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Abstract: Serious erosion problems related to significant negative sediments budgets in the coastal
systems are referred worldwide. Artificial nourishments are a coastal erosion mitigation strategy that
allow for a decrease in those negative budgets by adding sediment to the coastal system. Thus, it is
essential to understand and adequately model the shoreline response after a nourishment operation,
in order to support the definition of the best intervention scenarios. The main goal of this work was
to study the artificial nourishment effects on the longshore sediment transport and consequently on
the morphological evolution at the intervention site and nearby areas, in a time horizon of 5 years.
The longshore transport of the nourished sediments was evaluated, aiming to contribute to the
evaluation of the sediment’s permanence at the deposition site and the frequency required for new
nourishments. The shoreline evolution numerical long-term configuration (LTC) model was applied
in order to evaluate the spatial and temporal distribution of the nourished sediments along the
coast, considering different types of beaches and incident wave climates. The adopted approach
is generic and supported by simple numerical models, which can be useful for preliminary site-
specific evaluations. The results show that the nourishment impact is mainly observed nearby the
intervention site. It is highlighted that higher longshore sediment transport rates are associated with
more energetic wave climates, but not necessarily with incident waves more oblique to the shoreline.
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1. Introduction

Large volumes of sand are transported along the coast (littoral drift) due to natural
actions of waves, currents, and winds. Littoral morphology is dependent of the dynamic
relationship between the wave climate, considered the main factor responsible for the sedi-
ments transport capacity, and the characteristics and availability of existing sediments [1].
If the quantity of sediments leaving a coastal stretch is balanced by the same quantity
of sediments coming in, the system is in a dynamic equilibrium, not resulting in erosion
or accretion. But if the sediment balance is not maintained, erosion or accretion occurs,
representing, respectively, the retreat or advance of the shoreline position [2,3].

Due to the need to protect coastal areas from erosion problems, it is common to per-
form coastal defense interventions. Artificial sediment nourishment is an intervention
strategy that has been adopted by several countries all over the world [4,5]. The nourish-
ment refers to the process of adding sediments to the littoral drift, beach, and/or dune
system in order to strengthen the cross-shore profiles of the coastal stretch [6]. In general,
the most important benefits of artificial nourishments are the mitigation of coastal ero-
sion, preventing flooding, and enabling the maintenance of wide beaches that also serve
recreational purposes [7-9]. However, artificial nourishments interfere with the natural
sediment dynamics and are not a permanent solution. The removal of sediments that
occur naturally from the deposition site require re-nourishment over time, to maintain their
design function [10]. Periodic re-nourishment intervals range on average from 2 to 10 years

J. Mar. Sci. Eng. 2021, 9, 240. https:/ /doi.org/10.3390/jmse9030240

https://www.mdpi.com/journal /jmse


https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-5609-0223
https://orcid.org/0000-0001-7858-2272
https://doi.org/10.3390/jmse9030240
https://doi.org/10.3390/jmse9030240
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9030240
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/2077-1312/9/3/240?type=check_update&version=2

J. Mar. Sci. Eng. 2021, 9, 240

20f 14

and depend on several factors related to initial design, wave climate, sand used, and the
number and type of storms [11-13]. Therefore, although artificial nourishments are widely
applied in different sites as a soft coastal intervention, questions related to the fill material
fate, lifetime, and long-term impacts (to downdrift areas) still need to be answered with
more confidence.

The main objective of this study was to present contributions to anticipate how sedi-
ments are spatially and temporally distributed after artificial nourishment interventions.
The adopted approach was intended to be generic and supported by simple numerical
theories/models, which could be useful for preliminary site-specific evaluations. The nour-
ishment performance depends on multiple variables related to the sediment’s dynamics
and the artificial sand nourishment process itself. Thus, the nourishment impact was eval-
uated for different types of beaches (defined in the numerical model by different boundary
conditions) and wave climates (wave heights and directions). Additionally, the longshore
transport patterns of the nourished sediments were evaluated, aiming to anticipate their
permanence at the deposition site and the frequency required for new nourishments.

2. Nourished Sediments Transport Processes

The concept of artificial nourishment is based on an attempt to replicate natural
processes: Sand is deposited in coastal systems (beaches, dunes, or littoral drift) and nature,
with the actions of waves, currents, and winds taking care of its distribution [8,14].

The artificially filled material is usually distributed in a limited length along the
coastline and defines a cross-shore profile that is different from the stable profile at the
deposition site. After sand deposition, the sediments spread out and tend toward a straight
or slowly curving shoreline (Figure 1). In the direction perpendicular to the shoreline, the
nourishment develops a stable configuration, in equilibrium with the relationship between
the sediments” grain size and the incident wave climate. In the longshore direction, the
center of the mass of the nourished sediments moves in the direction of the net sediment
transport [14].
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Figure 1. Artificial nourishment shoreline evolution and plan view of the erosion processes associated
with the nourishment (based on [14,15]).

The sediments from artificial nourishment mix with native sediments and are dis-
tributed transversally and alongshore by wave actions and currents. The mixture of
sediments occur by sediment transport processes related with local sediment dynamics to-
gether with losses that have occurred during the nourishment operations [15]. Depending
on local conditions and intervention characteristics, an artificially nourished beach profile
may take months or years to reach an equilibrium condition [16].

Due to the complexity of the coastal processes and taking into account the incompati-
bility of their time scales of interest, it is common to divide the assessment of the littoral
sediments transport in two components [17,18]: Longitudinal transport, where sediments
are transported in a direction parallel to the coastline; and cross-shore transport, where
sediments are transported in a direction perpendicular to the coastline [19]. The cross-shore
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sediment transport reflects the short-term morphological evolution (storm to seasonal
behavior) and the longshore sediment transport is associated with long-term shoreline
changes, related to years or decades [3,14,19].

2.1. Theorical Approach

Several formulas to estimate longshore sediment transport rates are available in the
literature. For example, Shaeri et al. [20], in their literature review about longshore sediment
transport rate calculation, list the following equations: CERC (Coastal Engineering Research
Center) [19], Kamphuis [21], Bayram et al. [22], van Rijn [23], and Tomasicchio et al. [24].
However, due to the coastal processes’ complexity, longshore sediment transport evaluation
is still challenging. Despite CERC formulation being introduced several decades ago, the
CERC formula [19] is still widely used in both practice and fundamental research [20]. This
formula [19] allows the longshore sediment transport to be computed based essentiality
on the parameters related to waves at breaking: Significant wave breaking height and
wave angle at breaking (Equation (1)). When offshore wave characteristics are known,
breaking wave characteristics can be predicted, considering wave propagation phenomena,
namely shoaling and refraction. Assuming a linear theory of wave propagation and that
bottom contours are parallel to the shoreline, the wave angle at breaking (6) depends on
shoreline orientation. If waves reach the shore obliquely, breaking wave energy suspends
and transports sediments alongshore [25].

Q=k V8 H/?sin(26,), (1)

1

167 (ps —p)(1 —n)

Since sand deposition during an artificial nourishment intervention changes the local
bathymetry, refraction effects can be particularly important in a nourishment intervention
with consequences on alongshore sediment flux (Figure 2).

Initial shoreline orientation

Initial shoreline

Shoreline after
beach nourishment

03=0-A0

Figure 2. Wave angles before (0) and after sand nourishment (61, 62, and 63, respectively, at updrift,
middle, and downdrift of the intervention limits).

Murray and Asthon [26] evaluated the alongshore sediment flux for different wave
angles and concluded that coastline segments with different orientations experience differ-
ent alongshore sediment fluxes. The wave angle that leads to the highest value of sediment
transport is not necessarily the most oblique wave in shallow water. Their results were
produced based on a semi-empirical equation for alongshore sediment flux as a function
of breaking-wave quantities, transforming it into a relationship involving offshore wave
characteristics [25,26].

Considering the CERC formula and manipulating the equation in order to involve
offshore wave characteristics, considering the linear wave theory, it is concluded that the
longshore sediment transport rate increases with wave height and reaches the maximum
for an offshore wave direction (6) of around 48° (Figure 3a). However, if the nourishment
changes the shoreline and wave breaking depth contours and, consequently, the wave



J. Mar. Sci. Eng. 2021, 9, 240 4 of 14

breaking orientation, the maximum longshore sediment transport rates occur for different
wave angles offshore (Figure 3b).
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Figure 3. Longshore sediment transport rate according to CERC formula: Sediment transport for different wave heights,
depending on the wave angle offshore (a); sediment transport for different wave angles offshore (H = 3 m), depending on
the shoreline orientation variation due to the nourishment—A® positive angles are in a clockwise direction (b).

For example, considering wave angles at offshore (6) of 60° and 80°, it is possible to
observe two main results for the longshore sediment transport rate at the nourishment
updrift and downdrift boundaries, considering a shoreline rotation (A0) of 25° due to
the intervention: (i) There is a change in the longshore sediment transport direction at
updrift, for the wave with 6 = 80°. This wave also presents higher sediment transport
capacity to updrift than the 60° wave to downdrift (Figure 4a); (ii) the less oblique wave
at offshore (80°) presents higher sediment transport capacity at the downdrift limit of
the nourishment than the 60° wave, which reverses the behavior observed before the
nourishment (Figure 4b).
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Figure 4. Longshore sediment transport rate according to CERC formula for different wave heights in function of the wave
angle at offshore: A9 = +25° (a); A = —25° (b).

2.2. Numerical Modeling Approach

Numerical models can be very important and useful tools to anticipate the perfor-
mance of nourishment operations [17,27]. However, due to the complexity of the physical
processes involved and the high computational effort required, each model focuses on a
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limited range of processes, acting over a certain scale, and usually not merging cross-shore
and longshore processes at the same time [28-30].

In nourishment modeling applications, where both short- and long-term effects must
be simulated, 3D models that simultaneously include cross-shore and longshore processes
are still lacking to a large degree. At present, the profile change and contour line models
are the ones that are regularly employed in engineering projects for forecasting coastal
evolution. Modeling coastal evolution in a long-term perspective is also linked to the study
of the sand nourishments, although some probabilistic studies related to modeling of both
longshore and cross-shore processes in a medium-term perspective can be referred, e.g.,
Dong and Chen [31], Wang and Reeve [32], Callaghan et al. [33], and Reeve et al. [34].

Burcharth et al. [35] present some examples of coastal zone evolution studies through
3D models. However, because fully 3D beach change models are used in attempt to simulate
local characteristics of waves, currents, and sediment transport, they require extensive
verification and sensitivity analyses. Thus, these models are time demanding, due to both
field data collection and computational time [35,36]. According to Burcharth et al. [35], 3D
models are most suitable for medium-term morphological investigation over a limited
coastal area with dimensions of about 10 km in the alongshore direction and 2 km in
the offshore direction. Larson et al. [30] highlight the need for long-term morphological
modeling, emphasizing the importance of reducing the computational time required, the
model reliability and robustness being key properties to achieve useful simulation results.

3. Numerical Modeling

The alongshore distribution of the sediment volumes added by the artificial nourish-
ments was evaluated by numerical modeling. For this purpose, the numerical long-term
configuration (LTC) model was applied, which combines a simple classical one-line model
with a rule-based model for erosion/accretion volume distribution along the beach pro-
file [37-39]. The model was applied to a generic study area with regular and parallel
bathymetry (modeled domain), allowing us to evaluate the effects of the wave climate and
the domain boundary conditions in the nourishment performance.

3.1. LTC Numerical Model

The numerical LTC model, developed by Coelho [3], was specifically designed for
sandy beaches, where the main cause of medium-term shoreline evolution is the long-
shore sediment transport gradients. The latter mainly depends on the wave climate
and the domain boundary conditions. The model inputs are the water level and the
bathymetry/topography of the modeled area, which is modified during the simula-
tion [3,29,38].

The LTC numerical model assumes that each wave acts individually during a certain
period of time, the computational time step. For each wave, the computational structure of
the model performs three main steps: (1) Wave propagation; (2) calculation of the longshore
sediment transport volume; and (3) update beach morphology, depending on longshore
sediment transport gradients.

The model considers the refraction and shoaling phenomena during wave propaga-
tion and diffraction, close to coastal structures. The wave breaking occurs for the depth
Hy, ~ 0.78 Hb (Hb is the wave height at breaking and hb is the local depth at breaking).

The LTC numerical model is based on a one-line theory and simulates medium- to
long-term coastal configuration evolution, considering the sediment continuity equation
(Equation (2)), where V corresponds to the volume of sediments in a section of infinitesimal
width dy, Q is the longitudinal sediments transport rate, g, are any external supplies of
sediments (artificial nourishments, for instance) per unit of the beach width, and ¢ is the

time [3]. - 50
T <ay + ‘h) 2)
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According to Coelho [3], the discretization of Equation (2) in time intervals equal to At
and the analysis along the shoreline for stretches of length Ay allows the volume variation
in each stretch with the variation in time of the longshore sediment transport to be related:

AV = (Ql - Qi—l + Qext)At = (AQ + ngt)At (3)

The longshore sediment transport variation in the length Ay results from the difference
between the incoming (Q;) and leaving (Q;_1) sediment volumes in the stretch of Ay length,
for each time interval At. The longshore sediment transport volumes are computed for each
coastal stretch Ay, estimated considering the angle of the shoreline to oncoming breaking
waves [19,21], the wave breaking height, beach slope, and sediment grain size [21,36].

The model considers that Q.v¢ = gextAy, corresponding to the volume variation of
sediments (AV) in the length Ay, is uniformly distributed over the active cross-shore
profile, representing a variation Az in the elevation (Equation (4)), in every time step, as
shown in Figure 5 [3]. The active profile is adjusted with the adjacent zones; therefore,
the shoreline position, besides depending on Az, also depends on the bathymetry and
topography associated with each cross-shore profile (Figure 5). Thus, LTC computes a new
shape of the cross-shore profile in each time step [3,40].

AV
Az = (width of the active profile)Ay @)

ACCRETION SITUATION EROSION SITUATION

Shoreline advance Shoreline retreat

l Active width
@m Corrections of the cross-shore profile shape

| Active width

@ Corrections of the cross-shore profile shape

Figure 5. Schematic representation of long-term configuration (LTC) assumptions for cross-shore
profiles updated during computational calculations (adapted from [3]).

Through LTC, it is possible to evaluate the shoreline evolution considering different
coastal defense interventions, namely artificial nourishments. The user needs to define the
parameters related to the total nourishment volume, the area covered by the intervention,
and the time duration to perform the nourishment (starting and ending instants of the
intervention). Since the model computes the wave-breaking characteristics, the location
of the artificial nourishment should include the breaking depth in order to be adequately
modeled and distributed in the cross-shore profile.

3.2. Modeled Scenarios

The artificial nourishment performance (sediment distribution along time and space)
was evaluated for a generic situation, to better control the response to different scenarios
of wave height and direction, plus the boundary conditions of the modeled domain,
representing three different types of coasts: (i) Open coast; (ii) confined beach; and (iii)
beach with a fixed position at the updrift side.

The domain area is 5000 x 20,000 m?, with regular and parallel bathymetry, rep-
resented by a grid of points spaced 20 m in the cross-shore direction and 50 m in the
longshore direction. The longshore direction was divided into 10 coastal stretches of 2 km
in length (Figure 6). In each stretch, a representative cross-shore profile was selected for
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results control, located in the middle of the stretch length. Figure 6 also shows the initial
cross-shore profile geometry of the entire modeled area.

i
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Artificial nowrishment
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Figure 6. Study area: Plan view (left) and cross-shore profile (right) (based on [41,42]).

The nourishment location was defined near the updrift end of the modeled grid,
Stretch 9, filling the entire active width of the beach profile, which makes up an area of
1640 x 2000 m? covered by the nourishment. The nourishment is performed a single time
at the beginning of the simulation, with a volume of 5 x 106 m3, taking ten months (7200 h)
to deposit the sediments.

Twenty-four wave climate scenarios were generated, considering constant throughout
the five years simulation period. These scenarios combined four values of wave heights
(H=1, 2,3, and 4 m) with 6 different wave directions (6 = 60°, 65°, 70°, 75°, 80°, and 85°).

Additionally, aiming to understand the influence of beach exposure and sedimentary
balance inputs in the coastal cell, three different situations were considered for the modeled
domain boundary conditions. If there were no sedimentary exchanges with the adjacent
cell, such as fluvial sources or updrift inputs on coastal balance, the cell was considered
with the boundaries closed. Otherwise, it was considered that the domain may receive
sediments from the exterior. The first boundary scenario considered no sediments going in
or out, at both boundaries of the domain. This scenario was named Clo/Clo (representative
of an embedded beach-closed area). The second boundary scenario extrapolates similar
longshore sediments transport conditions in the neighboring areas of both boundaries of
the domain, giving continuity to the longshore sediment transport rates along the coast,
typical of open coasts or when fluvial sources are present just updrift the domain (Ext/Ext
scenario). In the third scenario, no sediments were considered at updrift and extrapolation
of neighboring conditions were adopted at downdrift (Clo/Ext). Combining each wave
climate scenario (24) with the described boundary conditions (3) made up 72 different
scenarios. Each scenario was modeled twice to evaluate the performance with and without
the artificial nourishment.

In all the scenarios, a constant cross-shore active profile was considered, with a closure
depth and runup limit of —15 (CD) and +5 m (CD), respectively. The CERC formula was
adopted to estimate the longshore sediment transport. The parameters related to the water
level, sediment’s characteristics and cross-shore profiles evolution were considered the
same in all the tested scenarios.

3.3. Methodology

The numerical modeling tests were carried out for a total period of 5 years (43,800 h
of simulation), obtaining annual graphical outputs to analyze the nourished sediments
distribution along the coast. The nourishment impact was assessed in each coastal stretch,
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by quantifying the sediments volume induced by the nourishment and the gain or loss
of area due to the shoreline evolution (accretion or erosion). This was achieved by sub-
tracting the results of the scenarios without nourishment to the ones in which the artificial
nourishment was considered.

4. Results

The results of artificial nourishment impacts, evaluated in terms of the sediment
volume distribution in each coastal stretch and related gains or losses of territory due to
shoreline evolution, are presented in this section. The results were analyzed under the
numerical model assumptions that shoreline position evolution depends on longshore
sediments transport rate and neglects the coastal processes related to cross-shore sedi-
ment transport. Comparisons for different wave height and wave direction scenarios, in
combination with the different type of beach exposures, are presented.

4.1. Wave Height

The nourished sediments’ distribution along the coast shows that for the same wave
direction and independently of the boundary conditions, the higher the wave, the earlier
the downderift stretches presented benefits from the nourishment operation. These benefits
were observed in an increase of the robustness of the cross-shore profiles (increasing of
volumes in the coastal stretches) and gain of territory (both accretion area and/or non-
eroded area in comparison with the equivalent non-nourished scenario). As the wave
height increased, the dispersion of the sediments became greater along the coast, causing
the benefits to diminish in some coastal stretches close to the intervention site, where
the beneficial effects of the nourishment tended to disappear after 5 years of simulation
(Figure 7).

Ll
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01 23 45
i

Altimetric variation (m)
B <-05
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Figure 7. Beach nourishment impact on morphology after 5 years of simulation (6 = 60°; Ext/Ext):
(@ H=1m; (b) H=2m; (c) H=3m; (d) H =4 m (based on [41,42]).

4.2. Wave Direction

The wave direction results indicated that the stretches located downdrift began to
show benefits of nourishment sooner in time and in greater magnitude, the closer to
perpendicular to the shoreline the wave direction was (Figure 8). These results are in
agreement with the three types of boundary conditions tested. Although this result may
seem counterintuitive, since it could be expected than the most oblique wave presents more
longshore sediment transport capacity, the behavior can be attributed to wave refraction
effects in the boundaries of the nourishment area, as previously discussed (see Section 2.1).
Sediment deposition changed the local bathymetry and the resulting longshore sediment
flux, which is dependent on the new bathymetry at each time step.
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Figure 8. Beach nourishment impact on morphology after 5 years of simulation (H = 4 m; Ext/Ext):
(a) 0 = 60°; (b) © = 65°; (c) 0 = 70°; (d) © = 75°; (e) O = 80°; (f) O = 85°.

4.3. Domain Boundary Conditions

Artificial nourishment effects are conditioned by the type of beach, which is here
represented by the boundary conditions of the modeled domain. Two types of main effects
were observed. In the scenarios represented by extrapolation of nearby sediment transport
capacity at the updrift boundary, the impact of the artificial nourishment, although not
reflected so significantly in the gained area, contributed to an increase of the robustness of
the cross-shore profiles. When the scenarios corresponded to the closed updrift boundary
condition (no sediments going in), the nourishment represented an important gain of
territory, also causing an increase of sediment volume in the cross-shore profile. Both
effects were greater in coastal stretches located nearby the fill placement (Figures 9 and 10).

Considering the boundary conditions, the difference of area gained observed at the
updrift stretches was related to the absence of sediments going in, when the boundary was
closed. In these scenarios, the shoreline presented a high retreat trend, in opposition to the
extrapolation boundary, when the shoreline presented a stable configuration (Figure 11).
The artificial nourishment effects decreased with the distance to the fill placement and the
magnitude of the results at the most downdrift coastal stretches were similar for the three
boundary scenarios tested.

— 10 10
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1.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0 1.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
V (x10° m®) V (x10° m?)

—H=1m —H=2m —H=3m H=4m

Figure 9. Sediment volumes due to artificial nourishment after the fifth year of simulation (6 = 85°):
Clo/Clo (left); Ext/Ext (right) (based on [41,42]).
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Figure 10. Area gained due to artificial nourishment after the fifth year of simulation (6 =
85°): Clo/Clo (left); Ext/Ext (right) (based on [41,42]).

Stretch 10 Stretch 10 Stretch 10 Stretch 10
Stretch 9 Stretch 9 Stretch 9 Stretch 9
—— Shoreline Clo/Clo  —— Shoreline Ext/Ext

Figure 11. Shoreline position without nourishment after the fifth year of simulation (6 = 60° and
from left to the right, H=1to H =4 m).

4.4. Evolution along Time

Two types of behavior were mainly observed in time. On the one hand, there were
coastal stretches that successively increased the benefits of nourishment in the 5-year
simulation period. On the other hand, some stretches reached a maximum benefit and
then they registered a diminishing trend of the benefits over time. In general, the stretches
located further downdrift successively increased the beneficial effect over the 5 years
of simulation. The loss of benefit behavior of the nourishment at the end of some time
occurred in the most updrift stretches and was mainly observed for the more energetic
wave climates (Figure 12).
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Figure 12. Nourishment volumes’ distribution in time (H = 3 m; Ext/Ext): Stretch 8 (left) and
stretch 7 (right).

5. Discussion

The evaluation of the longshore transport of the nourished sediments in 72 scenarios
aimed to contribute to the understanding of sediments distribution in the coastal zone.
In general, the artificial nourishment had a beneficial impact, both in terms of area gained
and cross-shore profile robustness, represented by the gain in sediment volume. The nour-
ishments presented significantly lower impacts at the most downdrift stretches, when
compared to the stretches located closer to the intervention site. Sediments were mainly
transported to the downdrift direction, but there were also some benefits at the region
located updrift of the nourishment (Stretch 10). This conclusion was aligned with the
results obtained by Beachler et al. [43] through monitoring studies in the City of Delray
Beach (Florida) from 1973 to 1994. During the monitoring period in Delray Beach, about
3.5 million cubic meters of sediments were placed, and, according to Beachler et al. [43],
in this same period a loss of sediments at the deposition site was observed, but those
sediments were located on adjacent beaches, 3 km to the north and south of the fill area.
Another example of where the updrift benefits of the nourishment are referred to is in the
work of Slott et al. [44].

The position of the artificial nourishment volumes was mainly located close to the
intervention site, near the updrift end of the study area (stretches 8 and 9), along the
5 years of simulation. As the wave height increased, the sediments were distributed to
more downdrift locations. Some transport of the nourished sediments to updrift could be
observed in the scenarios with smaller 6 angles, due to sediment transport processes related
with wave refraction effects (Section 2.1). Benedet et al. [45] highlighted that the changes
in the shoreline orientation and morphology induced by nourishment interventions play
an important role in the hydrodynamics of the nourished area and consequently, on the
sediment transport processes.

The longshore nourished sediments’ transport was a function of the wave climate and
the boundary conditions of the modeled domain. It was difficult to predict the behavior
trends of the nourished sediments. For the highest wave heights, higher nourished long-
shore sediments transport rates occurred. However, by setting a wave height, the trends
due to wave direction were not completely clear and standard behaviors in the longshore
transport of the nourished sediments were not identified. The boundary conditions of the
modeled domain also affected the way the sediments were distributed, with impacts on the
nourished longshore sediments transport rates. Campbell et al. [46] presented an overview
of the most significant nourishment programs across the U.S., concluding that the nourish-
ment magnitudes across the country varies, decreasing from north to south on the Atlantic
Coast, and from the Atlantic to the Gulf Coast. This variation detaches the influence of
beach morphology and wave climate in the evolution of beach nourishment interventions.
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6. Conclusions

The present study allowed us to identify the impact of the artificial nourishments on
coastal morphology through the numerical LTC model. Knowledge about the morphology
evolution of the coastal zones after artificial nourishments is fundamental, making it
possible to evaluate the intervention performance and to support the decision process
in the choice of the most adequate solution. The performance and longevity of artificial
nourishments were dependent on several factors related to the design of the intervention,
as well the physical sediment transport processes that occurred at the deposition site.
The sediments were distributed by the wave action, currents, and winds. However, the
characteristics of the incident wave action were considered the main modeling agent and
the most important in evaluating sediment transport capacity.

From the present study, it was concluded that nourishment interventions present a
positive impact on morphology evolution, reducing negative effects of shoreline retreat
against the existing sediment deficit, as well as increasing the volume of sediments in the
cross-shore profile, the performance and longevity of the intervention being a function of
the wave climate and the boundary conditions of the modeled area.

Generally, it was verified that the sediments’ dispersion along the coastal zone was
higher for the higher waves, which presented greater longshore sediment transport capac-
ity. Regarding wave direction, it was observed that sediment distribution from updrift to
downdrift was higher for waves propagating from directions close to perpendicular to the
shoreline. This result can be attributed to refraction effects in the nearby boundaries of the
nourished area, since the sediment deposition changed the local bathymetry and different
coastline orientations led to different longshore sediment fluxes. The simulation of artificial
nourishments in different types of beach, distinguished in this study by the boundary
conditions of the modeled area, showed that the existence of sedimentary inputs on the
coastal cell led to different impacts of the artificial nourishment. In the updrift area, when
there was no sediment coming in (closed boundary), the artificial nourishment produced
important benefits, verifying that the accomplishment of the artificial nourishment con-
tradicts the retreat of the shoreline and increases the robustness of the cross-shore profile.
In open beaches, assuming that erosion was not occurring, the artificial nourishment mainly
increased the robustness of the cross-shore profiles.

In the present study, the artificial nourishment was evaluated for only one possible so-
lution, with a specific filling volume, on a specific deposition location, and considering just
one time interval for the intervention. However, a first step was achieved, giving important
insights on modeling artificial nourishment behaviors and sediments’ permanence time in
downdrift locations alongshore. Only higher waves justified the need for new nourishment
after the 5-year simulated scenarios, due to the decrease of the nourishment effects on the
intervention site.

The globally obtained results were in line with the monitoring works referred. Thus,
in a very simple approach, the performed work allowed us to generically anticipate how
sediments are spatially and temporally distributed after artificial nourishments interven-
tions, depending on the type of beach and wave climate (wave heights and directions).
Currently, LTC is being applied to real nourishment scenarios (over more complex and
realistic beach configurations), in order to study the performance and longevity of artificial
nourishments. For that, real bathymetry and topography, a recorded series of wave climate
and existing coastal works on the study site, as groins and longitudinal revetments, are
being considered. Simplifications are required to represent the real conditions in the model,
but it is considered that a step forward on understanding artificial nourishments’ perfor-
mance along time and along the shoreline has beem given by the model results presented
in this study.
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