height classes: above
4.5 m, between 3 m and 4.5 m, and above 4.5 m. These classes were based on the 85th
and 95th percentiles of the mean significant wave heights (Hs) recorded during the study
period, which were 3.1 m and 4.4 m, respectively. Three-hourly wave data were available
for 89.5% of the total study period, with data missing for January 2010, January 2016, May
and June 2018, and February 2019 due to equipment failure (mostly during winter) or
maintenance (in spring/summer). Notice, that failures due to the damage or breakdown of
the equipment during storm events meant that some data of extreme conditions, which are
relevant for sediment transport, were missed.
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Figure 2. Significant wave heights (Hs) measured at the Leixdes wave buoy and estimated wind
velocities for the study area during the study period; survey dates are marked with red vertical lines.
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Figure 3. Distribution of 3-hourly wave directions for three significant-wave-height classes (left plots)
and of hourly wind directions for three velocity classes (right plots) for the last decade and the
two 5-year periods.
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Figure 4. Distribution of 3-hourly wave directions for three significant-wave-height classes (left plots)
and of hourly wind directions for three velocity classes (right plots) for the three yearly periods.

2.2.3. Wind Conditions

Wind velocity and direction were obtained from the ERA5-Land reanalysis dataset [44].
ERA5-Land provides hourly high-resolution gridded climate variable estimations from
1950 to present with a resolution of 0.1° x 0.1° (i.e., about 11.1 km in the N-S direction and
8.3 km in the E-W direction at 41.1° N latitude), with the closest available location for the
study region being at 41.1° N, 8.6° W. Hourly wind velocities (in m/s) were extracted and
wind directions were computed from the respective estimates of the horizontal speed of air
moving towards the east (u-component) and toward the north (v-component) at a height of
ten metres above the surface of the Earth (Figure 2). Analogously to the processing of the
wave data, wind roses were produced to show the wind direction distribution depending
on the wind velocity, using 16 cardinal directions and frequencies for 3 wind-speed classes:
more than 6.5 m/s, between 5 m/s and 6.5 m/s, and less than 5 m/s (Figures 3-5). The
classes were based on the 85th and 95th percentiles of the hourly wind velocities recorded
during the total study period, which were 5.2 m/s and 6.6 m/s, respectively. Notice that
these data were model simulations and, although ERA5-Land wind data may be generally
acceptable for coastal locations with moderate variability in topography, they should be
used with caution for coastal zones because the ocean—-land discontinuity affects model
stability conditions [45].
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Figure 5. Distribution of 3-hourly wave directions for three significant-wave-height classes (left plots)
and hourly wind directions for three velocity classes (right plots) for the 3 seasons monitored (from
top to bottom: winter, summer, winter).

2.3. Analyses

The adopted procedure is schematised in Figure 6. The DEMs and DTM, on a regular
1 x 1 m grid and 2 x 2 m grid, respectively, were mapped and analysed in a GIS tool
(using ArcGIS 10.6 and its Spatial Analyst and 3D Analyst modules). Differences between
elevation models were computed to quantify sediment budgets and changes in shoreline
position for different periods. The data series allowed for assessing changes that occurred
during the following periods: an approximate decade, between April 2009 and February
2019; two approximate 5-year periods, between April 2009 and 2014 and between 2014 and
February 2019 (we assumed that the 2014 surveys took place on the 30th of June, but precise
dates are unknown); three periods of a year, between November 2008 and November
2009, between April 2009 and May 2010 and between May 2018 and February 2019 (not
a complete year); and three seasons, between November 2008 and April 2009 (winter),
between April 2009 and November 2009 (summer) and between November 2009 and May
2010 (winter) (Table 1).
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Figure 6. Scheme of the adopted procedure, where digital elevation models (DEMs) and the digital

terrain model (DTM) were analysed in terms of the spatial and temporal morphodynamics, which
were subsequently related to local features and wave and wind patterns.

Table 1. Changes in volume of the beach-dune system and in the shoreline position (positive
and negative values indicate seaward and landward movements, respectively) that were observed
between subsequent surveys (upper rows), and for the yearly, 5-yearly and the decadal periods of the
time series analysed.

Dates Period A Volume (m?3) A Shoreline (m)
November 2008-April 2009 Season: winter 223,094 +2.9% 2.7
April 2009-November 2009 Season: summer 108,848 +1.4% 0.7
November 2009-May 2010 Season: winter —6889 —0.1% 1.2
May 2010-June 2014 —54,483 —0.7% —-0.4
June 2014-May 2018 90,981 1.2% -3.3
May 2018-February 2019 1 year (approx.) —89,372 —1.1% 0.2
November 2008-November 2009 1 year 331,942 +4.4% 3.3
April 2009-May 2010 1 year 101,959 +1.3% 1.9
April 2009-June 2014 5 years 47,476 +0.6% 1.5
June 2014-February 2019 5 years 1608 0.0% -3.1
April 2009-February 2019 Decade 49,084 +0.6% —1.6

To assess the local patterns, as well as the effect of beach exposure to wind and wave
impacts, the studied coastal stretch was divided into segments. Therefore, the contour line
of 1 m above the mean sea level (MSL) of the first survey (November 2008) was drawn
and generalised (simplified) using the Douglas-Peucker simplification algorithm [46] with
a specified maximum offset tolerance of 30 m. Each segment of this generalized line
represented a beach segment, and for each segment, its length and orientation (facing
direction) were extracted.

Considering the isoline 1 m above MSL as representative of the shoreline, shoreline
dynamics were obtained by calculating the difference between surveys in 2D area per linear
meter, using the simplified isoline to determine the coastal stretch or segment length. Given
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that the inside limit of the study area (and of the segments) is fixed, the change in area per
linear meter corresponded to the mean change in shoreline position.

Volumes, differences in volume and differences in shoreline position between surveys
were computed for the beach—dune system of the entire study area and per segment. For
the segments, volumes were obtained using a buffer for each segment, with straight limits
perpendicular to the beach line (Figure 7). To obtain comparable results for the different
beach segments, which vary in length, changes in volume were presented per linear meter
of segment length. Furthermore, the slope of the more dynamic part of the beach was
computed per segment by considering the beach zone with elevations between 1 and 4 m
only, approximately corresponding to the upper beach face. Mean slopes per segment were
obtained based on the segment area for this elevation range and the segment length. Finally,
the results were analysed by considering beach types, beach orientation and local wind
and wave climates.

Figure 7. Segmentation of the coastal stretch for local analysis (only part of the stretch is shown):
November 2008 DEM (a); contours (1 m above MSL contour in red) (b); and the simplified contour
line (in black) providing the segments used for analysis, with their length and facing direction (c).

3. Results
3.1. Overall Morphodynamics

The beach and dune system of the studied coastal stretch had an approximate area
of 1,400,000 m? and a volume of 790,000 m3 above the MSL. Overall, the analysed time
series started with a year showing marked accretion and shoreline progradation (Table 1),
followed by less accentuated erosional and accretional periods. Shoreline dynamics did
not always reflect sedimentary budgets, with some periods showing landward migration
when the volume increased and seaward movements when the volume decreased.

Looking at the morphodynamics for approximate seasons, years, 5-year periods and
decade of the data series (Table 1), different behaviours were observed for comparable
periods. Seasonal changes, which could only be studied for the first one and a half years,
showed accretion during the first winter and the summer period, followed by a nearly stable
second winter. There was also inter-annual variability, with the early years (2008/2009,
2009/2010) showing increases in volume and shoreline progradation, whereas, during
the last (approximate) year (2018/2019), volume was lost, though the shoreline position
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remained on average stable. Considering the changes observed during 5-year periods, the
first (2009/2014) showed a slight increase in volume and shoreline progradation, while the
second (2014/2019) showed stable volume and shoreline regression. For the approximate
decade (2009/2019), there was a slightly accretional trend in terms of volume but an
erosional trend in terms of the shoreline position, which retreated 1.6 m on average.

3.2. Local Morphodynamics

Of the 52 beach segments obtained through beach line simplification (Figure 8), 3 were
not analysed because they represented hard defence structures without a beach (i.e., the
southern face of the Praia de Canide groyne (Figure 1b), segment 14, and the two faces of
the Aguda breakwater (Figure 1c, segments 41 and 42). In the northern part, segments 1 to
7 were predominantly rocky (Figure 1a), with slopes between 7.6° and 20.9°, with a mean
slope of 10.6°. To the south, from segment 8 to segment 52, the beaches were sandy with
rocky outcrops and slopes between 2.1° and 7.9°, with a mean slope of 5.1°.

Considering a decade (Table 1), sediment budgets and shoreline dynamics varied
spatially (Figure 9). Segments showed sedimentary budgets ranging from losses of 213.8 m?
to gains of 417.0 m3 per linear meter of coast and shoreline dynamics ranging from 24.0 m
regression to 51.5 m progradation. Stretches with relatively stable morphology and others
with erosional or accretional trends were found, depending on beach type, shoreline
orientation and the presence of defence structures. Rocky beaches (segments 1-7) were
the least dynamic. Sandy beaches were the most dynamic, with mean shoreline position
changes of 0.0 m and —3.4 m, respectively, and mean sediment budgets of —1.1 m3 and
—2.9 m3, respectively, per linear meter of coastline and for the studied decade. However,
two zones of sandy segments could be distinguished as segments with varying erosional
trends in the north and centre of the study area (8-39) and segments with accretional trends
in the south (40-52). Patterns differed, however, for the two 5-year periods comprising
the decade, except for the northern rocky segments, which remained relatively stable
throughout. The accretion in the most southern segments (40-52) and the erosion in the
northern sandy segments (12-20) took place during the first 5 years. The erosion of the
central-southern segments (24-40) occurred during the second 5 years.

The three yearly periods analysed showed a spatial variability similar to the decadal
period, with sediment budgets between —243.7 m® and 377.9 m? per linear meter and
shoreline changes between —29.3 m and 30.7 m. There was a marked interannual variability
(Figure 10). The first year (2008/2009) showed accretion for most segments, except for the
rocky northern segments and the two most southern segments, which lost volume and
retreated. The behaviour in terms of volume was not always analogous to the shoreline
change. The second (2009/2010) and third (2018/2019) years analysed showed patterns
that were more similar to the decadal pattern. The northern rocky segments were followed
by predominantly eroding segments and a few accretionary southern segments, although
there was some variability in the central part during the second year.

The seasonal analysis (Figure 11) showed a first overall accretional winter with a
pattern similar to that of the first year, followed by a rather stable summer season, marked
by accretion in some southern segments (4044, 50-52). The second winter, however,
displayed much more variability, with some central-zone segments losing a lot of volume.
Seasons showed segments with sediment budgets between —264.3 m® and 301.6 m? per
linear meter and shoreline changes between —26.1 m and 27.1 m.

Analysis of the segments per beach type and segment orientation (Figures 12-14),
confirmed that rocky beaches presented less sedimentary dynamics in general than sandy
beaches, as expected, independently of their orientation. Over the 10-year period and
on average, rocky segments lost 1.1 m® of volume per linear meter (SD = 1.7) and did
not change their shoreline position (change = 0.0 m, SD = 1.7). Sandy segments lost
2.9 m? of volume per linear meter (SD = 117.6) and retreated 3.4 m (SD = 10.7). Segments
neighbouring defence structures, particularly the segment to the north of the Aguda
breakwater, showed variable behaviour. For the decadal period (Figure 12), erosion and
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shoreline retreat tended to be higher for westward oriented segments compared to north-
westward oriented segments, although some segments (particularly the most southern
segments of the study area) displayed marked accretion despite facing approximately
west. The behaviours of the two 5-year periods were distinct, with a second 5-year period
characterized by more intense erosion and shoreline retreat, which seems to become more
severe as the segments tended towards a western orientation. Yearly patterns (Figure 13)
showed accretion in most segments in the first year, independent of their orientation, and
higher erosion in the second year, particularly in segments oriented towards the W. For
the third analysed yearly period (corresponding to the last year of the data series), the
shoreline dynamics were apparently related to the segment’s orientation, similar to the
behaviour observed for the last 5-year period. Seasonal patterns (Figure 14) were also
distinct. Segment orientation seemed of little importance for the first winter period, which
was marked by accretion, and for the following summer period, which showed less intense
dynamics. The second winter, on the other hand, showed again a tendency towards higher
erosion in the segments oriented towards the west. As seen earlier, volumetric changes did
not always correspond to shoreline changes.

Figure 8. Orthomosaic of the aerial photographs, with the analysed coastal segments (simplified
1 m isoline in red, segments labelled with their ID numbers) and the delimitation of the beach—
dune system (yellow line); segment 14 marks the Canide groyne, segments 41 and 42 mark the
Aguda breakwater.
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Figure 9. Decadal and 5-yearly changes in volume and shoreline position per segment, presented from
north (segment 1) to south (segment 52); segment IDs are presented below the graphs; positive shore-
line change values represent seaward migration and negative values represent landward migration.
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Figure 10. Yearly changes in volume and shoreline position per segment, presented from north
(segment 1) to south (segment 52); segment IDs are presented below the graphs; positive shoreline
change values represent seaward migration and negative values represent landward migration.

32



Appl. Sci. 2022, 12, 4365

Avolume (m3/m?)

A shoreline position (m)

Avolume (m3*/m?)

Ashoreline paosition (m)

Avolume (m*/m?)

A shoreline position {m)

150
100
50

-50
-100

-150

30

20

10

-10

-20

-30

150
100

50

-50
-100

-150

30
20

10

150
100
50

-50
-100

-150

30

20

10

-10

-20

-30

November 2008—April 2009

12 3456 7 8 9101112131516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 43 44 45 46 47 48 49 50 51 52

12 3 4 5 6 7 8 9 10111213 151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 43 44 45 46 47 48 49 50 51 52

April 2009—-November 2009

123 45 6 7 8 9 101112131516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 43 44 45 46 47 48 49 50 51 52

123 45 6 7 8 9 10111213 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 43 44 45 46 47 48 49 50 51 52

November 2009—May 2010

12 3 45 6 7 8 9 1011121315 1617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 43 44 45 46 47 48 49 50 51 52

123 45 6 7 8 9101112131516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 43 44 45 46 47 48 49 50 51 52

Figure 11. Seasonal changes in volume and shoreline position per segment, presented from north
(segment 1) to south (segment 52); segment IDs are presented below the graphs; positive shoreline
change values represent seaward migration and negative values represent landward migration.
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Figure 12. Decadal and 5-yearly changes in volume and shoreline position per segment presented

according to segment orientation and marked according to the segment type or its location (N-Aguda:
segment 40 north of the Aguda breakwater, S-Aguda: segments 43 and 44 south of the Aguda
breakwater, N-groyne: segment 13 north of the groyne, S-groyne: segment 15 south of the groyne).
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Figure 13. Yearly changes in volume and shoreline position per segment presented according to the
segment orientation and marked according to the segment type or its location (N-Aguda: segment
40 north of the Aguda breakwater, S-Aguda: segments 43 and 44 south of the Aguda breakwater,
N-groyne: segment 13 north of the groyne, S-groyne: segment 15 south of the groyne).
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Figure 14. Seasonal changes in volume and shoreline position per segment presented according to
segment orientation and marked according to the segment type or its location (N-Aguda: segment
40 north of the Aguda breakwater, S-Aguda: segments 43 and 44 south of the Aguda breakwater,
N-groyne: segment 13 north of the groyne, S-groyne: segment 15 south of the groyne).

4. Discussion
4.1. Overall Morphodynamics

For the whole study period (November 2009-February 2019), the beach-dune system
studied gained 3.6% in volume and 1.1% in area, with the shoreline moving, on average,
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1.1 m seaward (Table 1). However, most of this accretion took place during the first
year. After that, the beach volume and shoreline position stabilized. Considering the
two analysed 5-year periods (2009/2014 and 2014/2019), the first showed a slight increase
in volume and shoreline progradation, whereas the second showed a stable volume but
a marked shoreline retreat of 3.1 m, despite protection measures (such as the groyne and
breakwater) and artificial beach nourishments. The northwest coast of Portugal has been
suffering from a scarce sediment input and a high-energy wave climate, which turns this
coast into one of the most active in terms of sediment transport fluxes, with the segment just
south of the study area between Espinho and Torreira considered one of the most exposed
and vulnerable areas to erosion in the country [18]. Erosion hotspots with 2.5 m shoreline
retreat have been found in that region at Vagueira beach [25], despite frequent artificial
beach nourishments. A retreat of 1-5 m per year was estimated if no mitigation measures
were taken [14]. Therefore, although the studied stretch seems to be rather stable in the
medium term (decade), there seems to be a trend towards erosion in recent years (though
longer time series are needed to confirm whether this trend is persistent). Furthermore,
this trend, if confirmed, in combination with the projected sea-level rise [9], suggests that
erosion and shoreline retreat is likely to become an even more serious problem in the future.

There are several possible reasons for these differences between early and later periods
of the analysed time series, ranging from differences in forcing variables, such as wave
and wind intensities and directions, to differences in sediment availability (dependent
on river flows, ocean currents, sediment extraction and beach nourishments). Wave and
wind conditions during the period between surveys were therefore analysed to look for
patterns that may explain the observed morphodynamics. Offshore wave and onshore
wind conditions were quite similar for these two 5-year periods (Figure 3), but the strongest
and most damaging winter of the time series occurred in 2013/2014. This winter caused
widespread and intense erosion on Atlantic coasts, which took months to some years to
recover [47,48]. This may have contributed to the sediment loss between May 2010 and
June 2014 and to the recovery between June 2014 and May 2018. Nonetheless, the second
5-year period showed a remarkable and concerning average shoreline retreat.

The difference between early and later periods of the data series, representing more
accretional and more erosional behaviours, respectively, was also reflected in the marked
inter-annual variation found. During the first year (November 2008 to November 2009),
the beach—dune system volume increased by more than 4% and the shoreline moved,
on average, more than 3 m seaward. Accretion was less intense for the second yearly
period analysed (April 2009 to May 2010), and the (approximate) last year (May 2018 to
February 2019) showed erosion instead. Looking at the wave and wind conditions during
the yearly periods, patterns diverged, reflecting the general medium-term pattern during
the first year, with dominant wave directions from the NW and wind directions from NNW,
showing more distributed wave directions and a strong southern wind component during
the second year and revealing a more frequent wave direction component from the WNW
in the third year. Given that the coastal stretch faced roughly WSW, wave incidence in the
last year was less oblique for most segments, possibly reducing sediment transport and
deposition via the induced N-S littoral drift.

Seasonal analyses showed two very different winter periods (November 2008 to April
2009 and November 2009 to May 2010, respectively), the first presenting overall accretion
and shoreline progradation, while the second presented erosion (though with a progressing
shoreline). Looking at the corresponding wave and wind climates, the first winter was
characterized by NW-WNW waves and winds distributed from N to W and S, whereas the
second winter showed dominant W-NW waves and southern winds, suggesting, again,
that more oblique wave incidence promoted accretion and less oblique wave incidence
promoted erosion.

However, notice that the temporal changes were analysed based on non-regular sur-
veys. Hence, seasonal and annual analyses do not cover the whole time series, as would be
desirable. Moreover, the wave data present gaps caused by equipment failure due to ex-
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treme weather and wave conditions, meaning that extreme events may be underrepresented
in the data. In terms of wind effects, no clear relationship between wind directions and
the morpho-sedimentary dynamics could be identified, possibly because the ERA5-Land
wind parameters used are model simulations that may not represent local coastal patterns
well [45]. Furthermore, morphodynamics results for the higher beach-dune areas, where
wind effects are expected to be most noticeable, are likely to be less precise, particularly
in the presence of vegetation. Analyses were based on six DEMs, where dune volume
reflects sediments, as well as vegetation, and on one DTM, where vegetation was probably
filtered out. In vegetated dunes, a DEM will therefore tend to produce higher volumes
than a DTM. Furthermore, dune grass and shrub vegetation will increase in volume during
the growing season, affecting seasonal budgets, and in some of the dunes, trees were also
found (which may cause interannual, 5-yearly or decadal differences due to growth or
felling). Detailed analysis of rocky outcrops showed very similar altitudes in the DEM and
the DTM, suggesting that they were comparable. However, the fact that the models may
have been processed differently and the lower resolution of the DTM have to be considered
as potential error sources.

4.2. Local Morphodynamics

Local morphodynamics often diverged from the general pattern of the coastal stretch
as a whole, highlighting the importance of local approaches to erosion monitoring. Morpho-
sedimentary dynamics were found to vary temporally, as well as spatially, with patterns
depending on beach type and exposure. This was consistent with findings that sediment
transport and budget will vary locally along a non-straight coastline due to uneven wave
attenuation [27]. Variability between segments was high and the magnitude of change was
of a similar order for the different periods analysed, from seasonal to decadal, showing
how rapidly coastal morphology can change and recover.

Over the last decade and from north to south, three zones could be distinguished: the
rocky segments in the north, which were morphologically stable, as expected; a central
zone of sandy beaches with rocky outcrops, displaying variable patterns but a tendency for
erosion; and a southern part covering the beaches close to the city of Espinho that tended
towards accretion (Figures 7-12). This pattern also occurred during the second winter
(2009/2010), the second year (2010), the second 5-year period (2014-2019) and the last year
(2018/2019). The first season and first year showed overall accretion in most segments
(12-48), and erosion in some rocky segments (4-7) and the most southern segments (51-52),
contradicting the pattern of the later periods.

The observed sedimentary dynamics of the rocky shores were unexpected. Detailed
analysis showed that differences were found on some sandy patches in the first segments,
as well as between rocks, suggesting that there may be artefacts in the DEM due to shadow
effects, which are particularly strong in the crevices between rocks (notice that surveys
were always done during spring low tide, which may occur at different times of the day,
causing more or less shadow) but also near the shoreline, where wave breaking and runup
between the rocks and in crevices may have affected DEM precision.

During the first 5-year period, the central part of the study area already showed
erosion, but mostly in the upper central segments (16-23). The segments to the south of the
Aguda breakwater (43-52) showed accretion, which could be (at least partly) attributed to
a protective effect of the breakwater. In the second 5-year period, nearly all of the central
segments showed erosion and shoreline retreat. In fact, comparing the two 5-year periods,
many segments showed the opposite behaviour, particularly in terms of shoreline position
(e.g., 28-31, 34, 40, 44). This suggested a change in the spatial pattern between 2008 and
2019, with a trend towards erosion in the central zone and a trend towards accretion for
the southern zone of the studied coastal stretch. Notice, that there is a large groyne just
south of the study area at Espinho, which may have contributed to the observed updrift
accretion. However, this groyne has been there for decades with more or less success in
retaining updrift sediments, suggesting that a change in hydrodynamics and/or sediment
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supply through increased artificial beach nourishments [34] supported the accretion in
recent years.

The temporal variability observed was likely a result of the different wave and wind
patterns, which affected segments differently depending on the local conditions—i.e.,
geology, exposure, and updrift and downdrift structures. The wave incidence direction
and wave impact will depend on the direction of the waves and the segment’s orientation.
Murray and Asthon [49] evaluated the alongshore sediment flux for different wave angles
and concluded that coastline segments with different orientations experience different
alongshore sediment fluxes. Their results show that the wave angle that leads to the highest
value of sediment transport is not necessarily the most oblique wave in shallow water.
However, wave incidence will also depend on local hydrodynamics. The wave data used
provide offshore wave heights and directions, but onshore, breaking wave characteristics
are determined by wave propagation phenomena, such as shoaling and refraction, which
depend on the coastal morphology and setting.

Nonetheless, analyses of the erosion/accretion indicators (sediment budget and shore-
line dynamics) in relation to beach orientation (Figures 12-14), showed: (i) the general
temporal trends, with periods of more accretion or erosion, that were also seen in the overall
and the spatial analyses; (ii) differences between beach types, with rocky beaches being rel-
atively stable, independent of orientation, and sandy beaches showing marked variability;
and, (iii) an apparent tendency towards more erosion/shoreline retreat for segments facing
more western directions (despite the scatter). The latter was particularly the case for the
periods of the last 5 years and the last year, suggesting that shorelines with less obliquely
incident waves presented a higher erosion risk. This could be explained by the dominance
of cross-shore transport towards the subaerial beach during wave storms, with the sand
deposits occurring at or behind the rocky outcrops. The most westward-facing segments
tended to have the highest volume losses and shoreline retreats, and erosion/shoreline
retreat increased with more western-dominant wave directions, as was the case in the last
year. For the 5-year periods, the wave roses seemed rather similar (as could be expected
for such a long period), but the WNW component was higher for the second 5-year period
than for the first.

In general, more exposed segments (e.g., segments 17, 19, 31; Figure 5) showed
frequent sediment loss and shoreline retreat, yet many apparently protected (embayed)
segments retreated too (e.g., 18, 20, 23). This may have been due to wave diffraction. The
main wave crest orientation was from the NW, inducing a drift current from north to
south, which was in some areas inverted due to the presence of obstacles that promoted
wave diffraction, causing downdrift erosion. Shoreline retreat was also found downdrift
the Canide groyne, which is a typical effect of these structures that are intended to trap
sediments in updrift areas. However, even the segments above the groyne did retreat,
though less than those downdrift. Segments north (39, 40), as well as south, of the Aguda
breakwater (43, 44) moved from accretional during the first years of the survey series to
erosional during the last 5 years. This may have been due to changes in wave action,
as explained above, but also due to sand beach management operations that removed
sediments from north of the breakwater to nourish the beaches of the city Espinho in
the south.

There were two flood events in the Douro river during the study period, one in
February 2010 and another in March 2018, with peak river flows of more than 6000 m3/s
and 4000 m? /s, respectively. These may have affected longshore sediment transport to
the sectors south of the river outlet, as the periods comprising these flood events showed
consistent erosion in the intermediate segments (16-25) of the study area. However, a
detailed hydrodynamic analysis would be needed to confirm this hypothesis.

An interesting issue was that volumetric changes did not always correspond to shore-
line dynamics, suggesting sediment transport from the beach to the dunes. There are
different modes of beach dynamics—shoreline advance/retreat (translation modes) and
beach steepening/flattening (rotation modes)—that can occur simultaneously and are
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often linked to sediment redistribution within the beach-dune system [50]. For instance,
segments 39 and 40 (located to the north of the Aguda breakwater) presented shoreline re-
gression and stability (—6.1 m and —0.2 m, respectively) but volume stability and accretion
(2.1 m3/m and 265.4 m3/m, respectively) for the decade. Simultaneously, a steepening in
the profiles was observed, with the beach slope increasing from 6.5 to 7.7° and from 3.7 to
6.6°, respectively. Notice that the enormous difference in volume in segment 40 was also
due to the beach width. Larger segments will have more surface and hence the capacity to
present larger sediment budgets.

5. Conclusions

Concluding, despite the limitations of the data time series, the present study demon-
strated how local conditions interact with meteo-ocean conditions in shaping local morpho-
sedimentary dynamics, stressing the need for local approaches to monitoring and erosion
risk analyses. Dynamics varied markedly in space, with patterns depending on beach
type and exposure, as well as on the presence of coastal defence structures that alter local
hydrodynamics and, therefore, sediment transport and deposition.

The analysed coastal stretch suffered an average 1.6 m retreat of its shoreline in a
decade with a slight increase in its volume (0.6%). However, analyses of shorter peri-
ods (annual and five years) revealed greater shoreline retreat and sediment budget val-
ues, demonstrating the high temporal dynamics of this coastal stretch and stressing the
need for longer monitoring periods (more than 10 years) to assess the main trends of
coastal morphodynamics.

Although the studied stretch seemed to be rather stable in the medium term (decade),
the northwest coast of Portugal has been suffering from a scarce sediment input and a
high-energy wave climate, which turns this coast into one of the most active in terms of
sediment transport fluxes. If a projected mean sea-level rise of the order of 1 m by 2100 is
confirmed, shoreline retreat will become a major problem in the next few decades.

Coastal management should therefore be based on structural monitoring programs,
with surveys at adequate temporal and spatial scales to understand local dynamics and to
be able to apply adequate erosion mitigation measures in the right places. Furthermore,
given that many coastal systems show sediment deficits, mainly due to anthropogenic
interventions in rivers, such as dams, and sediment extraction, sediment budgets should
play a central role in the development of coastal defence strategies.
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Featured Application: The video monitoring system used in this study can be applied for moni-
toring coastal processes of erosion and recovery and thus can be useful in designing beach pro-
tection/prevention plans for damage by storm waves.

Abstract: Once a beach is eroded by storm waves, it is generally recovered under milder wave
conditions. To prevent or reduce damage, it is therefore important to understand the characteristics
of the site-specific recovery process. Here, we present the results, based on a data set from a video
monitoring system and wave measurements, of the recovery process in a pocketed beach located
inside a bay where the shoreline retreated harshly (~12 m, on average, of beach width) during
Typhoon TAPAH (T1917) in September 2019. It took about 1.5 years for the beach to be recovered to
the level before the typhoon. During this period, the erosion and accretion were repeated, with the
pattern highly related to the wave power (Py); most of the erosion occurred when P, became greater
than 30 kWatt/m, whereas the accretion prevailed when P, was no greater than 10 kWatt/m. The
recovery pattern showed discrepancies between different parts of the beach. The erosion during storm
events was most severe in the southern part, whereas the northern shoreline did not significantly
change even during TAPAH (T1917). In contrast, the recovery process occurred almost equally at all
locations. This discrepancy in the erosion/accretion process was likely due to human intervention, as
a shadow zone was formed in the northern end due to the breakwaters, causing disequilibrium in the
sediment transport gradient along the shore. The results in this study could be applied in designing
the protection plans from severe wave attacks by effectively estimating the size of coastal structures
and by correctly arranging the horizontal placement of such interventions or beach nourishment.
Although the application of these results should be confined to this specific site, the method using
wave energy parameters as criteria can be considered in other areas with similar environments, for

future planning of beach protection.

Keywords: beach erosion; storm waves; recovery process; video monitoring; pocket beach

1. Introduction

Beaches are important for nearby communities, as they provide areas for recreational
activities. They are sources of tourism, and thus well-groomed beaches with a nice coastal
environment attract many visitors, even from abroad. Therefore, maintaining these beaches
in good condition is necessary to improve their value. Apart from economic reasons,
beaches are also environmentally important because they are buffer zones between the
ocean and land, protecting on-land facilities by mitigating wave energy. Because of this
buffer role, beaches themselves are exposed to attacks of extreme waves under storms
such as tropical cyclones. When the wave energy is released in the surf zone due to the
breaking of waves, sediments in the beach face and the nearshore seabed are dynamically
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transported. Therefore, one of the serious types of damage as a result of storm attacks is
beach erosion.

Under energetic wave conditions, nearshore sediments can move offshore rapidly
due to wave-induced underwater currents [1], and the shoreline can significantly retreat,
even for a short time of hours or days [2,3]. The volume of erosion is directly related
to the maximum wave height during the storm, as the near-bed shear stress initiates
sediment motion proportional to the square of the wave height, and more sediment moves
under higher shear stress once it exceeds a critical value. In addition, the wave period
that contributes to the power of storm waves and the wave direction that influences the
distribution of wave energy along the shore are important factors in the amount of eroded
sediment. In addition to the wave parameters, the duration of a storm [4] or a sequence of
consecutive storms [5,6] could play a significant role in the erosional process.

Once a storm event ends, onshore sediment motion prevails, under mild wave con-
ditions, due to wave nonlinearity such as skewness and asymmetry [7], which results in
the natural process of shoreline recovery following storm events. Therefore, studies on the
recovery process after storms are as important as studies on the erosional process during
storms [8]. The time scales of the post-storm nearshore morphological recovery are varying,
from days [5,8] to months [9]. However, large storms can cause rapid erosion locally,
from which recovery may take many years or even decades if the impacts are sufficiently
large [10]. In extreme cases, the damage can be irreversible if the coastal structures that are
built to protect the shore are destroyed by the storms [11].

In the recovery process, the interval between multiple storms is important, as it is
inversely related to the storm damage. If the interval between two consecutive storms
is less than the recovery time of the beach, the next storm could cause greater damage
to the beach [12]. For example, storm clusters with small return periods could impose
similar erosion impacts to a single storm that had a much longer return period (i.e., much
greater storm). If a beach reached equilibrium after the attack of the first storm, additional
erosion would occur only when the intensity of the following storms exceeded that of
the first one [5]. Therefore, the recovery after storm events is a complex process, not only
depending on the post-storm recovery time but also depending on the intensity of the
following storms.

The studies on beach recovery after storms have used various approaches. One of
the traditional methods is the direct measurement of the elevation and water depth along
the lines set perpendicular to the coastline, which is called profiling. The profiling would
be useful for long-term monitoring for beach processes with a low initial cost [13]. The
profile data could be also used to validate simulation results calculated from numerical
models [14]. The model approach is usefully applied for the prediction of beach recovery for
either short-term or long-term processes. Short-term prediction models such as XBeach [15]
calculate the rapid changes in the seabed and dunes during storms and the post-storm
recovery process in the time scale of months [9]. Due to the high computational cost,
however, the application of process models is still restricted for year-scale predictions. For
such long-term predictions, line models [16] based on the one-line theory [17] or statistical
models such as Monte Carlo have been applied [18].

Another tool that is useful for the long-term observation of the beach process is remote
sensing. The satellite imagery can be regularly collected over a long period, and it has
been used to derive shorelines and identify their spatial patterns [19,20]. However, it is
sensitive to cloud cover and has a limited temporal resolution. Similarly, aerial photos are
useful to detect geographical changes over decades, although they cannot provide detailed
information on detected variation [21]. On the other hand, airborne and in situ LiDAR also
provides detailed information on the beach geography, for comparison and validation of
other measurements [22,23]. Despite their advantages, the application of aerial photos and
LiDAR data is restricted in measuring the beach recovery process continuously due to the
high cost. For this reason, Video Monitoring Systems (VMSs) installed at beaches have
been successfully applied to observe the recovery process in specific sites [8,9]. The VMS is
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not only useful for long-term monitoring [24] but also for short-term observation of the
recovery process after storms [5] and for estimation of the wave parameters [25] as well as
wave-induced currents [26].

In this study, we also investigated a recovery process after an attack of storm waves,
when a severe erosion occurred, by analyzing the shoreline variations in a pocketed beach
located inside a bay in the southeast coast of Korea. Our study focused on the conditions
that determined the erosional or depositional process at the beach using data sets from a
VMS and wave measurements. As previously described, it is a natural process that beaches
undergo erosion by attacks of storm waves, and then they are slowly recovered under
milder conditions. However, the criteria that decide the shoreline erosion and accretion
are still unclear. Although such information obtained at a beach is site-specific and thus
cannot be generally applied for other beaches, the analytical methods may still be applied
to beaches with different conditions. In addition, if a criterion is provided for a specific
beach, then plans can be designed to protect the beach from severe damage that can lead to
a loss of its value.

Another focus was examination of the locality in the recovery pattern between different
locations along the beach. Previous studies using the VMS generally focused on the time
scale of the recovery process [8]. However, it is also important to analyze the discrepancy
in the recovery process between different locations, if it exists, because such disequilibrium
may lead to the concentration of damage at specific locations if subsequent storms attack
the site before fully recovered. The results of the present study are, therefore, useful not
only to understand the criteria for erosion/accretion processes at the study site, but also to
analyze the causes of disequilibrium during the recovery process. These outcomes are then
applied to suggest measures for conservation of the beach, considering the characteristic
erosion and recovery pattern, generally or locally.

The paper is organized as follows. The information of the study site and the damage
as a result of Typhoon TAPAH (T1917) are described in Section 2.1. The VMS used in this
study and its data are introduced in Section 2.2. The general trend of the beach process is
described in Section 3.1, and the locality (discrepancies in the process between areas of the
beach) is analyzed in Section 3.2. The discussion on the results is provided in Section 4,
and the conclusion of the study in Section 5.

2. Materials and Methods
2.1. Study Sites

Yeongildae Beach is in the southeast of the Korean Peninsula (Figure 1a), inside Yeongil
Bay, which faces northeast with a mouth width of ~10 km (Figure 1b). Due to its location
in the west corner of the bay, the beach has been protected from severe erosion because
the wave energy is generally attenuated when reaching the site. Yeongildae Beach is a
~1.7 km long sandy beach where the sediment size ranges from about 0.15 to 0.35 mm. It is
a pocketed beach facing ESE (East-Southeast), bounded by two ports—Pohang Port at the
southern end and Duho Port at the northern end. Due to the breakwaters that were built for
these ports, the sediments were expected to remain within the coastal cell without loss in
the longshore direction. However, the beach has been classified as an erosive beach because
input sources of sediment to the beach have been lost due to the construction of the ports.
In addition, after the breakwaters of Duho Port were constructed, a shadow zone could
have been formed in the lee area of the breakwaters, reducing the wave energy by wave
diffraction [27]. The shadow zone has caused redistribution of sediments along the beach
shore so that the shoreline width has become narrower near the Yeongil Bridge area but
thicker at both ends of the beach near the two ports (Figure 1b). The aerial photograph and
satellite image in Figure 2 compare the shorelines measured in 1977 (before the construction
of the Duho Port breakwaters) and in 2019 (after construction). It shows that the shoreline
severely retreated in the middle of the beach, whereas it accredited at both ends in 2019,
compared to 1977, indicating the redistribution of sediment to reach an equilibrium by the
changed wave energy field after the construction of Duho Port.
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o
Yeongil
Bridge

Figure 1. (a,b) Location of Yeongildae Beach, the Republic of Korea, (c¢) map of Yeongildae Beach with the location of the
video monitoring system (S1 and S2). The pictures are captured from Google Earth.

(b)

Figure 2. Comparison of shoreline positions of Yeongildae Beach: (a) aerial photograph taken in 1977

and (b) satellite image measured in 2019.

The wave data were measured at two locations, M1 and M2, as shown in Figure 3a.
At M1, a pressure transducer was moored at the bottom, at an 8.5 m depth, ~1 km away
from the shore of the Yeongildae Beach, measuring the wave height (H;) and period (Tj).
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Because the pressure transducer could not provide information on the wave propagation
(Dp), it was measured at M2, where an Acoustic Wave and Current Profiler (AWAC) was
moored at the bottom, at a 21.6 m depth, located in nearly the center of Yeongil Bay, ~7 km
away from Yeongildae Beach. The tidal range in the study area was no greater than 0.3 m,
and the tide-induced current was no greater than 0.2 m/s. Therefore, the effect by the tide
on the beach processes may not be significant, and thus was not considered in this study.

Unit : m
>0-0.5

Yeongil Ba
g ) >0.5-1

(b)

Figure 3. (a) Map of the two locations of the wave measurements. Wave height and period were measured at M1 using a

pressure transducer moored at water depth 8.5 m in the nearshore area of Yeongildae Beach. D, was measured at M2 using

an AWAC moored at water depth 21.6 m in the middle of Yeongil Bay, (b) a rose diagram for wave conditions measured at
M2 for 2.5 years (from 21 May 2018 to 26 November 2020).

Figure 3b shows a wave rose diagram that represents the wave conditions at M2.
Inside Yeongil Bay, the waves mainly propagate from the NE direction, which is similar
to the wave propagation outside the bay. Wave conditions in M2 are moderate because
the significant wave heights (H;) are generally less than 2.5 m, except for several extreme
storm cases. The dominant wave directions in M2 are NE and NNE, which indicates that
the wave propagates inside the Yeongil Bay generally in the normal direction to the mouth
of the bay.

Due to the geographical characteristic of Yeongildae Beach being located at the north-
west end, inside Yeongil Bay (Figure 1b), the impact of storm waves has not been significant
compared to other beaches located outside the bay. In September 2019, however, Typhoon
TAPAH (T1917) attacked the study site. Although TAPAH (T1917) was a Category 1 ty-
phoon (max. wind speed 35 m/s), it caused serious damage to many beaches located on
the southeast coast of Korea due to the proximity of its path (Figure 4). The damage was
also significant at Yeongildae Beach because the beach face was rapidly eroded during the
attack of TAPAH (T1917), which provided the motivation of the present study to investigate
the characteristic pattern of its recovery process.

2.2. Video Monitoring System

At Yeongildae Beach, two VMSs were constructed at S1 and S2, as shown in Figure 1c.
The monitoring by the VMS was initiated in November 2018 and in February 2019 at S1
and S2, respectively. The VMSs were built at the top of buildings in both locations to save
the cost of constructing new towers to mount the VMSs. At S1, four video cameras were
mounted to cover the central and southern part of the beach, and two additional cameras
were mounted at S2 to cover the resting northern end of the beach.
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Figure 4. Track of Typhoon TAPAH (T1917).

The VMS consists of the cameras, camera controller, data processing, and data transfer
systems that send processed data (averaged images) to the main server. Every 30 min
from 7:00 a.m. to sunset, each camera took snapshot pictures for 3 min every half-second.
In Figure 5a,b, examples of the snapshot images taken at S1 and S2 are shown. The
180 snapshot images collected for 3 min were then averaged to produce an ‘averaged
image’; in this way, the averaged images were provided twice per hour. The averaged
images stored in the controller were transferred to the main server one time per day in
the nighttime, when the internet network was not busy. The snapshot images were not
saved in the system unless specified to do so, to save the cost of running the VMS. Once
the averaged-image data were transferred to the main server, the locations of the images
were corrected in the x-y coordinate system. Because the images were obliquely measured
with angles that were different between the cameras, the data needed to be converted into
orthogonal images to the ground. After this, the images from each camera were combined
into one-image data that covered the whole beach. Figure 5c shows the data in which the
orthogonal images are combined into one.

The shoreline positions and beach width were estimated from the image data of
the whole beach. For this process, a set of baselines needed to be established, as shown
in Figure 5d. The baselines started from the inner line set, along the landward end of
the backshore of the beach. Each baseline was set perpendicular to the inner line to be
ended in the water so that the position of the shore could be determined manually by
comparing the color of the pixels along the baseline. Once the shoreline positions were
determined, the beach width could be calculated by connecting the shoreline positions of a
baseline to that of the adjacent baselines. Similarly, the position where a baseline crossed
the inner line could be connected to the adjacent positions to form a polygon, as marked
with the blue solid lines in Figure 5. The beach width was then obtained by calculating
the area inside the polygon. To measure the time variation of the beach width, the inner
line and baselines were fixed once determined. In the case of Yeongildae Beach, a total of
34 baselines were established.
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Baselines
(#1 - #34)

Figure 5. (a,b) Snapshots of VMS images captured from one of the cameras on S1 and S2, (c) or-
thogonal image in which the pieces of image data captured by the cameras in the VMS system were
combined, (d) the baseline system to estimate the shoreline positions and beach width. The inner
line is set along the landward end of the backshore of the beach, and the baselines are set to start
from the inner line and extend seaward perpendicular to the shoreline. A total of 34 baselines are
set in Yeongildae Beach, as marked with red solid lines. The shoreline positions are determined by
comparing the color of image pixels along each baseline, and the beach width can be calculated from
the area of the polygon (marked with blue lines in the figure), which is composed by connecting the
crossing points of the baselines to the inner line and shoreline positions horizontally.

3. Results
3.1. General Pattern of Shoreline Recovery

In Figure 6, time variations of the four parameters measured in the site are compared
for about 33 months, since the initiation of the VMS measurement in November 2018. The
significant wave height, H,,0, and the significant wave period, Ts, were measured at M1
(Figure 3). The time variations of H,,0 and Ts in Figure 6a show complex patterns, as
they highly fluctuate, which may cause difficulties in understanding the impact of these
wave parameters on the shoreline change. Therefore, another parameter, wave power

2
(Py = %ano Ts) was calculated (Figure 6b). P, is an index that directly measures the
wave energy flux and can be used as a parameter that combines the effects of the wave
height and period. The time variation of P is more clearly distinct from those of H,,o

and T;. Its magnitude is usually less than 10 kWatt/m, with an average value over the
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33 months of ~0.9 kWatt/m. However, there were times when P, sharply increased,
exceeding 20 kWatt/m, with its maximum value reaching ~75 kWatt/m.
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Figure 6. Time variations of (a) the significant wave height, H,,o, and the significant wave period, T, (b) the wave power,
Py, (c) the amplitude of the near-bed velocity, Uy, and (d) the mean beach width, (y), averaged over the 34 baselines.
The red rectangles mark the 4 time periods when P, exceeded 20 kWatt/m and (y) was decreased, indicating the high
correlation between Py, and (y). The T1 in (d) denotes the time just before the beach was severely eroded by Typhoon
TAPAH (T1917) in September 2019, T2 denotes the time when the recovery process started in October 2020, and T3 denotes
the time when (y) was recovered to the level of T1 in March 2021.

The mean beach width, (y), was estimated by integrating the beach width, y, along
each baseline, from baseline #1 to #34. Here, the y magnitude of each baseline was obtained
by subtracting the average value during the first 2 years from the original VMS beach
width (i.e., y is the average removed beach width). As shown in Figure 6d, the beach was
significantly eroded when TAPAH (T1917) attacked the site in September 2019. During the
period of ~2 days, (y) was reduced by ~12 m. In this study, the time of 23 September 2019
was set as T1, as it was the initial time for the erosion to occur due to the typhoon. Since
the severe erosion, the beach width hardly recovered, as (y) could not reach the original
value in T1 (marked with the dashed magenta line in Figure 6d) until 1 March 2021, and
this time was set as T3 as an indication of the time of shoreline recovery, although (y)
touched the original value only for a short time at T3 and decreased again sharply after that.
The time variation of (y) from T1 and T3 shows an interesting pattern. Once the severe
erosion occurred in T1, (y) tended to increase slowly (i.e., with much lower speed than
the erosion in T1). However, there were times when (y) decreased back to the level when
the most severe erosion occurred in T1. This accretion and erosion pattern was repeated
until 5 October 2020 (this time was set as T2). After T2, (y) continued to increase gradually
(without severe erosion) until T3, when (y) recovered to the level before the erosion in
T1. Once it reached the maximum level in T3, (y) decreased again, and the gradually
increasing process stopped. After this, () remained level, without showing a clear pattern
of erosion/accretion until July 2021, the time of the most recent data.

The pattern of (y) shows a high correlation with that of P, especially when the
erosions occurred from T1 to T3. To increase visibility, four red rectangles are marked
to show the time periods when (y) and P, are significantly correlated. In these four
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periods, the beach width showed a significant decrease (or the increasing trend in (y)
was halted, as shown in T3), and the maximum magnitude of P,, was observed to exceed
20 kWatt/m, which was significantly higher than observed at other times. In addition
to the wave power, the amplitude of the near-bed velocities, U,;, was estimated using
the formula (U, = 0.0116H,,0/Ts) by Soulsby (1986) [28]. U, could be an important
factor for sediment motion because cross-shore sediment fluxes are calculated from bed
shear stresses that are based on near-bed velocities [29]. As shown in Figure 6¢, the time
variation pattern of U, was similar to that of P,; hence, Uy, increasing with increasing
P, might trigger the sediment motions. However, the correlation between (y) and U, is
less relevant compared to that between (y) and P,; that is, U, peaked on 3 September
2020, not on 23 September 2019, when (y) declined considerably. Furthermore, U,, was an
indirect parameter estimated from the empirical formula using the measured wave heights
and periods from the wave sensor. Therefore, it may not be appropriate to apply U, to
directly measure the erosion/accretion processes in the beach face. In contrast, P, was
directly estimated from the wave measurements and thus can be suggested as a controlling
indicator in this study.

The correlation between the beach width and wave power can be more clearly investi-
gated in Figure 7, in which the time variation of P, is also compared with that of (y) for the
same observation period. To increase the visibility, however, the range of Py, in the y-axis is
adjusted so that its upper limit is set to 30 kWatt/m (Figure 7a). In addition, four green
rectangles are added in the figure to mark the times when the magnitude of (y) increased
(i.e., when the shoreline was advanced). Red/green rectangles are marked over the whole
observational period of 33 months so that the erosion/accretion trend can be examined
even during the time before Typhoon TAPAH (T1917). Compared to the pattern in the red
rectangles, the times of shoreline accretion are also closely related to the wave power in the
green rectangles. The maximum magnitude of P, was generally higher than 20 kWatt/m
in the periods of five red rectangles, whereas it was less than 10 kWatt/m in the periods of
four green rectangles. In particular, at four out of five periods of the red rectangles, the max-
imum magnitude of P, exceeded 30 kWatt/m and could reach up to ~75 kWatt/m. During
the longest time of the gradual shoreline accretion for ~4 months, which started from T2,
the maximum magnitude of P, was generally lower than 10 kWatt/m. This indicates that a
continuation of low-powered wave conditions is necessary for a recovery process to occur
consistently. In contrast, the erosion process occurred in relatively shorter periods, when
high-powered waves attacked the site. Specifically, it is noted that the gradual increase of
(y) stopped in T3, when other high-powered waves with P, of ~50 kWatt/m (Figure 6b)
attacked the site, which indicates that the high-powered waves not only caused the rapid
erosion but also could change the accretion trend and bring it to a halt.

Following the time variation of the total mean beach width (y) in Figure 7b, c displays
the time variations of the beach widths in three different parts of the shoreline. In the figure,
the solid blue line shows the time variation of averaged beach width for the baselines #2—#5,
which is symbolled as (y), as it represents the pattern in the southern end area. Similarly,
the orange line, (y),,, represents the variation in the middle of the beach as averaged for
the baselines #15-#17. The yellow line, (), , represents the variation in the northern end as
averaged for the baselines #30-#33. The variations of each group of beach widths show
different changes from time to time. However, all the time variations of each group of
beach widths follow the trend of the total mean beach width (y) in T1, T2, and T3. That is,
V)g (V) and (y),, started to decline rapidly at T1 and formed troughs around T2, and
then they all gradually increased until around T3.
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Figure 7. Comparison of time variations between P, and (y) as shown in Figure 6. (a) the wave power, Py, the range of

the y-axis for Py, is adjusted from 0 to 30 kWatt/m to increase the visibility of the correlation between the two parameters.
(b) the mean beach width, (y), averaged over the 34 baselines, and (c) the mean beach widths of the southern end, the
middle, and the northern end of the beach, (ys), (ym), and (y,). T1, T2, and T3 are the same time steps marked in Figure 6.

The red rectangles mark the period when the maximum magnitude of P, became higher than 20 kWatt and (y) decreased.

The green rectangles mark the periods when the maximum magnitude of P, was no greater than 10 kWatt/m and (y)

generally increased.

3.2. Locality in the Erosion/Accretion Process

The time variation in Figures 6 and 7 shows the general pattern of the erosion and
recovery processes of the averaged beach width of the 34 baselines. As described in
Section 2.1 with Figures 1c and 2, however, the beach widths show high locality—i.e., a
discrepancy in y between different baselines. Due to the construction of Duho Port, a
shadow zone was formed in the area near the baselines #29—#34 (Figure 5), where the
shoreline was advanced. In contrast, the shoreline at the area near baselines #21-#27
severely retreated even before Typhoon TAPAH (T1917) attacked the site. Similarly, the
beach widths in the southern end (near baselines #1-#10) were thicker compared to those
in the middle of the beach (near baselines #11+#20). This high locality in the beach width
between different areas of the beach might affect the erosion and recovery processes, which
is analyzed in this section.

Figure 8 shows the time variation of parameters that are related to the locality in terms
of wave power. In Figure 8a, the colored contours represent the beach width (y) variations
of the 34 baselines, as the numbers in the y-axis denote the baseline numbers marked in
Figure 5. Here, it is noted that the colors in the contours show the variation in y along each
baseline but cannot be used to compare the magnitude between the baselines because each
y is the average removed beach width using the first 2-year average. It is clear that the y
values rapidly dropped after TAPAH (T1917). Compared to the northern area (# of baseline
>25), however, the y values decreased more severely in the southern end (# of baseline
<6). The locality was also observed after the typhoon, as y values were even reduced
in the southern end near baselines < #5 until the recovery process prevailed, starting in
November 2020. In contrast, y values slightly increased in the northern end (# of baseline
>28) by that time. This pattern continued during the recovery process after November
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2020, because the y values in the northern end became even greater than those before the
typhoon since January 2021, whereas they were smaller than those before the typhoon in
the southern end. This pattern of locality can be more clearly quantified through (y),, (y),,,
(v),,, and (y) in Figure 8¢, in which the time variations of the beach widths calculated for
three different groups are compared to the mean beach width. In the southern end, the (y),
rapidly decreased ~30 m after TAPAH (T1917) and reached a minimum on 3 September
2020. The (y), magnitude could not be recovered even during the recovery process, since
November 2020, as the maximum (y), observed in 2021 was still ~10 m smaller than that
before the typhoon. In the northern end, (y),, was not significantly reduced by the typhoon
and gradually increased after that time as it became greater than the value before the
typhoon during the recovery process, since November 2020. In the middle of the beach,
(v),, shows the middle course between the two previous cases. It is also noted that the
pattern of (y),, is similar to that of (y), indicating the time variation in the middle of the
beach can represent the pattern for the whole beach.
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Figure 8. Time variation of (a) beach widths of all 34 baselines, where the y-axis represents the baseline numbers, (b) wave
power of Figure 7a, (c) the beach width, (y), , averaged for baselines #2—#5, representing the southern end area (blue), (y),,,
averaged for baselines #15—#17, representing the middle part of the beach (orange), (y),,, averaged for baselines #30—#33,
representing the northern end area (yellow), and (y), averaged for the all 34 baselines (black), (d) L = [(dy/0ot)dx, the
parameter that indicates the locality of erosion/accretion pattern. The colors of the dots in (d) represent the range of L;
magnitude, with reds for positive and blues for negative values. The red and green rectangles in the figure are marked the
same as those in Figure 7. (c) The grey and purple circles mark the periods when the time variation pattern of the beach
width shows locality between the two ends of the beach.

In Figure 8c, the beach width change pattern is compared at two additional time
periods, marked with circles. The grey circle covers the period from October 2019 to
January 2020, when the beach settled down after TAPAH (T1917). The purple circle covers
the recovery period from October 2020 to February 2021. These two periods were chosen
because the beach width change pattern shows a discrepancy between the southern and
northern ends. During the period of the grey circle, the magnitude of (y), decreased,
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whereas that of (y), increased, showing that the shoreline retreated in the southern end
but advanced in the northern end. These results may be interpreted as an indication of a
long sediment movement from the southern area toward the northern area. In contrast,
both (y), and (y),, increased during the recovery process, as marked with the purple circle,
which indicates that the shoreline was advanced in both areas during the period.

For a better understanding of the locality in the shoreline variation pattern, a parameter
was developed using the formula L; = [(dy/0t)dx, as plotted in Figure 8d. The dots in
the figure show the magnitude of L; at each time step, and their colors also indicate the
range of L; magnitude, with reds for positive and blues for negative values. In the formula
of L;, x is the alongshore direction toward the northern end. Therefore, the negative
value of L; indicates that dy/dt magnitude decreased in the positive x-direction. In other
words, the positive/negative values of L; indicate the beach width change rate (dy/9t)
increased /decreased toward the northern end of the beach. For example, the minimum
L; value (~—4) during the time of TAPAH (T1917) indicates that the erosion rate was
greater in the southern area and decreased in the increasing x-direction so that beach might
be most severely eroded in the southern end. Figure 9a shows the distribution of L; in
terms of wave power. Although its probability of occurrence is low (Figure 9b), L; usually
became negative with increasing magnitude when P, was greater than 10 kWatt/m. In
particular, the extreme L; values (<—3) occurred when TAPAH (T1917) afflicted the beach.
This pattern of L; distribution indicates that the shoreline was more severely eroded in
the southern part of the beach, compared to that in the northern part, when storm waves
attacked the site. In Figure 9¢, the distribution of wave direction, Dy, is also plotted in terms
of L;. The x-axis denotes the wave propagation angles, which increase clockwise from the
origin (0°) at the north. Therefore, 45° and 90° denote the NE and E, respectively. The
high-powered waves generally approached the beach from ~NE. In the case of Typhoon
TAPAH (T1917), the wave propagation direction ranged between 50° and 60°. Considering
the shoreline in Figures 1c and 3a, the storm waves during the typhoon directly attacked
the southern part, with a slight slope from the normal direction, whereas a shadow zone
was likely formed in the northern part of the beach due to the breakwaters of Duho Port.
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Figure 9. Distribution of (a) wave power, (b) probability of occurrence, and (c) wave propagation direction in terms of
L; = [(dy/ot)dx. The red circles in (a,c) mark Py, and D, for Typhoon TAPAH (T1917), respectively.

The discrepancy in the erosion/accretion pattern between the southern and northern
parts of the beach can be also observed in the plane view of shoreline changes. In Figure 10,
the beach widths of all 34 baselines are compared at three different times, as they correspond
to the times of T1, T2, and T3 in Figures 6 and 7. The figure clearly shows that the reduction
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in the beach width from T1 to T2 was greatest in the southern end (# of baseline <6), where
the maximum reduction distance along baseline #2 was ~40 m. In contrast, the beach width
in the northern end (# of baseline >28) was not significantly changed from T1 to T2, as the
maximum change in the beach width was no greater than 5 m along baseline #29. At the
baselines higher than #30, the change was minimal and not observed. During the recovery
process from T2 to T3, the beach width increased at most of the baselines. However, the
locality is also clearly observed, as its magnitude at T3 was smaller than that at T1 for
the baselines #2—#20, indicating the shoreline was not fully recovered to the level before
the typhoon attack in the southern part of the beach. In contrast, the beach width at T3
was greater than that at T1 for the baselines higher than #28. This result indicates that the
shoreline in this northern area was not eroded significantly during the attacks of storm
waves but advanced under milder wave conditions, leading to an accretion of the shoreline
in general.
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Figure 10. Beach width variation along the baseline at three different times. Data was calculated by averaging the beach
widths over one week, as their centered times were on 23 September 2019 (navy), 5 October 2020 (red), and 1 March 2021
(green). These three times correspond to T1, T2, and T3, as marked in Figures 6 and 7.

In the present study, the wave data were measured in location M1, which led to the
assumption that the wave conditions were uniform along the coast of the beach. Therefore,
alongshore variation of sediment transport caused by the spatial difference in the wave
conditions could not be detected using the present data sets. As described, the locality in
the results was induced by the shadowing by breakwaters and the curved shoreline, which
might produce alongshore discrepancies in the shoreline evolution pattern, as implied
from the locality parameter, L;, in Figure 8d. The impacts of alongshore variation of wave
conditions can be established, in future studies, by employing an array of wave gauges in
the longshore direction.

4. Discussion

From the shoreline erosion and accretion patterns shown in Figures 6 and 7, a con-
sistent description can be provided for the recovery process, after the severe erosion by
TAPAH (T1917) occurred in T1. The beach width decreased under high wave conditions
and increased under low conditions, which corresponds to the general understanding of
the shoreline evolution as previously described in Section 1. However, the criteria that
determine the range of accretion and erosion are still unclear. The results in the present
study can provide these criteria, although their application should be only confined to this
study site.

Once the severe erosion by TAPAH (T1917) occurred in T1, the recovery process
mainly started in T2, about 1 year after the erosion, and continued until T3, about 5 months
after T2. The factors that affected short-term (days) processes can be further examined
by posing a question about the recovery process—why didn’t the recovery process start
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earlier rather than starting ~1 year, until T2, after the typhoon? The answer may be
simple: there were earlier times in which the recovery actually occurred under mild wave
conditions. However, it could not continue because another set of high waves attacked the
site, restraining the shoreline accretion. Some of the high waves were powerful enough to
reverse the accretion trend into erosion. Therefore, the recovery process could not continue
further, while the accretion and erosion processes were repeated until T2. During the
period of ~5 months from T2 to T3, the wave power remained low so that the recovery
process could continue without severe disturbances.

The next question on the process is which wave condition determines the trend of
erosion or accretion? Based on the results of this study, a rough estimation can be provided:
the shoreline was advanced when the wave power was no greater than 10 kWatt/m. In
contrast, the erosion likely occurred when the wave power became greater than 20 kWatt/m.
In fact, most rapid erosions occurred when the wave power exceeded 30 kWatt/m. During
the total observational period of 33 months, the maximum wave power reached up to
75 kWatt/m, whereas the average wave power during the period was ~0.9 kWatt/m. When
the wave power was too low in this site, the sediments did not move, and neither erosion
nor accretion could occur. However, the criteria for this ‘no sediment motion” condition
could not be determined based on the results of this study.

It should be noted that there are critical cases in which the criteria may not be applica-
ble. For example, once the beach width reached the minimum value at T1, its magnitude
did not fall below this value during the rest of the observation period. This indicates that
the erosional status reached a critical limit with this minimum width, and thus further
erosion was prevented unless more extreme events occurred to beak the equilibrium again.
On the other hand, there was a period of ~3 months from mid-February to mid-May
2019 (between the first green rectangle and the first red rectangle in Figure 7) when the
wave power was generally no greater than 10 kWatt/m, but the beach width did not
increase. This is likely because the beach width was thicker than the other period, and
thus additional accretion of the shoreline might be disturbed, i.e., the beach width already
reached saturation.

The results from locality analysis on the erosion/accretion process showed that the
southern part of the beach was more severely eroded, especially when high-powered waves
afflicted the site, whereas the shoreline in the northern part of the beach was relatively
well protected. During the recovery process after October 2020, however, the imbalance
between the two ends was reduced, and the shoreline was advanced almost equally at all
parts—southern, middle, and northern—of the beach. The reason for this is still unclear,
but the northern end could be protected from erosion due to the shadow zone formed by
the breakwaters of Duho Port, in which the wave energy was attenuated, especially when
the high-powered storm waves attacked the site.

In the southern end, the breakwater of Pohang Port does not form a shadow zone,
considering that most of the waves approached from the NE or NNE, as shown in Figure 3b.
Figure 9c also shows that the propagating direction of waves during Typhoon TAPAH
(T1917) or other storm waves ranged from 50° to 60°, which confirms that the damage
by storm waves could be focused on the southern part of the beach. In contrast, the
recovery process occurred under milder wave conditions, by transporting the sediments
equally at all parts of the beach. However, there was a possibility of alongshore sediment
movement from the southern part to the middle and northern areas. As shown in Figure 8c,
(v), decreased but (y),, and (y), increased during the period just after TAPAH (T1917),
as marked with the grey circle. This locality of different shoreline evolution processes
implies that the sediments could be transported in the longshore direction from the south
to the north.

The results of this study can be usefully applied in designing the protection/prevention
plans against damage to the beach and nearby coastal areas, not only from the disastrous
storm events but also from the processes that may break the equilibrium in the beach status.
For example, the suggested criteria that could determine the erosion/accretion conditions

56



Appl. Sci. 2021, 11, 10195

could be useful in planning coastal structures. The size of these structures can be effectively
estimated if information on the wave conditions that affect the erosion or accretion in this
specific site is known in advance. If the size of such a structure is too large, it may be
cost-ineffective. In addition, the beach recovery process could be disturbed if the structure
reduces too much wave energy; in this case, the minimum power required for accretion
cannot be met. Similarly, the structure would not correctly function if its size is too small
to reduce the wave power below the criteria for erosion. The information on the locality
in the shoreline evolution process could be also useful in planning hard and soft coastal
structures. If the longshore transport from the southern to the northern part is quantita-
tively understood (although it has not been done in this study), structures such as groins
can be designed to reduce the loss of sediment in specific areas. In addition, the results of
the locality analysis in this study would be useful in planning beach nourishment—in de-
termining where to put the sand to maximize the effect of the beach fill by considering the
imbalance in the beach process. For example, beach nourishment and placing some coastal
structures have been planned in the study area, although they have not been finalized. The
results of this study are, therefore, expected to provide useful information in determining
such plans, to maximize the effect of the structures and nourishment.

It should be noted that the results from this study are confined only to this specific
site. This small beach is characterized as a pocketed beach, where the sediments cannot
be added from or lost to other coastal cells. In addition, the beach is located inside a bay,
so the waves are usually attenuated when reaching the study site such that the shoreline
can reach equilibrium under lower wave energy compared to beaches on the open coast.
Figure 11 compares the wave power between Yeongildae Beach (8.5 m depth) and Hwajin
Beach (32.0 m depth), located ~20 km north of Yeongildae Beach. Because Hwajin Beach
is located on the open coast outside Yeongil Bay, its wave force is much greater than that
observed at Yeongildae Beach despite, the difference in water depth.
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Figure 11. Comparison of the observed wave power between the two beaches of (a) Yeongildae
Beach (this study site) and (b) Hwajin Beach, located in the open coast outside Yeongil Bay. Although
the distance between the two beaches is only ~20 km, the wave power in Hwajin Beach is much
greater than that in Yeongildae Beach.

As a result, the sediments in this site could respond more easily at lower wave energy
levels, which might lead to a different pattern of erosion and recovery process. For example,
the sand size in the study site ranged from 0.15 to 0.35 mm, as it is categorized as fine to
medium sand, which was smaller than the sand size measured in the two beaches located
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in the open coast outside the bay, where it was ~0.5 mm at both beaches (categorized as
medium to coarse sand) [30,31]. The criteria for erosion/accretion suggested in this study
can hardly be determined in other beaches on the open coast, where nearshore crescentic
sandbars are actively developed. Because the horns of the sandbars are coupled with the
shoreline pattern [32], the erosion/accretion of the shoreline has a strong locality rather
than showing the general trend as observed in this study site, where no crescentic sandbars
developed. For this reason, the information on the locality from these study results should
be also confined to this specific site.

5. Conclusions

In this study, we employed a data set of VMS and wave parameters measured over
33 months to investigate the erosional and depositional processes in Yeongildae Beach,
located inside Yeongil Bay on the southeastern coast of the Korean Peninsula. The beach
was severely eroded when Typhoon TAPAH (T1917) hit the site in late September 2019,
during which the beach width retreated ~12 m on average; it took about 1.5 years for the
beach width to be recovered to the level before the attack of the typhoon. The study then
analyzed the recovery process, during which shoreline erosion and accretion repeated,
corresponding to the wave conditions.

The study site is a pocketed beach, as the breakwaters of two ports were built at
both ends of the beach, blocking the input or loss of sediments in the longshore direction
crossing the lateral boundary of the beach. The beach is also located at the west corner,
inside the bay, and the distance from the beach to the mouths of the bay is 815 km. Due
to its location on the beach, the wave energy was lower and the sediment size was finer,
compared to those observed on the open coast outside the bay, because the waves were
attenuated when reaching the site.

The results of the analysis corresponded to the general understanding of beach
processes—that beach widths decreased/increased under high/low wave energy con-
ditions. In this study site, however, the pattern of shoreline evolution was found to be
highly correlated with P, the wave power that combined the impacts of wave height and
period, rather than the wave propagating direction, which was observed to be similar for
high-powered waves. In particular, the beach width generally increased when P, was no
greater than 10 kWatt/m and tended to decrease under the condition of P, greater than
20 kWatt/m. However, most erosional events occurred when P, exceeded 30 kWatt/m.
Especially after TAPAH (T1917), it took a long time (~1.5 years) for the beach width to be
fully recovered to the previous level because high-powered waves occasionally disturbed
the recovery trend. Therefore, the full recovery of the beach width could be reached over
the last five months in the recovery period, during which P, was kept continuously lower
than 10 kWatt/m.

The locality of beach recovery process was also analyzed by examining the discrepancy
in the erosion/accretion pattern between different locations within the beach. It was
observed that the erosion by TAPAH (T1917) was most severe in the southern part of the
beach, whereas the change in the beach width was minimal in the northern part during the
same period. This pattern of locality was similarly observed under other storm conditions.
Considering the wave propagation direction was similar (~NE) for the storm waves, it is
likely that a shadow zone was formed in the northern end due to the breakwaters of Duho
Port, such that the sediments in the lee area of the breakwaters were protected because the
wave energy was attenuated. On the contrary, the breakwater of Pohang Port located in
the southern end did not form a shallow zone, and thus the storm waves directly attacked
the southern part, causing erosion. In the phase of recovery under milder wave conditions,
the shadow zone did not play an important role, and the shoreline was advanced almost
equally at all parts of the beach. However, it was also observed that there was a period just
after TAPAH (T1917) when erosion occurred in the southern part while accretion occurred
in the northern part, indicating a possible alongshore sediment movement from the south
to the north.
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The results from this study can be usefully applied to design the protection and
prevention plans of the beach from storm damage, considering the general and local erosion
and recovery patterns. For example, the criteria that determined the trends of erosion
and accretion based on wave power can be used to effectively estimate the size of coastal
structures, such as detached breakwaters for shore protection. In addition, the results of
locality analysis can be useful to plan the horizontal arrangement of such hard structures or
beach nourishment, because they can provide information on where to place the structure
or sand to maximize their ability to stabilize the beach. It is noted that the application of
these results should be confined only to this specific site and may not be directly applicable
to other beaches on the open coasts. For example, the suggested criteria are valid where the
wave energy is relatively lower than that on the open coasts. The conditions in this specific
beach might result in characteristic shoreline responses. In the case of other beaches located
on the open coasts, where various nearshore sandbars develop, the shoreline could be
coupled with sandbar positions, and the erosion/accretion pattern would be more complex
than that observed in this study site. Regardless of these limitations, the method in this
study can be usefully applied in areas with a similar environment for designing prevention
plans for disasters due to storms.
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Abstract: Landslides are the nation’s hidden disaster, significantly increasing economic loss and
social disruption. Unfortunately, limited information is available about the depth and extent of
landslides. Therefore, in order to identify landslide-prone zones in advance, a well-planned landslide
susceptibility mapping (LSM) approach is needed. The present study evaluates the efficacy of
an MCDA-based model (analytical hierarchy process (AHP)) and determines the most accurate
approach for detecting landslide-prone zones in one part of Darjeeling, India. LSM is prepared
using remote sensing thematic layers such as slope, rainfall earthquake, lineament density, drainage
density, geology, geomorphology, aspect, land use and land cover (LULC), and soil. The result
obtained is classified into four classes, i.e., very high (11.68%), high (26.18%), moderate (48.87%),
and low (13.27%) landslide susceptibility. It is observed that an entire 37.86% of the area is in a
high to very high susceptibility zone. The efficiency of the LSM was validated with the help of the
receiver operating characteristics (ROC) curve, which demonstrate an accuracy of 96.8%, and the
success rate curve showed an accuracy of 81.3%, both of which are very satisfactory results. Thus, the
proposed framework will help natural disaster experts to reduce land vulnerability, as well as aid in
future development.

Keywords: landslide; multi-criteria decision analysis (MCDA); analytical hierarchy process (AHP);
receiver operating characteristics; area under the curve (AUC)

1. Introduction

Disastrous natural hazards such as landslides have brought enormous casualties and
economic losses in the past. In hilly areas, the essential requirement for ensuring people’s
safety is the identification of high-risk landslide-prone zones where development should
not be conducted, and where soil stabilization works should be conducted. Nearly 12.60%
of landslides have occurred in the Indian Himalayan region, and all areas can be detected
as being landslide-prone. In developing countries such as India, various terrain hills
are experiencing increasing population density and rapid infrastructural development,
which may increase the vulnerability to potential landslides and thus socio-economic
losses. The 