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Abstract: In Aveiro (NW coast of Portugal), a coastal monitoring programme was carried out in
sequence of a shoreface nourishment intervention (over than 2 M m3) performed in 2020. In this
programme, almost one year of biweekly subaerial topographies and quarterly bathymetric surveys
have been collected along a 10 km coastal stretch between June 2020 and June 2021. In this study,
topographic and bathymetric surveys were analysed to assess the expectation that if the shoreface
nourishment is located in sufficiently shallow water depths, its landward movement will feed
adjacent beaches and, consequently, increase the subaerial beach volume. Results show that the
subaerial beach volume is well correlated with the 1.05 m (above MSL) isoline displacement through
time. While the seaward limit of the shoreface nourishment moved landwards about 200 m, the
shoreline proxy (isoline of 1.05 m) displayed a maximum seaward displacement of 60 m. The
displacement of the shoreline proxy was highly variable in space, along the 10 km coastal stretch, and
also in time, during storm events. During such events, both landward and seawards displacement of
the shoreline proxy took place, depending on the spatial position. Moreover, while beaches close to
the initial shoreface nourishment intervention displayed faster accretion patterns than those located
farther away, the well-defined onshore movement of the shoreface nourishment did not result in a
considerable beach volume increase. The achieved results were also compared against case studies of
shoreface nourishments with similar volumes performed worldwide.

Keywords: beach nourishment; field observations; storm; beach accretion

1. Introduction

Beach nourishment constitutes a nature-based engineering solution commonly em-
ployed by coastal managers on sandy beaches [1]. It comprises the placement of large
quantities of good quality sand on the beach to advance it seaward [2]. This advance is
of key importance for tourism and recreation because it provides enough space on the
dry beach for this type of activities. In general, urbanized beaches, such as those located
or backed up by buildings and infrastructures, are the most prone to be improved with
sand nourishments because a municipality tax revenue can be used for such interventions
(e.g., [2]). The sand can be either placed on the subaerial beach or in the subtidal beach,
as an underwater mound. While the former is usually referred in the literature as a beach
nourishment, the latter can be referred as profile nourishment [2], berm nourishment [3],
nearshore berm [4] or shoreface nourishment [5]. In this study, shoreface nourishment was
used to designate the placement of sand in the subtidal zone of a beach profile.

Following Dean [2], a shoreface nourishment has two advantages compared to beach
nourishment. First, the dredging-dumping operation is less expensive (e.g., [6]). Second,
it is associated with less restrictive policies regarding sediment quality characteristics.
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Unlike beach nourishments, shoreface nourishments can use sediments that are dredged
from nearby navigation channels, subtidal bars or offshore deposits. Though, there are
some examples that sediments dredged from navigation channels are used for beach
nourishment [7]. As an example, a large beach nourishment intervention (1.5 x 10° m3)
was performed in Dunkirk, France, using sediments dredged from a nearby navigation
channel but with a median grain size (Ds() coarser than those of the native beach [8].

Beach nourishment has been employed throughout the world. In the US, beach
nourishment has been used since 1923 with an exponentially growth in sand volume
placement by the end of the last century [9]. In Europe, beach nourishment interventions
started after 1950. In the last decades, it has been a gradual change from the use of hard
to soft coastal protection/defense techniques both for short-term and long-term coastal
planning [10]. In Australia, beach nourishment interventions are generally smaller in scale
but more frequent and mainly begin in spring to promote beach accretion [11]. In China,
beach nourishment was first introduced in 1990 and the number of beach nourishment
interventions has also show an exponential increase between 1990 and 2010 [12]. Despite
the overall use of beach nourishment on sandy beaches, this solution can also be used in
complex reef environments associated with irregular bathymetries [13,14].

In Portugal, the first beach nourishment intervention was performed in 1950 [7]. A
recent review and compilation of beach nourishment practice in Portugal has shown that
the main objectives are shoreline stability and erosion mitigation [7]. Nourishment inter-
ventions have been mainly performed with sediments dredged from maintenance channels’
dredging. Moreover, there has been an increasing tendency to use soft engineering tech-
niques in opposition to hard engineering solutions [7]. The largest shoreface nourishment
intervention ever made in Portugal, before that reported in this study, took place in Aveiro
in 1996 where a sand volume of 1.7 x 10° m? was deposited nearshore. Sediments were
dredged from the navigation channel of the Aveiro lagoon and were placed southwards
at Costa Nova beach. Shoreline stability was the objective of this intervention. Previous
works conducted in Aveiro associated with shoreface nourishments observed cross-shore
volume variations of up to 1500 m3/m (e.g., [15]), which suggests that this coastal stretch
is morphologically very dynamic.

Following Brutsché et al. [4], pioneer shoreface nourishment interventions, under-
taken between 1930 and 1940 in the US, raised some doubts about their overall effectiveness.
Besides the observed sediment accretion near the shoreface nourishment, sediment erosion
took place near the shoreline. These initial results postponed the use of shoreface nour-
ishments until late 1960. Later on, the effectiveness of shoreface nourishments started to
become documented. As an example, observations indicated that a shoreface nourishment
located in Durban (South Africa) provided shelter to beaches [16]. Those beaches that were
located on the lee side of the shoreface nourishment experienced up to 25% less erosion
than those that were not. Nowadays, shoreface nourishments constitute a viable solution
from a technical perspective [2]. However, stakeholders and the general public can still be
reluctant to this type of solutions because they cannot be easily seen from the dry beach.
Even though, the large number of shoreface nourishment interventions after 1940, that
were documented in [4], provides some confidence that they are becoming better accepted.

Beach nourishment design, construction and subsequent monitoring is well docu-
mented in the literature (e.g., [2]). On the contrary, shoreface nourishment interventions
are less well understood. In particular, shoreface nourishments can behave in two ways [2].
The shoreface nourishment can be placed in sufficiently deep water depths so that it re-
mains there in time, usually referred as a stable berm. The stable berm main objective is to
reduce storm damage relative to the level of damage that would have resulted without the
nourishment. The shoreface nourishment can also be placed in sufficiently shallow water
depths so that it moves landwards, usually referred as a feeder berm. The main goal of a
feeder berm is to feed adjacent beaches with sand. The hypothesis is if a shoreface nour-
ishment is placed in sufficiently shallow depths, its onshore movement will continuously
promote beach accretion, through an increase in the subaerial beach width or volume. In
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this study, field observations associated with a coastal monitoring program were analysed
to assess the spatial and time evolution of a large (2 x 10° m?) shoreface nourishment
intervention that was deployed between —10 m and —6 m (Mean Sea Level, hereafter MSL)
water depths in Costa Nova (Aveiro, Portugal). In particular, this dataset was used to test
the hypothesis just mentioned.

This paper is structured as follows. A review of previous works on shoreface nourish-
ment interventions with a considerable volume (>0.8 x 10® m3) is performed in Section 2.
The characterization of the study site and of the shoreface nourishment intervention, to-
gether with a description of the field data collection, processing and analysis is presented in
Section 3. The results of the shoreface nourishment subtidal evolution and of the subaerial
beach shoreline proxy evolution are presented in Section 4. In Section 5, a discussion is
performed in light of the hypothesis that shoreface nourishment interventions that moved
landwards can increase the subaerial beach width or volume. The discussion in Section 5
also compares the results analysed in this work with other shoreface nourishments per-
formed elsewhere. Conclusions are summarized in Section 6.

2. Previous Works on Shoreface Nourishments

Five shoreface nourishment interventions were reviewed in this Section. They were
chosen from a recent review on shoreface nourishments [4] and from a review of beach nour-
ishment experience in Europe [10]. The five chosen shoreface nourishments were selected
based on two criterion. First, shoreface nourishments had an overall volume > 0.8 x 10° m3,
to be comparable with that reported in the present study (2 x 10° m?). Second, the chosen
shoreface nourishments had ready-available and well-documented general characteristics,
such as shoreface nourishment length (L) and placement water depths () (Table 1). It was
noted that a shoreface nourishment of 8.2 x 10° m> was performed in Anglet, France [10]
but, unfortunately, its general characteristics were not available. The shoreface nourish-
ment of 2.0 x 10° m3 performed in Rio de Janeiro, Brazil, [17] was also excluded because
the project not only included a shoreface nourishment but also a beach nourishment. Con-
sequently, the overall beach response was not solely due to the shoreface nourishment.
Moreover, the interesting case study in Denmark [18], where a comparison between a beach
and a shoreface nourishment was conducted, was also excluded because the shoreface
nourishment volume was 0.25 x 10° m3.

Table 1. General characteristics of shoreface nourishments in previous works.

Location V (x10° m3) V/L (m3/m) h (m, MSL)
California, US (1992) [19] 1.0 1070 —9to —4
Terschelling, NL (1993) [6] 2.1 480 —7to—4
Terheijde, NL (1997) [6] 0.9 530 —8to -5
Egmond, NL (1999) [6] 0.9 390 —8to -5
Wassenaar, NL (2002) [6] 25 410 —8to -5

In 1992, a shoreface nourishment of about 1.0 x 10° m® was built at Newport Beach,
California, US [19]. The shoreface nourishment was placed in water depths between —4
to —9 m (MSL). Offshore wave conditions along the California coastline are characterized
by an averaged offshore significant wave height (H,,0) that ranges from 1.75 m to 3.5 m in
summer and in winter, respectively. Large swell waves generated in the Pacific Ocean are
common at this site with an averaged peak wave period (T) of 12.3 s [20]. During storms,
H,,0 can reach or exceed 5 m offshore but it is effectively reduced due to Channel Islands
sheltering effect close to Newport Beach [20]. The wave-induced sediment transport is
towards the southeast direction [19] and the tidal range is about 2 m during spring tides.
Overall, this nourishment moved onshore likely due to wave action. While the outer
limit of the shoreface nourishment moved about 180 m onshore, the MSL contour moved
offshore (i.e., beach width increase) about 30 m in 2.5 yr (Figure 2 in [19]). Moreover, the
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analysis of profile surveys displayed no indication of an alongshore shoreface nourishment
movement [19].

All the other shoreface nourishments in Table 1 were performed in The Netherlands.
The wave climate along the Dutch coast is associated with an average significant wave
height of 1.0 m during summer, which increases to 1.7 m during winter [21]. Winter storms
are typically associated with an Hy,0 of 4 to 5m and a T, of 10 s. The net sand transport
rate ranges between 0.25 x 10° m? up to 0.6 x 10° m® [22]. The Terschelling shoreface
nourishment displayed a complex behaviour with both offshore and onshore movement of
the intermediate bar after nourishment (Figure 7d in [6]). The other shoreface nourishments
performed in the Dutch coast (Terheijde, Egmond and Wassenaar) displayed an overall
onshore movement of about 100 m in 4.5 yr for Wassenaar, about 100 m in 2 yr for Egmond
and about 150 m in 3 yr for Terheijde. The MSL contour varied less than about 20 m for all
four shoreface nourishments.

The values associated with onshore and offshore shoreface nourishments’ displace-
ment are summarized in Table 2. The shoreface nourishment onshore displacement in-
creases for a more energetic wave climate. The MSL contour seaward displacement is much
smaller (<20%) than the outer part of the shoreface nourishment landward movement,
independently of the offshore wave conditions.

Table 2. Shoreface nourishment onshore displacement (S,,;), MSL contour offshore displacement
(Soff), and respective migration rates.

Location Son (m)  s,rr (m)  Rate Spy (m/yr)  Rate s, ¢ (m/yr)
California, US (1992) [19] 180 30 72 12
Terschelling, NL (1993) [6] - - - -
Terheijde, NL (1997) [6] 150 20 50 7
Egmond, NL (1999) [6] 100 20 50 10
Wassenaar, NL (2002) [6] 100 20 22 4

3. Case Study and Field Observations
3.1. Brief Description of the Coastal Settings

The study area is located south of the Aveiro harbour entrance (Barra), and extends
up to 10 km towards south until Vagueira beach (Figure 1). The coastline orientation is
approximately 15° N. Coastal defense works along the study area (Figure 1) comprise
two breakwaters near the Aveiro harbour entrance (white), six groynes (blue) and two
revetments (orange). The beach is delimited by groynes at Costa Nova (between Barra
and G5) and it is backed-up by dune systems southwards of G5. At Vagueira, the beach is
both confined by one revetment and one groyne. The reader is referred to [23] for a more
in-depth characterization of the study area.

Based on an analysis of field measurements collected by deep-water wave buoys
offshore mainland Portugal [24], the offshore H,,0 has a monthly-averaged value of
1.7 £ 0.7 m during maritime summer and increases to 3.1 &= 1.3 m during maritime winter.
The monthly-averaged values of mean wave period oscillate between 6.0 &= 1.0 s and
8.0 & 1.7 s along the year, with large swell waves easily reaching 20 s of T), during winter.
The most frequent mean wave direction is from NW, with some sea states displaying a
mean wave direction from W. On average, five to fifteen coastal storms (H,,o threshold
of 4.5 m) hit the study site per year [25]. Tidal range varies from approximately 1.2 m to
3.6 m during neap and spring tides, respectively. The most frequent northwestern wave
conditions can promote a net potential sediment transport rate of about 1 x 10® m?/yr
directed towards south [26].

According to numerical modelling results [27], the coastal stretch south of Aveiro after
25 years of reduced sediment supply, critical situations of imminent sand-spit disruption
are expected, as well as an ultimate linkage between the sea and the lagoon. The scenarios
of sea level rise (SLR) are less important than the scenarios of wave-climate change after
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25 years. A slight increase in the relative frequency of higher waves would have greater
effects than a pessimistic scenario of the SLR rate.

Morphodynamically, the beach profile can be characterized as intermediate [28]. A
well-defined subtidal bar is often present on the shoreface which induces partial depth-
induced breaking of incoming waves. On the foreshore, the beach slope is mild during low
tide and steep during high tide. Intertidal beach sediments are typically composed by fine
to medium sand with a median grain size between 0.4 mm to 0.6 mm [29].

3.2. Shoreface Nourishment Intervention

The shoreface nourishment intervention comprised the dumping of sediments, dredged
from the Zona de Atividades Logisticas e Industriais (ZALI) deposition area located inside
the Aveiro harbour, between groynes 3 and 5 (G3 and G5 in Figure 1). These groynes are
located at Costa Nova beach. Consequently, the beach response to the shoreface nourish-
ment at Costa Nova is of particular interest because it is located closer to the intervention.
The intervention was materialized by an underwater mound with a length of 1900 m and a
width of 500 m. The shoreface nourishment was placed in water depths between —6 m to
—11 m (MSL). At the end of the intervention, the mean water depth at the flat top of the
underwater mound was —6 m (MSL). Sediments that were dumped at that location were
compatible with native sediments but slightly coarser because the former were dredged
in part from the Aveiro harbour entrance channel [30]. According to the Aveiro harbour
authority, dredging works have started in May and last until August 2020. The analysis of
the available multibeam surveys performed on June 2020 and on August 2020 allowed to
detect a volume increase of 1.9 x 10° m? at that location. This calculation was performed
based on the August 2020 survey coverage area with reference to the depth of closure
which is —10 m (MSL) (see Section 4.1).

3.3. Methodology
3.3.1. Data Collection

Bathymetric surveys were performed with the research vessel Nereide from Centro
de Estudos do Ambiente e do Mar (CESAM). This vessel can be equipped with a single
beam or a multi-beam echo-sounder. The multi-beam survey was performed in an area
pre-defined by the Portuguese Environment Agency (hereafter APA). The single beam
survey was performed along the study area through cross-shore transects with a 500 m
spacing (Figure 1). The vertical accuracy of the single-beam surveys is approximately
0.10 m. Part of the surf zone was not surveyed due to wave conditions at the study site.
The bathymetric surveys were performed on July 2020, on September 2020 and on January
2021 (see Figure 4, below).

Topographic surveys were performed using a quad-bike equiped with the INSHORE
monitoring system [31,32]. This allows a horizontal and vertical accuracy better than 0.05 m
(see Baptista et al. [31]). Topographic surveys were performed approximately biweekly
from September 2020 to June 2021 along the 10 km coastal stretch (from Barra to Vagueira
in Figure 1). These surveys were performed during low-water on spring tides and each
took between 3 h to 4 h to be completed. Each topographic survey was performed through
cross-shore beach transects with a spacing between 30 m to 80 m and through longshore
transects that accounted for the water line, berm crest and dune base, with a maximum
spacing of about 30 m. These topographic surveys were used to extract the 1.05 m isoline
that was analysed in Section 4 (Figures 5-7, see below).

At approximately 55 km northwest of the study site, offshore wave conditions were
obtained from the Copernicus Marine Service (CMEMS, https://marine.copernicus.eu/,
accessed on 28 June 2021). The wave parameters were Hy,,9, T and the mean wave direction
(MDir). The numerically generated wave data was carefully compared against buoy and
satellite observations (see CMEMS report and assessment [33]).
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Figure 1. Study area. Coastal defense works include two breakwaters at the Aveiro entrance channel,
five groynes at the northern part of the study area and another at Vagueira beach and two revetments
one close to G4 and the other at Vagueira beach. The area associated with the shoreface nourishment
intervention was between G3 and G5. Beach profiles and topographic beach profiles were obtained
within the COSMO programme. Coordinates are referred to the ETRS89 system.
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3.3.2. Data Processing and Analysis

For the bathymetric surveys, the acquired data was processed with Caris software
(version 9.5). The obtained XYZ coordinates were interpolated in the QGIS software to
produce a digital elevation model (DEM) with a horizontal resolution of 5 m using a
Triangular Irregular Network (TIN) interpolation method. For the topographic surveys, the
acquired data was processed with a set of dedicated software, namely the Trimble Business
Center (version 5.32, www.trimble.com, accessed on 10 October 2021) to GPS data process
and the Matlab (version R2020a) to estimate the inclination angles (i.e., the attitude) of the
GPS antennas in the quad-bike for each sample period. The obtained XYZ coordinates
were interpolated in the ArcGIS software to produce a DEM with a horizontal resolution of
1 m using a Kriging interpolation method.

The analysis conducted in this study used a set of cross-shore transects with a spacing
of 50 m that were extracted from the generated DEM between Barra and Vagueira. These
transects were perpendicular to the main coastline orientation (15° N). The extraction of
cross-shore transects with a 50 m spacing allowed to analysed in more detail the spatial
variations of the beach response in time along the coastal stretch.

3.3.3. Additional Data Sources

To complement the analysis conducted in this study, additional data sources were
used. These sources were all the available topo-bathymetric surveys, beach profile surveys
and topographic beach surveys obtained between July 2018 and November 2020 under the
Portuguese COaStal MOnitoring Programme (COSMO), developed and implement by APA
(https:/ /cosmo.apambiente.pt/, accessed on 28 June 2021) [34]. Moreover, a bathymetric
survey provided by the Aveiro harbour authority was also used in this study. The latter
was performed right after the shoreface nourishment intervention on August 2020 and it
covered the area in Figure 1 (dashed white line).

4. Results
4.1. Depth of Closure and Beach Volume Based on a Shoreline Elevation Proxy

The beach profile surveys, obtained before the shoreface nourishment through the
COSMO programme, were used to estimate the elevation associated with the depth of
closure in the study area. The beach profile surveys were conducted with a wave runner in
the submerged part, thereby surveying the entire surf zone, and by foot on the intertidal
and aerial part. In Figure 1, the guide lines of the submerged part of the beach profile
survey are displayed in yellow. The available profiles were located near Costa Nova beach
(between G3 and G4) and at Vagueira beach.

Figure 2 shows the beach profile surveys for Vagueira (left) and Costa Nova (right).
The bottom panels display the standard deviation of the beach profiles. At Vagueira,
the standard deviation rapidly increases from its offshore value of less than 0.20 m to
values larger than about 0.50 m (Figure 2e). In more details, the standard deviation has
an inflexion point for distance equal to 650 m. This inflexion point is associated with
an elevation of —10 m (MSL). At Costa Nova, it is clear that the November 2020 profile
has an influence of the shoreface nourishment (Figure 2b,d) and it was not used in the
standard deviation calculation. A similar analysis performed on Costa Nova beach profile
also suggests that the elevation —10 m (MSL) is associated with very small morphological
changes (less than 0.20 m) (Figure 2d). Therefore, the analysis of the COSMO profiles
allowed to estimate a depth of closure of —10 m (MSL) for this study site. Note that the
shoreface nourishment intervention led to morphological modifications up to —11 m (MSL)
at Costa Nova (November 2020 in Figure 2a,b) but this was due to the intervention and not
due to the natural beach behaviour (see Figure 4 of [35]).
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Figure 2. Beach profiles at Vagueira (panel (a)) and at Costa Nova (panel (b)) beaches (yellow lines in
Figure 1) between 2018 and 2020. Zoom-in of the submerged beach profiles (panels (c,d)). Standard
deviation of beach profile elevations for each cross-shore position (panels (e,f)).

Also available through the COSMO programme were four subaerial topographic
profiles that can be found along the coastal stretch depicted in Figure 3 (see also red
lines in Figure 1). The profiles were collected between August 2018 and October 2020
every 3 months. Therefore, the seasonal subaerial beach variability throughout is well
captured. These field measurements were used to understand how well the displacement
of an elevation in time can represent the beach volume temporal evolution. Beach profiles
display an elevation (about 5 m, MSL) above which the morphological variations are
smaller than 0.3 m (top panels in Figure 3). An exception is the beach profile Vagueira 2
because it is located in front of a revetment. The beach volume (per unit width) for Barra,
Costa Nova and Vagueira 1 was determined as the area above MSL until the point in which
the profiles converge (5 m, MSL), see Figure 3. For Vagueira 2, the beach volume (per unit
width) was calculated as the volume above MSL that is delimited by the revetment toe
(distance = 25 m, Figure 3). Next, it was assessed how well the displacement of several
isolines (ranging from 0 m to 5 m) through time can describe the temporal beach volume
variations. The middle panels of Figure 3 show the correlation coefficient between those
two quantities. In general, the onshore-offshore displacements of isolines between 1 and
3 m are well correlated with the beach volume variations. For the Vagueira 1 beach, this
is not the case and there is a well-defined maximum of the correlation coefficient around
1 m. Motivated by this maximum and since other beach profiles have also correlation
coefficients higher than about 0.9 for 1 m, the following shoreline proxy was used: the
1.05 m (MSL) contour, for two reasons. First, this contour is capable of describing well the
temporal variations of beach volume for the four beach profiles located across the coastal
stretch (bottom panels of Figure 3). Second, the 1.05 m (MSL) contour is the averaged value
of the high-tide at Aveiro tidal gauge, which corresponds to the shoreline [36]. Therefore,
the displacement of the 1.05 m (MSL) contour will be used to characterize the subaerial
beach response to the shoreface nourishment in time and in space.
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Figure 3. Topographic beach profiles at Barra, Costa Nova, Vagueira 1 and Vagueira 2 beaches (red lines in Figure 1, from

North to South) (top panels). Correlation coefficient between beach volume (per unit width) and the displacement of
elevation contours (middle panels). Scatter diagrams between beach volume and the displacement of the 1.05 m (MSL)

contour (bottom panels).

4.2. Subtidal Beach Response to the Shoreface Nourishment

Figure 4 shows the temporal evolution of the —10 m and of the —8 m (MSL) contours
along the coastal stretch between June 2020 (previous to the nourishment) and January 2021.
The initial sediment deposition zone, between G3 and G5, is obtained from the August
2020 multibeam survey provided by the Aveiro harbour administration.

Since the closure depth was disturbed by the shoreface nourishment intervention, its
onshore or offshore displacement is associated with the shoreface nourishment movement
through time. As an example, if the isobathymetric contour of —10 m (MSL) does not
change in time, it means that the shoreface nourishment is relatively stable. On the opposite,
if the —10 m (MSL) contour moves landward, it means that the shoreface nourishment
moved towards the coast. To complement the analysis, the —8 m (MSL) contour was also
used. The latter is expected to have a larger displacement in space than the —10 m (MSL).
Other less deep contours were also envisaged but they were more influenced by the bar
movement that occurred southward and northward of the initial shoreface nourishment
area. Consequently, the shallower isobathymetric contours will not be considered hereafter.

Regarding the —10 m (MSL) contour, its offshore displacement ranged between 250 m
at the southward end to 120 m at the northward end of the initial deposition zone (between
June and September 2020). Between September 2020 and January 2021, while the onshore
displacement at the northward end was smaller than 50 m, the onshore displacement
reached 120 m at the southern end. Differences between the —10 m (MSL) contour between
G1 and G2 are likely associated with the ebb-tidal delta shoal dynamics of the Aveiro inlet
and to the different survey technologies (i.e., multibeam vs single-beam), and will not
be discussed hereafter. The horizontal differences between the —10 m (MSL) contours
are smaller than 50 m at 1600 m southwards (Y = 102,000 m in Figure 4a). Therefore, the
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influence of the shoreface nourishment on the displacement of the —10 m (MSL) contour
south of the initial deposition zone had an extent of about 1600 m.
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Figure 4. Time evolution of the bathymetric contour associated with —10 m (MSL) (panel (a)) and with —8 m (MSL)
(panel (b)). Coastal defense works over the study area (black) and the area associated with the shoreface nourishment
intervention was between G3 and G5 (dashed white). Coordinates are referred to the ETRS89 system.

The patterns displayed by the —8 m (MSL) contour are more pronounced than those
associated with the —10 m (MSL) contour. The offshore displacement between June and
August 2020 ranged between 280 m to 350 m at the initial deposition zone. After one
month (September 2020), the —8 m (MSL) contour shifted landwards between 50 m at the
central area (in front of G4) and 120 m at the end points (in front of G3 and G5). The largest
landward migration at the end points is in part explained by the very sharp contours
that are rapidly eroded. On January 2021, the overall shape of the shoreface nourishment
resembles a gaussian function (Figure 4b, January 2021), denoting the spreading of the
nourishment in the longshore direction (Figure 4b). The onshore displacement of the —8 m
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(MSL) contour was 30 m between September 2020 and January 2021 at the central part (in
front of G4). This onshore displacement increased farther away, reaching about 100 m in
front of G3 and of G5. The influence of the shoreface nourishment was felt until about
600 m towards north (200 m north of G3). At south, the onshore or offshore displacements
of the —8 m (MSL) contour can be associated with the subtidal bar movement, as seen in
Figure 2a, thereby preventing to isolate the effect of the nourishment. The latter aspect is
visible in front of Vagueira beach where the September 2020 —8 m (MSL) contour is not
only located 60 m landward than the January 2021 contour but also about 40 m landward
than the June 2020 contour.

4.3. Subaerial Beach Response to the Shoreface Nourishment

The analysis of the beach response to the shoreface nourishment was based on the
1.05 m (MSL) contour (see Figure 3 and Section 4.1). Figure 5 shows the spatial and temporal
displacement of the 1.05 m (MSL) contour along the coastal stretch relative to its position
on the beginning of June 2020, together with the the time series of wave parameters. While
warm colors indicate an offshore displacement (i.e., beach volume increase), cold colors
are associated with an onshore displacement (i.e., beach volume decrease). The horizontal
black lines represent the five groynes (G1 to G5 in Figure 1) located at Costa Nova beach.
The absence of colored circles means no data.

In general, three main features can be observed. First, the dominance of a landward
displacement (blue circles) for distance between 3000 m and 4000 m. This displacement,
that can reach locally —60 m, is located at the downdrift side of the shoreface nourishment.
In more details, the shoreface nourishment was performed between G5 and G3. The retreat
of the 1.05 m (MSL) contour relative to the June 2020 can be associated with modification of
local wave parameters which drive divergency of the longshore sediment transport at the
end parts of the shoreface nourishment. This erosion pattern was pointed out by [5] where
the downdrift part can experience shoreline retreat in analogy to a detached breakwater.
Second, the large seawards displacement (red circles) for distance equal to 2800 m between
September and November 2020, and also on February and on April 2021. It is speculated
that this seawards displacement is associated with the natural beach behaviour which
increases in volume until late summer. Unfortunately, a comparison with older surveys is
not possible because they are not available with the high-temporal and spatial resolution
as those presented in this study. Third, the mild offshore displacement of the 1.05 m (MSL)
contour located between G4 and G2. This offshore displacement through time is likely
induced by the shoreface nourishment. The beaches delimited between G1 and G4 do
experience the expected response due to the longshore drift until November 2020, which
is from North to South at this study area during summer (see Figure 7 in [26]). Between
September and October 2020, those beaches are associated with a seawards displacement
northward of each groyne and with an onshore displacement southward (i.e., downdrift
side) of each groyne. From November 2020 onward, this pattern changes and the onshore
displacement is northward of each groyne, while the offshore displacement occurs at the
downdrift side. This inversion in the expected beach erosion and accumulation associated
with groynes is clearly observed for beaches between G2 and G5. Moreover, the mean wave
direction become more confined to the WNW and W sectors (see January to February 2021
in Figure 5d). The maximum landward displacement of the shoreline proxy was —60 m
at distance between 3000 m and 4000 m between January and April 2021. The maximum
seawards displacement was +60 m at distance equal to 2800 m between September and
October 2020.
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Figure 5. Time series of offshore significant wave height (a), peak period (b) and mean wave direction (c) obtained from
CMEMS (https:/ /marine.copernicus.eu/, accessed on 28 June 2021), and 15-day moving average (red). Time-series of the
relative 1.05 m (MSL) shoreline proxy advance seawards (warm colors) or retreat landwards (cold colors) (d) along the
coastal stretch from Vagueira (0 m) to Barra (9500 m). The relative advance or retreat is in comparison with the shoreline
proxy position surveyed on June 2020 (reference situation before shoreface nourishment). Horizontal black lines refer to
groynes and to breakwater.

4.4. Subaerial Beach Response to Storms and Subsequent Recovery

The beach response to storms was analysed based on the relative displacement of the
shoreline proxy (1.05 m, MSL) in relation to the previous topographic survey, as shown
in Figure 6. As an example, the shoreline proxy displacement on 17 December 2020 is
obtained as the difference between 17 and 3 December 2020 surveys.


https://marine.copernicus.eu/

J. Mar. Sci. Eng. 2021, 9, 1112

13 of 19

H o (M)

- = N

T ()

oOoOONOOSE ONDMOO®
1 1

d)

60

o]

o

(=)

(=)
1

40

7000

G2 5

C
C
i | @ @
C
L (¢

6000

120

5000

G4

4000

3000

Longshore distance (m)

2000

1000

«
C
- «

® WO'® eEoT
C
(& ¢

C
C
(o (W -» C
«

€ (@

g ) ¥ % v Vagueira
1 1 1 1 1 1 1 1 1 1 1 1

Q Q Q Q Q
5\)\\% ?\\)Q\(L 589\7, Oc’\\rL O\l\rLO

Q A A A A A A A
N 80\'), 56(\\7’ ?G\o\'),\\a‘\’}, p@‘\% \Nb‘;\q' 5\)(\\(2’ 5\)\\1

Figure 6. Time series of offshore significant wave height (a), peak period (b) and mean wave direction (c) obtained from

CMEMS (https:/ /marine.copernicus.eu/, accessed on 28 June 2021), and 15-day moving average (red). Time-series of the

relative 1.05 m (MSL) shoreline proxy advance seawards (warm colors) or retreat landwards (cold colors) (d) along the

coastal stretch from Vagueira (0 m) to Barra (9500 m). The relative advance or retreat is in comparison with the shoreline

proxy position surveyed on the previous survey. Horizontal black lines refer to groynes and to breakwater.

Looking at Figure 6d, the largest differences between consecutive surveys took place
on December 2020. More specifically, the shoreline proxy moved seawards on 3 December
and moved landwards on 17 December. Regarding the landward displacement, this
occurred after storm Dora, which hit mainland Portugal on 4 December 2020. However,
the beach response was very variable across the coastal stretch. The largest changes are
more visible on natural beaches (south of G5) than on beaches close to coastal structures
(between Barra and G5), which are under the influence of the shoreface nourishment. The
offshore H,,o time-series clearly displays a very large increase on that day (up to 8 m) with
an incident mean wave direction of about 320° N. The shoreline proxy retreat reach up to
—50 m in some areas. The seaward displacement downdrift of G3 and G2 after storm Dora
is likely associated with the presence of the shoreface nourishment. At that locations, the
shoreline proxy advanced approximately 10 m. Regarding the seaward displacement that
occurred on 3 December (south of G5), this beach accretion was likely associated with a
reduction of the offshore H,,o, together with large T,,. The 15-day moving average window
suggests that H,,o decreased from 4 m to about 2 m. This reduction accompanied by large
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wave periods have most likely promoted the beach accretion (i.e., seaward displacement
of the shoreline proxy). Again, the shoreline proxy advance is not uniform along the
coastal stretch.

Beach accretion after storm Dora is displayed in Figure 7d. In this Figure, each shore-
line proxy relative position is compared with the shoreline proxy position on 3 December
(before storm Dora). Two major patterns emerged in Figure 7. First, the shoreline proxy
1.05 m (MSL) rapidly moved landwards at the downdrift side of G2 and of G3 from January
2021 onward. Second, the shoreline proxy continued to moved landwards on beaches
backed up by dunes (those located southwards of G5). At those locations, there are no
clear patterns of total recovery because the circles are still associated with negative values.
The shoreline proxy close to Vagueira beach started to display some values close to 0 m on
March 2021. This indicates that the 1.05 m (MSL) contour has recovered its 3 December
relative position at that location, which can be in part ascribed to the Vagueira beach
natural behaviour.
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Figure 7. Time series of offshore significant wave height (a), peak period (b) and mean wave direction (c) obtained from
CMEMS (https:/ /marine.copernicus.eu/, accessed on 28 June 2021), and 15-day moving average (red). Time-series of the
relative 1.05 m (MSL) shoreline proxy advance seawards (warm colors) or retreat landwards (cold colors) (d) along the
coastal stretch from Vagueira (0 m) to Barra (9500 m). The relative advance or retreat is in comparison with the shoreline
proxy position surveyed on 3 December 2020 (reference situation before storm Dora). Horizontal black lines refer to groynes
and to breakwater.
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5. Discussion
5.1. General Characteristics of the Aveiro Shoreface Nourishment in Comparison with
Previous Works

The review of previous works presented in Section 2 (see Table 1) suggests that
shoreface nourishments performed at locations with both larger significant wave heights
and wave periods have a V /L value (ratio between nourishment volume and shoreface
nourishment length) about a factor of 2 greater than those performed at locations char-
acterized by milder and local generated waves. The shoreface nourishment movement
landwards is performed with a migration rate about 50% larger than those in milder en-
vironments. In both mild or energetic wave conditions, the MSL contour displacement
ranges between 13% to 20% of the shoreface nourishment onshore migration. Moreover,
for the shoreface nourishment in California, Figure 2 in [19] suggests that the increase in
beach volume above MSL is much smaller than the reduction of shoreface nourishment
volume. For the Dutch shoreface nourishments, ref. [37] mentioned that the nourishment
only acted partially as a feeder berm.

The Aveiro shoreface nourishment had an overall sediment volume (V) of about
2 x 10° m3 and a length (L) = 1900 m, which gives a V/L = 1050 m®/m. Its —8 m (MSL)
contour onshore displacement, ranged from 80 m to 230 m between August 2020 and
January 2021. Although the observations available in this study do not coverage one year,
the initial onshore displacement rate (rate S,;) is between 200 m/yr to 500 m/yr. The
local wave conditions at Aveiro are similar to those offshore because there are neither a
sheltering effect promoted by islands nor dissipation by bottom friction over the conti-
nental shelf (about 80 km at Aveiro). In general, the Aveiro shoreface nourishment shares
similar characteristics with that performed in California, US [19]. Wave conditions at
California are associated with a larger H,,o than those at Aveiro (3.5 m in winter compared
to 2.8 m) but the local wave conditions at California are likely milder due to the Channel
Islands sheltering effect. Therefore, the large onshore displacement of Aveiro shoreface
nourishment (200-500 m/yr), when compared to California (72 m/yr), can be attributed to
the more energetic local wave conditions.

Regarding the Dutch nourishments [6], they were performed with a V/L ratio about a
factor of 2-3 smaller than both Aveiro and California nourishments (Table 1). Their onshore
migration rates varied for each nourishment, ranging from about 20 m/yr, for Wassenaar,
to 50 m/yr, for both Egmond and Terheijde. These rates are smaller when compared with
72 m/yr for California and with 200-500 m/yr for Aveiro. In general, the wave climate
along The Netherlands is milder and characterised by local generated waves. Even if
the wave climate is different from that in Aveiro and California, often more energetic
and characterized by swell waves, the differences between wave climates alone cannot
explain the differences in the onshore migration rates. This is because for the same wave
climate and with similar V /L ratios, the onshore migration rate of Wasenaar nourishment
(22 m/yr) was about half of the rate of Egmond nourishment (50 m/yr). We suggest that
other factors, such as tidal-induced velocities, beach or surfzone slopes, sediment grain
sizes, coastal geomorphology and man-made structures (e.g., harbours) can contribute to
explain these differences on the overall shoreface nourishment evolution.

The maximum seaward displacement of the 1.05 m (MSL) contour was about 60 m
when compared to its reference position on June 2020. Although this displacement var-
ied along the study area (see Figure 5), this gives an approximate offshore migration
rate of 60 m/yr. Despite the fact that this offshore migration rate is larger than that of
other shoreface nourishments, it is still about 30% of the onshore movement of the Aveiro
shoreface nourishment (200 m/yr). Therefore, although the onshore and offshore displace-
ments associated with the Aveiro shoreface nourishment are more pronounced than the
shoreface nourishments performed elsewhere, the shoreline proxy advance seawards only
accounted for 30% of the smallest shoreface nourishment outer limit advance landward.
This suggests that the Aveiro shoreface nourishment behaved only partially as a feeder
berm. In other words, the Aveiro shoreface nourishment did not contribute exclusively to a
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subaerial beach volume increase. The remaining part of the sediment volume associated
with the shoreface nourishment have likely dispersed alongshore driven by the littoral drift.
The latter suggestion is supported by the gaussian shape of the shoreface nourishment —8
(MSL) contour in January 2021 (Figure 4b).

5.2. Response of the Shoreline Proxy to the Shoreface Nourishment

The results presented above clearly highlighted distinct behaviours of the shoreline
proxy relative to its cross-shore position before the shoreface nourishment intervention
(June 2020, in Figure 5) and after the major storm Dora (December 2020, in Figure 6). The
results suggest that the most clear shoreline proxy displacement onshore occurs at the
downdrift side of the shoreface nourishment intervention (cold colours in Figure 5d). This
behaviour has been pointed out by Van Duin et al. [5]. In our case study, the extent of
this effect was about 2000 m southwards of the initial deposition zone. Since the length
of the Aveiro shoreface nourishment is 1900 m, it is suggested that the shoreline retreat
associated with this shoreface nourishment is about the same length as the shoreface
nourishment itself.

The longshore spreading and evolution of the shoreface nourishment is about their
initial length (1900 m). The results show a southward displacement of the —10 m and of the
—8 m isolines up to 1600 m (Figure 4). Towards north, the shoreface nourishment evolution
is influenced by the ebb delta shoal of Aveiro inlet but it extends up to 600 m northwards.
Based on the available bathymetric surveys, it can be expected that the shoreface longshore
spreading is about its initial length during the first year of morphological evolution.

Beaches located closer to the shoreface nourishment were benefited. This effect was
present in three comparisons: to its relative position on June 2020; after storm Dora; and
also during subsequent beach recovery. As an example, during storm Dora beaches located
near the shoreface nourishment (between G3 and G5) even experienced a shoreline proxy
advance seawards. This effect is likely offered by the sheltering effect of the shoreface
nourishment which is capable of reducing wave amplitude during storms. Moreover,
beaches closer to the shoreface nourishment also experienced recovery much quicker than
those farther away. Looking at Figure 7d, the shoreline proxy associated with beaches
located between G4 and G2 displayed positive values after storm Dora (>20 m, yellow and
red markers) from January until June 2021. On the opposite, the shoreline proxy associated
with beaches located southwards of G5 displayed negative values (<—20 m, cyan and blue
markers). There are some locations where this pattern was not so clear, such as beaches
located updrift of G3 (where shoreline proxy retreat reached —40 m between February and
March 2021) and also beaches located downdrift of G5 (where the shoreline proxy advanced
up to 40 m on mid April 2021). Though, the general pattern is that the relative position of
the shoreline proxy accreted more between G4 and G2 than at beaches located southwards
of G5, where a shoreline proxy retreat was observed. Therefore, beaches located closer to
the shoreface nourishment (between G4 and G2) achieved their position before storm Dora
(warm colours in Figure 7d) quicker than beaches located southward of G5 (cold colours in
Figure 7d).

On a seasonal scale (from September 2020 to April 2021), beaches located closer to
the shoreface nourishment experienced a milder but steady advance seawards (see warm
colours between G4 and G2 in Figure 5d). An interesting result is that beaches delimited
by groynes have experienced a different morphodynamic pattern than that expected from
the longshore drift. The expected pattern occurred until October 2020 on beaches located
between G2 and G4, with erosion downdrift (cold colours in Figure 5d) and accretion
updrift (warm colours in Figure 5d). From November 2020 on, but more clear in January
and February 2021, this pattern changed and beach accretion occurred on the downdrift
side of a groyne (warm colours in Figure 5d), while beach erosion took place on the
updrift side of a groyne (cold colours in Figure 5d). This inversion is possibly linked to
the nearshore circulation patterns induced by the shoreface nourishment [5], and also
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with the directional wave conditions. Future numerical modelling efforts may be used to
understand the reason for this observed inversion.

The results presented in this study suggest that the shoreface nourishment was bene-
ficial to the subaerial beach in different ways. Although the results presented above also
allow to better understand the beach response to a shoreface nourishment at Aveiro, more
coastal monitoring is definitely desirable to draw more firm conclusions. The use of simple
techniques to assess shoreface nourishment expected evolution can be of interest for prelim-
inary designs [38]. Additionally, the use of video cameras can be included to complement
topographic and bathymetric measurements [39]. Moreover, the application of numerical
models (either more simple, such as one-line models, or more complex, such as coastal area
models) can be envisaged in future (e.g., [40]). These type of applications would not only
allow to verify numerical models but also to test different shoreface nourishment options
and configurations by varying its width, length, volume and distance to shoreline, and also
to perform cost-benefit analysis of coastal protection strategies [41].

6. Conclusions

In this study, the beach response to a shoreface nourishment was analysed based on
topographic and bathymetric surveys performed over one year along 10 km in Aveiro
(Portugal). The analysis was based on the evolution of the —10 m and —8 m (MSL) contours
and of the 1.05 m (MSL) contour. The former is associated with the displacement of the
shoreface nourishment outer limit and the latter is associated with the temporal variation
of the beach volume above MSL, for this study area.

While the onshore displacement of the —10 m (MSL) and of the —8 m (MSL) contour
ranged between 80 m and 230 m, the maximum offshore displacement of the 1.05 m
(MSL) contour was 60 m. Therefore, our results suggest that the shoreface nourishment
intervention only acted partially as a feeder berm. This is in agreement with shoreface
nourishment of similar volume magnitudes performed elsewhere.

The beach response (the onshore or offshore displacement of the 1.05 m contour)
was highly variable in time and along the 10 km study area. Beaches located closer to
the shoreface nourishment (delimited by groynes) exhibit a more stable behaviour, are
not so vulnerable to wave conditions than those located south of G5 and display a large
seaward displacement (i.e., beach volume increase). During storm Dora (December 2020),
beaches located closer to the shoreface nourishment even display an offshore advance (i.e.,
beach volume increase). Moreover, the beach response is also quick on that beaches. A
drawback associated with the shoreface nourishment was the beach retreat at the downdrift
side of the nourishment. This effect occurred until a distance that is about the shoreface
nourishment length.
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