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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 m3 loss to 417.0 m3 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 m3 and −2.9 m3 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-



Appl. Sci. 2022, 12, 4365 3 of 24

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

www.ine.pt
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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].
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photogrammetric camera (ZI-DMC, 7680 × 13,824 pixels, for the 2008–2010 surveys, and 
Vexcel UltraCam Falcon, 9420 × 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 

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 × 13,824 pixels, for the 2008–2010 surveys, and
Vexcel UltraCam Falcon, 9420× 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 Direção
Geral do Território, 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 Leixões 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.

http://mapas.dgterritorio.pt/inspire/atom/downloadservice.xml
http://mapas.dgterritorio.pt/inspire/atom/downloadservice.xml
https://www.hidrografico.pt
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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◦ × 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
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2.3. Analyses

The adopted procedure is schematised in Figure 6. The DEMs and DTM, on a regular
1 × 1 m grid and 2 × 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 ∆ Volume (m3) ∆ 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.
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3. Results
3.1. Overall Morphodynamics

The beach and dune system of the studied coastal stretch had an approximate area
of 1,400,000 m2 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 m3

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 m3 and 377.9 m3 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 (40–44, 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 m3 and 301.6 m3 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 m3 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 m3 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.
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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



Appl. Sci. 2022, 12, 4365 21 of 24

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 m3/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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