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Abstract: The overtopping phenomena and consequent floods cause significant damage to coastal
communities. Morphological changes in front of structures during storms can influence their
functionality, affecting their stability and leading to failures, impacting the population that are
depending on those coastal interventions for their protection. The effect of climate changes, such as
the sea level rise and the increase of the storm’s frequency and intensity, can raise the number of
overtopping events over defense structures, also increasing coastal morphological changes,
challenging future managers, engineers and the scientific coastal communities. A review about
morphological changes in front of coastal defense structures and in natural barriers due to
overtopping was conducted. The objective of this review is to find and gather relevant information,
sometimes disperse, reflecting and grouping the concepts found in the literature. Additionally, the
gaps in scientific research are addressed, focusing on the topics that may be enhanced. Several
keywords used in the research were presented, emphasizing the relationship between overtopping
and models (physical and numerical), storms, defense structures and morphological changes. The
results show that there is limited information available, mainly related to morphological changes in
front of coastal defense structures during storm events, showing an opportunity to develop
knowledge.

Keywords: numerical models; physical modelling; coastal interventions; run-up; overwash; scour

1. Introduction

The coastal areas are dynamic, depending on the forcing agents and sediments dynamics, being
influenced by extreme weather conditions, human population growth, settlements and
socioeconomic activities [1]. In fact, human population development increased in the last decades in
coastal zones and this trend is also expected to continue in the future [2]. Coastal storms and wave
overtopping causes substantial human and economic losses, as well as ecologic disturbance and
damage [3]. The overtopping and coastal flooding events can be intensified by different drivers [4],
such as high tides [5], storm surges [6], heavy rains [7], high river flows [8] and long-term increases
in sea-level rise [9]. The overtopping and flooding processes result from the interaction of oceanic
and atmospheric processes with the local/regional features, such as topography, nearshore
bathymetry, continental shelf and land use. The wave-related processes are the most dominant
component of the phenomena. When the waves propagate to shore, a large part of their energy is
dissipated by wave breaking but, the remained energy is converted in potential energy in the form
of the wave run-up and, when the run-up is higher than the natural or man-made coastal defense
structure’s top level, a discharge occurs over the structure and propagates inland [10]. The risk of
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coastal overtopping/flooding and coastal vulnerability will increase due to the sea level rise and the
intensification of the storm events, related to the climate changes [11].

Many populations around the world depend on coastal defense structures to their protection
[12]. The hard-engineering structures, such as dikes, seawalls and earthen embankments, are
traditional and common mitigation and adaptation measures but, these fixed coastal defense
structures present expensive implementation and maintenance requirements [4]. The costs are
intensified by the need to repeatedly adjust and expand these structures in response to the increased
water levels [13]. Nature-based solutions (NbS) have emerged as alternative solutions, providing
multiple benefits for ecosystem and overtopping and flooding protection, including biodiversity and
habitat conservation, long-term sustainability, lower maintenance costs, less raw material
consumption, applicability at different spatial scales, while being more environmentally friendly [14].
These solutions also offer aesthetic and cultural value, making them appealing options for coastal
protection [4]. The combination of NbS with traditional infrastructures or their replacement can be
applied to achieve more sustainable and efficient mitigation of flood risks and associated impacts [4].

During storm events, the coastal defense structures are under energetic wave attacks, which may
result in overtopping and flooding and the protection they offer can lead to downdrift erosion, and
to scouring at the toe of the structures [15], caused by the reflective nature of the defense structures
[16,17]. Overtopping mainly occurs during storms, when accurate in-situ field measurements are
difficult to obtain [18]. Overtopping has been measured using pre- and post-storm methods,
including traditional surveys [19], Lidar surveys [19], and both ground and vertical aerial
photographs [20]. Physical and numerical models can help to evaluate the morphological changes
near coastal defense structures, affected by overtopping and flooding events.

Development of effective mitigation and adaptation strategies is essential to protect coastal
populations and ecosystems. The goal of this work is to provide a state-of-the-art review, centered
on morphological changes, caused by overtopping, in front of coastal defense structures, identifying
the main knowledge gaps related to the topic. This review article explores the relationship between
overtopping and models, overtopping and storms, overtopping and defense structures and
overtopping and morphological changes. This review provides a comprehensive and updated
overview of the state of the art on overtopping studies and the best practices in coastal management.
This document is divided as follows: Chapter 2 presents the temporal evolution of the overtopping
studies; in Chapter 3, the methodology to perform the research is defined; Chapter 4 lists the results
of the research, according to the defined methodology; in Chapter 5, a discussion comparing former
research with recent works is conducted; and finally, in Chapter 6, the main conclusions are presented.

2. Overview on Overtopping Research

The topic of overtopping in coastal dikes gained some importance after the impact of Ise-Wan
Typhoon, which causes some damages in Japan, in 1959. In fact, the initial study of this event was
performed by Tominaga et al. [21], using a physical model. The authors showed the results of
experimental works performed in a wave tank, making comparations with theorical formulations. At
the time, the overtopping phenomena required more investigation but could be related to the type of
waves in front of the structure. This document is the first article related to coastal overtopping,
available in Scopus database.

Historically, overtopping research began with physical modeling and laboratory experiments
focusing on simple structures like seawalls, breakwaters, and dikes. For instance, the study of
Shankar & Jayaratne [22] evaluated the experimental results of wave run-up and overtopping on
smooth and rough slopes of coastal structures. The key factors that influence the wave run-up and
overtopping rates include wave height, period, steepness, surf similarity parameter, roughness, layer
thickness, and porosity. The results showed that the wave steepness decreases the wave run-up,
particularly in impermeable structures models. Permeable slopes reduce wave run-up due to energy
dissipation by wave breaking and the roughness and porosity of the armor layers. The overtopping
rate is linked to wave run-up through an exponential function, with a strong correlation observed
between overtopping energy transfer and relative wall height for smooth slopes. The roughness had
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a significant impact, with the roughness influence factor ranging from 1.0 to 0.45. The layer thickness
also affected run-up, but no clear correlation was observed between run-up and porosity, for
permeable slopes. These findings enhance the understanding of how various design parameters
influence the effectiveness of coastal defense structures.

With the advance of computational resources, numerical models have been adopted to
investigate wave overtopping and wave impact loads at sea defenses. Ravindar et al. [23] numerically
simulated a 1:1 quasi-prototype recurved seawall experiment using the OpenFOAM model, an open-
source mesh-based code, aiming to model breaking wave impacts on coastal structures at a large
scale. By using numerical simulations, the study addresses the limitations of costly and time-
consuming large-scale testing by extending the model to test various structures like plain parapets
and vertical walls. The numerical model was validated by comparing wave elevation and impact
pressures from the simulation with experimental results across three wave-breaking scenarios.
Deviations were noted, particularly for cases with shorter wave periods and higher recurved exit
angles. The validated model was then used to simulate impacts on plain parapets and vertical walls.
It was found that recurved parapets are most effective in reducing overtopping, while plain parapets
could be suitable where water droplet dissipation is acceptable. Numerical modeling offers
advantages in visualizing complex wave interactions, such as air entrapment and water velocity,
which are difficult to capture in physical experiments.

Recent developments have focused on incorporating Machine Learning (ML) algorithms to
enhance simulation accuracy. The combination of improvements in computational power,
availability of high-resolution datasets, and efficient computational algorithms, allows the
development of data driven for predicting wave overtopping characteristics. The use of ML
algorithms, where the algorithm learns complex non-linear patterns from datasets to map input
features to an output quantity, has gained interest in the coastal engineering community. The study
of Habib et al. [24], explores the use of advanced machine learning (ML) techniques for predicting
waves overtopping at vertical seawalls. It developed four ML algorithms—Random Forest (RF),
Gradient Boosting Decision Trees (GBDT), Support Vector Regression (SVR), and Artificial Neural
Networks (ANN)—and applied them to a large dataset from EurOtop [25]. Results show that the RF
algorithm outperformed the others, achieving the highest accuracy with an R? value of 0.84 and the
lowest residual errors, followed closely by GBDT and SVR. The ANN model showed the lowest
accuracy. RF and GBDT also performed better in terms of computational efficiency, completing tasks
faster than SVR and ANN. A key finding is that the water depth at the toe of the structure and crest
freeboard were the most important factors for predicting overtopping, which aligns with the physical
processes involved. The study demonstrated that ML algorithms, especially RF and GBDT, offer more
accurate overtopping predictions than traditional empirical methods. A notable advantage of the ML
models is their ability to better understand and predict complex relationships, such as the
overtopping rate’s dependence on the crest freeboard-to-wave height ratio (Rc/Hy,gy ). This
underscores the ML models' capacity to more accurately mimic the physical phenomena of
overtopping compared to conventional methods. The study concludes that although ANNSs are often
favored in overtopping predictions, RF and GBDT offer greater accuracy and flexibility, particularly
for structures with complex geometries. However, limitations such as missing data and model
validation for varying training parameters remain challenges.

These tools allow for better handling of the complex, non-linear relationships between wave
dynamics and coastal defenses. Additionally, ML techniques are increasingly used for predicting
overtopping discharges, contributing significantly to the modern research landscape. Studies that
investigate the overtopping and the response of the coastal defense structures can be found in
bibliography, also including the response of the coastal zones to interventions. For instance, Jin et al.
[26] used a numerical model to simulate overtopping of coastal structures in shallow water conditions.
The model is validated against experimental data and found to be accurate and efficient. The study
then investigates how overtopping is affected by different climate scenarios. The results provide
valuable insights for adapting coastal protection structures to changing climate conditions.
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Lima et al. [27] propose a methodology to evaluate the costs of overtopping and flooding in
coastal areas. It combines wave run-up estimation, overtopping event analysis, and flooding damage
costs. The methodology involves several steps, including defining a reference scenario, collecting past
damage data, and forecasting future costs. The work analyzes a case study on the Portuguese
northwest coast (Furadouro beach) using data from the Portuguese Environment Agency. It
considers 10 future scenarios to assess climate change impacts and structural changes. A sensitivity
analysis is also performed to evaluate the influence of economic parameters. The results show that
climate change impacts can significantly increase overtopping costs. However, structural changes,
such as extending the slope or increasing the crest level, can mitigate these costs. The study
emphasizes the importance of considering flooding damage costs in coastal structure design. The
authors conclude that there are uncertainties associated with cost quantification due to limited data.
Further research is needed to improve cost estimation. Additionally, the study highlights the need
for integrated coastal zone management to address erosion and climate change impacts effectively.

The study of Yuan et al. [28] investigates the overtopping of a seawall under focused wave
conditions with wind. It uses a high-accuracy two-phase flow solver to model the complex
interactions between waves, wind, and the seawall. The study examines the influence of significant
wave height, wind speed, and water depth on overtopping. The key findings include that the wind
can increase wave steepness and breaking, leading to larger overtopping volumes. The impact of
wind on overtopping depends on wind speed. For low wind speeds, the impact is negligible.
However, for higher wind speeds, overtopping volume and run-up height increase significantly. The
overtopping volume increases with the wave steepness. The water depth, h, also affects overtopping.
For shallow water depths, overtopping is minimal. As h increases, overtopping volume and run-up
height also increase. The study has limitations, such as focusing only on unidirectional waves and
using small-scale modeling. Future studies will address these limitations. Overall, the study provides
valuable insights into the overtopping process of seawalls under combined wind and wave
conditions. The research results can contribute to improving coastal infrastructure design and
protection.

Another example is given by Blenkinsopp et al. [29], who demonstrates that 2D scanning Lidar
can effectively capture wave overtopping of porous dynamic coastal structures. Two analysis
methods were used to estimate overtopping volumes, with good agreement between them. The
EurOtop parameterization for assessing overtopping discharge provides reasonable estimates, but
an appropriate friction factor is crucial. The friction factor was found to be smaller for rounded
cobbles compared to angular ones, possibly due to higher infiltration rates. The study also provides
estimates of infiltration rates into cobble beaches, which are significantly higher than those on sandy
beaches. The ability to capture the time-variation of the entire overtopping volume allows for the
measurement of the cross-shore distribution of overtopping discharge. The study finds that
overtopping discharge decays rapidly landward due to the porous nature of the structure and can be
described using a power law function. This information is valuable for the design of porous structures
to reduce inundation and safety concerns.

3. Methodology

Considering the research challenges, a literature review was conducted. The Scopus database
(https://[www.scopus.com/search/form.uri?display=basic#basic) was chosen to achieve the objective
of the work. The Scopus database quickly finds relevant and authoritative research, identified experts
and have access to reliable data, metrics and analytical tools. Many documents are available in this
database, including over 97.3 M records; over more 28 300 active serial titles and over more 386 000
books. An initial search was performed in Scopus database, using the initial keywords “Coastal AND
Overtopping” to limit the research to overtopping in coastal areas and exclude the overtopping
related to other sources. Then, additional keywords were used to refine the research in a second level
of detail, distinguishing between “Model”, “Storm”, “Defense Structures” and “Morphological
Changes”. After that, a third level of detail was performed, dividing the subtopic “Model” in
“Numerical” and “Physical” and the subtopics “Defense Structures” and “Morphological Changes”
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in “Natural” and “Artificial”. These keywords allow the division of the global overtopping topic in
different related subtopics. The Scopus database was also used to quantify the number of documents
available for each topic and to identify the authors who made more contributions to the subject. It is
important to refer that, despite the existence of documents published in 2024, the research only
includes documents until 2023, to have data from complete years. The information collected was
summarized in Table 1, available in section 4.1. Considering the keywords defined, the evolution of
the number of documents available under each keyword was graphically represented, from the initial
year of available data (1967) to the end of the research period (2023). This allows us to better
understand which topics have been more extensively explored over the years, and the relative
importance of each topic. Figure 1 shows the overtime evolution in the number of publications related
to overtopping, also available in section 4.1.

Section 4 presents the obtained results related to the overtopping research, highlighting the
relationships between overtopping and the other keywords, namely models (physical and numerical),
storms, defense structures and morphological changes. It includes studies from authors who have
made significant contributions to these topics. The model’s section 4.2, especially the numerical
models (section 4.2.1.) was approached differently, as some available numerical models that include
overtopping in their simulations were identified. For those, the number of documents (N) available
on Scopus database (up to 2023) was quantified, using “Coastal AND Overtopping AND Model AND
Name_of_the_Model” keywords to refine the research (Figure 2). Afterward, the models that include
morphological changes in their simulations were summarized in Table 2, and some characteristics of
the models were compared.

In section 4.3., some definitions of storms and overtopping are listed, because these definitions
depend on the documents and the specificities of the study areas considered. Table 3 (section 4.3.)
presents some coastal interventions available to reduce overtopping, divided into “soft”, that
represents nature base interventions and “hard”, representing engineering structures. Table 3 shows
the advantages and disadvantages of both type of interventions.

Based on the applied research methodology, a literature review of the identified publications
was performed, and the main results are presented in the following section.

4. Results

Several references were consulted to evaluate the state-of-the-art in overtopping research,
highlighting the evolution of overtopping research and the relationship between overtopping and
other related keywords, as models, storms, defense structures and morphological changes.

4.1. Evolution on Overtopping Research

To evaluate the evolution on overtopping research, the number of documents (articles, book
chapters, proceeding papers, etc.) and the author most cited are present in Table 1. This information
represents the basis for this review research, limiting the quantity of documents to analyze the
research on the morphological changes in front of coastal structures, due to overtopping.

In Table 1, it is observed that, out of 4044 documents related to overtopping, the largest
contribution comes from works related to “Model” (3432 documents available) and almost half of the
identified documents are related to storm events (1919), showing the relationship between
overtopping and models, that are important tools used to study the phenomena and the relationship
between overtopping and storms, that shows that, storm conditions contribute to the occurrence of
overtopping events.
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Table 1. Number of documents available in Scopus database, considering different keywords, on the
search performed on 8th October 2024.

Number
of . .
Keyword Docume Highly Cited Author
nts
--- -—- 4044 Kortenhaus, A.
-—- 3432 Oumeraci, H.
+
+ Model Numeric 2394 Lara, J.L.
al
' 1958 Alt C
Physical ornare, L.
+ Storm 1919 Kobayashi, N.
Coastal +
Overtoppi :
ng --- 241 Zanuttigh, B.
+ Bernatchez, P.; Oumeraci, H.; Sierra,
+ Defense 118
Natural ]J.P.
Structures N
Artificial 74 Zanuttigh, B.
- 237 Masselink, G.
. + .
+ Morphological Natural 156 Masselink, G.
Changes : -
+ Hacker, S.D.; Itzkin, M.; Masselink, G.;
oo 67 .
Artificial Ruggiero, P.

For “Defense Structures” and “Morphological Changed” keywords, fewer documents are
available, representing an area of engineering that is less studied when related to coastal overtopping.
Modelling of overtopping can be performed using physical and numerical models and, there are
more documents that studied overtopping applying numerical models (2394 documents) than
considering physical models (1958 documents). This trend can be explained by the easier ability to
define the wave characteristics, structures and scenarios, taking less time to perform the simulations,
applying numerical models. Also, with the advance of technology, more and more numerical models
are able to simulate overtopping, contributing to the increased research and publications.

The “Defense Structures” keyword was also divided into two sublevels of research. There are
more documents identified when the “Natural” keyword was used (118 documents) than when
“Artificial” keyword was used (74 documents). In this case, “Natural” includes not only dunes and
beaches but also mangroves and saltmarshes, that are considered to work as a natural defense
structure. The “Natural” coastal defense structures or nature-based solutions gain more significance
in last years, which can justify the increased number of documents. Finally, the “Morphological
Changes” keyword presents a similar result to the “Defense Structures”, with more documents when
the search is related to “Natural” (156 documents) than when “Artificial” keyword was used (67
documents). Morphological changes are easier to study in natural systems, with dunes, for instance,
than in artificialized ones, because of the capability to observe and measure the scale of erosion after
overtopping.

The quantity of publications related to overtopping thought time is presented in Figure 1, in
accordance with the keywords shown in Table 1. The topic of overtopping (Figure 1, red line) was
first published in 1967 [21]. After that, an increase in publications related to the topic was observed,
and in 2023, 345 documents were published. This analysis represents an increased awareness related
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to the overtopping problem from the coastal community, and consequent interest of the research
community.

N
o
[=]

Keyword:

—"Overtopping"

—"Overtopping" + "Model"
"Overtopping" + "Model" + "Numerical"
"Overtopping" + "Model" + "Physical"

—"Overtopping" + "Storm"

—"Overtopping" + "Defense Structures"

"Overtopping" + "Defense Structures" + "Natural"
—"Overtopping" + "Defense Structures" + "Artificial"
—"Overtopping" + "Morphological Changes"
—"Overtopping" + "Morphological Changes" + "Natural"
—"Overtopping" + "Morphological Changes" + "Artificial"

w
o
=]

Number of Publications / Year
2 3
o o

0 .
1967 1975 1983 1991 1999 2007 2015 2023

Figure 1. Evolution of the different overtopping topics of research, along 60 years.

Looking at a more specific level, “Model” is the most published topic (Figure 1, orange line),
starting in 1970, with 1 document, and ending in 2023 with 308 documents (time range of analysis).
“Storm” was the second topic most published (Figure 1, green line), with 1 document available in
1970 and 196 documents in 2023. These searched keywords show the mainly explored areas related
to overtopping. Awareness about “Storm” impacts, vulnerability and exposure of coastal areas and
increasing intensity and frequency of storms related to climate changes, may justify the increasing
number of publications, while the increasing number of documents related to “Model” represents
the advancements in technology or laboratory methods, and the capability to perform simulations in
a controlled environment.

The topic of “Defense Structures” began to be published in 1994 (1 document), and in 2023, the
number reaches to 20 documents (Figure 1, dark green line). This does not represent that the topic
was not studied earlier, as eventual specific types of coastal defense structure may be used as a
keyword, instead of the generic “Defense Structures”. Finally, “Morphological Changes” were firstly
published in 1996 (1 document) and in 2023, 28 documents were available. The reduced number of
publications on “Morphological Changes” open an opportunity to scientists and engineers to develop
work in this area of research, because morphological changes in front of coastal defense structures
affect their stability, causing structure damage and promoting more overtopping due to the water
depths (higher waves can propagate up to the structure). In natural beaches, morphological changes
increase the coastal vulnerability of the principal coastal protection structure (dunes, for instance).

4.2. Models

The overtopping phenomena can be studied by considering both numerical and physical models.
This section presents the main results, including a brief description of the identified numerical
models that are able to reproduce morphological changes.

4.2.1. Numerical Models

In recent years, some numerical models were developed to study overtopping and flooding
events. Lara, J. L. is the author that presents more published documents related to the topic of “Model”
and “Numerical” (39 documents), due to the work developed with the IH2VOF, in IH Cantabria,
Spain [30-33]. The numerical models that include overtopping in their simulations are presented in
Figure 2, organized by the number of publications available on Scopus database after
“Name_of_the_Model” being used to refine the previous search of “Coastal AND Overtopping AND
Model”.
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Figure 2. Number of publications per numerical model applied in studies that includes overtopping
in their simulations, on 8th October 2024 [34-56].

For the research performed, most of the published documents considered the SWASH (738
documents), the SWAN (313 documents), the OpenFoam (238 documents), and the XBeach (215
documents) numerical models. The other models present less than 100 documents available, applied
to studies related do overtopping. Considering the identified models, the following step was to
understand which models include the capacity to simulate morphological changes in their
simulations, by analyzing the model’s manuals. Those models are summarized in Table 2, which also
includes the number of documents (N) available in Scopus database after search for “Coastal AND
Overtopping”, “Model”, “Morphological Changes” and “Name_of_the_Model”.

From the 738 documents initially identified for SWASH model, only 122 includes morphological
changes in their studies, while for the XBeach model, from the 215 documents identified, only 64
focus on morphological changes. For the other models, less than 10 documents are identified in
Scopus database, when the scope is morphological changes. Some capacities of the models presented
in Table 2 are described, focusing on the special and temporal scale of the model, the sediment
transport and/or bathymetry changes, consideration of overtopping or flooding and the presence or
absence of vegetation and/or structures.

Table 2. Brief description of models that includes morphological changes in their simulations,
including the number of documents available on Scopus on 8th October 2024 (N).

N;/I;:zlr;;al N Applications/References
SWASH Simulates unsteady, non-hydrostatic coastal flow and transport driven by
(Simulating 129 waves, tides, buoyancy, and wind, including wave transformations,
WAves till complex flow changes, and density-driven flows in coastal seas, estuaries,

SHore) lakes, and rivers (https://swash.sourceforge.io/).

Solves short- and long-wave transformations, wave-induced setup,
XBeach (eXtreme unsteady currents, overwash, inundation, and morphodynamic processes
Beach behavior) like sediment transport and dune avalanching, incorporating effects of

vegetation and hard structures [37].
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The model analyzes water flow, currents, wave conditions, and marine
processes, accurately predicting water levels, currents, temperature
MIKE 21 9 changes, and floods. It excels in managing complex bathymetry and external
forces such as wind effects in marine and coastal environments
(https://www.dhigroup.com/technologies/mikepoweredbydhi/mike-21-3).
Used to predict hydrodynamics and morphodynamics in nearshore areas.
COAST2D 7 Particularly effective for analyzing coastal defense structures in both
laboratory and field studies (https://coast2d.wordpress.com/).
The modeling includes surfzone-scale optical properties within a
Boussinesq model framework and tsunami wave prediction for coastal
inundation on a global/coastal scale and wave propagation on a basin scale
(https://fengyanshi.github.io/build/html/index.html).

FUNWAVE 4

SWASH [34] was designed for simulating non-hydrostatic, free-surface and rotation flows and
transport phenomena in 1D, 2D and 3D, covering a large range of coastal and oceanic applications,
and is useful for spatial scales from centimeters to kilometers and temporal scales from seconds to
hours. Coastal processes include wave propagation, simulating shoaling, refraction, diffraction and
breaking. Other simulated processes are: wave-wave and wave-current interactions; wave run-
up/run-down; shoreline movement; wave interaction with structures; turbulence; wave-damping
promoted by aquatic vegetation; wind; transport of suspended load for (non)cohesive sediment and
others. The vertical run-up heights are computed with respect to still water levels. The shoreline
movement is determined by ensuring non-negative water depths, avoiding complex drying and
flooding algorithms. The model can simulate porous structures by defining porosity and structure
heights, considering the bottom elevation, vegetation density and structure heigh. The effects of
aquatic vegetation on wave damping and the porosity in coastal structures are simulated by SWASH,
allowing for partial reflection and transmission of waves through porous materials. The wind and
pressure fields are used to simulate storm surges and wind-driven flows, specifying wind speed,
direction and drag. For sediment transport function, only suspended sediment is modeled, excluding
the bedload. Also, no sediment exchanges between the bed and the flow are considered in the depth
average mode.

XBeach model [37] was developed to simulate hydrodynamic and morphodynamic processes
along sandy coasts, considering a spatial domain of kilometers and a time scale focused on storm
events. It solves processes related to wave transformation (generation, propagation, shoaling,
breaking, refraction and dissipation), wave-induced currents, overwash and inundation.
Morphological processes include sediment transport (both suspended and bedload, to account for
erosion and deposition in the coastline), dune face avalanching and breaking (model simulates dune
collapse and breaking events during high energy conditions) and bottom changes (model updates
the seabed and coastal morphology based on sediment transport and hydrodynamics). The model
considers 1D and 2D simulations, focused on cross-shore processes and simulates different coastal
regions with different shapes, respectively. Vegetation, wind and structures can be implemented in
XBeach: vegetation, like mangroves, is an additional dissipation mechanism for both short and long
waves and the effect is modeled based on vegetation properties, such as height and density (multiple
vegetation species can be defined to simulate the interaction between vegetation and flow); the model
can also simulate flow resistance in coral canopies and other porous environments by incorporating
the canopy’s porosity and height into the momentum equations, defined in a similar way to the
vegetation; wind is incorporated as a forcing term in the momentum equations, allowing for the
simulations of wind driven processes (storm surges); structures in the model are defined as a non-
erodible layer, with a similar format as the bathymetry file.

MIKE 21 model [43] is designed for coastal, oceanographic and estuarine applications. The
model uses a flexible mesh approach, allowing detailed simulations of flow and transport
phenomena (2D). The model comprises several modules, that can be applied for specific
environmental processes: hydrodynamic module, for simulating water movement, accounting with
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wind, tides and currents; transport module, for representing the movement of dissolved substances
or particles in water; particle tracking module, that includes the movement of individual particles,
applied for understanding pollutant dispersion or sediment transport; mud and sand transport
modules, designed for simulation the movement of sediments in aquatic environments; and others.
The bathymetry is corrected in space and time, allowing realistic simulations where the seafloor or
riverbed changes. MIKE 21 can simulate areas with flooding and drying, such as coastal floodplains
or tidal zones, destining between wet, partially dry and dry grid elements, based on water depth
limits. Wind can be modeled in different formats, constant over time or varying in space and time,
but model considers the wind to induce surface stress on the water body. Vegetation is modelled
using zones, using constant properties, rigid or flexible plants: for rigid plants, model simulates stems
or cylinders that exert drag on the water flow; for flexible plants, model accounts for plant elasticity
and allows for height changes due to flow conditions, capturing more dynamic vegetation responses.
The influence of infrastructures and structures can also be modeled by MIKE 21: infrastructures, like
roads, buildings and flood defenses; and structures like weirs, dikes, gates, culverts, and piers are
counting in this model. The sand and mud transport can be modeled by MIKE 21, but also allows
fluid mixtures, such oil or debris flows, with high concentrations of fine particles, like silt and clay.

The COAST2D model [49] is a 2D, depth integrated, and wave phase-averaged model, that
computes the hydrodynamic (waves and currents induced by waves and tides, wave
refraction/diffraction, breaking, tides, turbulence and bedform-enhanced bottom friction, and also
wave-current interactions) and the morphodynamic (sediment transport rates, including both
suspended and bedload transport, the resulting bed level changes, and it's possible to include
different sediment sizes along the domain) in a coupled way. The work of Du et al. [57] presents the
integration of a wave overtopping module into the COAST2D. The hydrodynamic of the model was
validated against large-scale laboratory experiments showing good agreement between computed
velocities and measures for overtopping and non-overtopping cases. The wave overtopping was
implemented in COAST2D model, focusing on estimating phase-averaged wave overtopping
discharge at nearshore structures. This model was applied to shore-parallel breakwaters, but
adaptable to other coastal defense structures. The overtopping discharge was influenced by the
geometry of the structure, the wave conditions (significant wave height, wave period, and wave
attack angle), the height of the freeboard, the front slope and roughness of the structure, and the
water depth at the structure’s toe. The model shows that wave overtopping significantly affects
nearshore circulations around breakwaters, especially during storm events. Morphological changes
bed tests confirm that wave overtopping alters predictions of morphological changes in the nearshore
environment. The wave overtopping has a notable impact on sediment transport patterns,
particularly in the gaps between high-crested breakwaters and behind low-crested breakwaters
during storms, significantly affecting morphological changes. The study highlights that wave
overtopping is crucial for accurately predicting nearshore morphodynamics and shoreline changes,
especially in areas with coastal defense structures.

FUNWAVE [45] key aspects are also identified: model is capable of simulate both 1D and 2D
wave dynamics; model includes wave generation, wave absorption, wave reflection and wave
breaking; the wave run-up and run-down is calculated in the entire computational domain as an
active fluid, instead of explicitly tracking moving boundaries; and model uses the slot technique to
simulate moving shorelines that involve replacing the solid bottom with a porous seabed for
represent the water level being below the beach elevation, creating a more realistic coastal interaction
without complex boundary tracking. In Shi et al. [58], a new version of the FUNWAVE model was
developed: improving the numerical scheme (the equations were reorganized to facilitate a hybrid
numerical scheme); the wave breaking (by switching to nonlinear shallow water equations when the
Froude number exceeds a certain threshold, making the process more robust); the wetting-drying
method (replaces the previous slot method to better simulate moving shorelines and coastal
inundation); the code was parallelized (with non-blocking communication, improving computational
efficiency); and tests were done to verify the model's capability to simulate wave shoaling, breaking,
and nearshore circulation (advantages from the previous versions includes adaptative time stepping,
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a shock-capturing scheme to improved wave-breaking modelling and numerical stability and better
representation of the swash zone and inundation). The most recent developments include ship-wake
generation [59], meteo-tsunami generation [60], and sediment transport and morphological changes
[61]. The capabilities of the model includes: nearshore wave propagation and transformation;
refraction, diffraction, reflection and nonlinear shoaling; wave-induced nearshore circulation;
nonlinear wave-wave and wave—current interactions; wave breaking with run-up and overtopping;
partially absorbing/reflecting inner boundaries; harbor resonance and infragravity waves; vessel—
generated waves and related sediment transport with morphology change and adaptive mesh
refinement module for refined moving and two-wave coupled grids.

In addition to the identified models, it is also referred to as the CS-Model and the IH2VOF, due
to their recognized capacity to simulate overtopping. The first one allows changes in the beach profile
while the second allows different configurations of the coastal structures. Larson et al. [56] presents
the background equations of CS-Model. CS-Model is a simple model for simulating profile evolution
at decadal scale. The model considers processes related to dune erosion and overwash due to wave
impact, bar-berm material exchange, which means accretion or erosion of beach berm, and aeolian
sediment transport, for dune recover. It considers a simple shape to represent the beach profile and
the mass conservation, which means that do not have sediment removed and accreted to the system.
IH2VOF [47] is a 2D model useful to evaluate the hydrodynamics, stability, and functionality of
conventional and non-conventional coastal structures. The model includes realistic wave generation,
second-order wave generation, and active wave absorption to simulate various coastal structures like
rubble mound, vertical, or mixed breakwaters. The model allows us to characterize all types of porous
structures, like berms, core, and porous beaches using the porosity, the mean size of the rocks and
friction coefficients. The processes of the model include run-up on slopes (breakwater or beaches)
and overtopping processes. The vegetation impact cannot be modelled, but it is under development.
Morphological changes are not included in the simulations. The model validation included low-
crested structures, vertical breakwaters, rubble-mound breakwaters, wave breaking on gravel slopes,
wave transformation on real/natural beaches, long wave transformation and evolution and tsunami
wave evolution.

4.2.2. Physical Models

To understand the present state-of-art of physical simulation of overtopping, some published
works are briefly described, considering the highly cited author presented in Table 1, Altomare, C.,
with 29 documents.

The study of Chen et al. [62] developed an empirical formula to predict overtopping flow load
based on overtopping momentum flux. The formula was verified using experimental data and shows
good accuracy. Other parameters determined by the experience includes: the dike slope function, f(3),
that describes the influence of dike slope on overtopping flow; the correction coefficient for

obstructed flow depth (Ctr), that accounts for variations in flow depth when obstructed; and the initial
overtopping flow depth coefficient (a2), that defines the depth of overtopping flow from the dike toe
to the front of the wall. The study focused on a single overtopping wave in regular wave conditions.

Briganti et al. [63] presents the effects of sequences of erosive storms on wave overtopping at a
near-vertical seawall, with a sandy foreshore. The experiments show that beach erosion caused by
successive storms significantly increases wave overtopping. As the beach level lowers, wave height
at the seawall toe rises, which directly contributes to higher overtopping volumes (the total
overtopping volume increased by up to 104%, as the beach eroded). While the overtopping rate
stayed within the same order of magnitude during peak storm conditions, the cumulative
overtopping volume increased significantly, making it a better indicator of the potential flooding
impact of storms. The beach profile changed rapidly during each storm sequence, with scour forming
at the seawall toe during high tide and accretion or partial backfilling occurring during low tide. This
dynamic morphology significantly affected wave overtopping volumes, suggesting that beach profile
evolution must be considered in predictive tools. When a less energetic storm followed a more intense
one, nearly the same level of wave overtopping was recorded. This was attributed to the persistent
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foreshore erosion from the previous storm, which kept wave energy at high levels near the seawall.
The research emphasizes the importance of considering cumulative wave overtopping volumes and
the role of beach morphology when predicting the impacts of coastal storms.

Other studies of the author consisted in the validation of numerical models using laboratory
experiments [64-66]. In physical studies, morphological changes at the toe of the structures and in
beach profiles are not counted by the author. This aspect is important to the development of coastal
defense structures and protect the coastal areas.

4.3. Storms

Kobayashi, N. is the author that presented a major number of published contributions when
considering the keyword “storm” (31 documents). The author makes some contributions in sediment
transport, wave overwash, wave run-up, numerical and physical modeling of waves in structures,
beach erosion and structure damage.

The coastal areas are under continuous morphological changes, because of waves, tides and
wind, acting at different time scales. The episodic high energy events generated by storms, hurricanes
and tropical cyclones promote morphological changes over short time scales, such severe erosion,
wave overtopping and instabilities of beach systems that lead to devastating consequences [67]. In
particular, the increase of storm frequency and intensity can lead to storm surges, overtopping,
coastal flooding, salinization of coastal aquifers and groundwater level rise, causing problems in
drainage systems, loss of wetlands, infrastructures, buildings, and coastal defenses destruction
[17,68].

Many definitions of storm can be found in the literature, depending on the study location and
the author. According to Harley [69], the coastal storm definition presents some challenges, since it
demands the combination of numerous parameters related to the atmospheric conditions, the coastal
environment, the total water level, the tidal cycle, as well as the time of beginning and how long it is
active [70]. According to the Glossary of Meteorology of American Meteorological Society [71], storm
is a disturbed state of Earth's atmosphere, which can manifest itself in temperature, humidity,
pressure, wind velocity, cloud cover, lightning, and precipitation. A quantitative definition is given
by Boccotti [72], referring to storm as a sequence of sea states in which Hs exceeds 1.5 times the mean
Hs and does not fall below that height for a continuous interval greater than 12 hours. This definition
agrees with the definition of Lira-Loarca et al. [73], that defines storms as a rare event that occurs
when the significant wave height, Hs, exceeds a certain threshold, Hs.

The extent of the consequences of storms depends on a range of phenomena. Storms with larger
wave heights cause more damage, but the storm duration, direction, peak wave period and water
levels (tide and surge) also play an important role [74]. Beyond the storm characteristics, the
occurrence of multiple storms may also have impacts on coastal areas, exceeding the single storm
consequences.

Overtopping, one of the consequences of storms occurs due to failures in natural barriers or
coastal defenses structures in three scenarios: (1) the water level surpasses the height of these barriers
or defenses; (2) waves surge up the shore and overflow the barriers or defenses; and (3) the barriers
or defenses are breached or undermined [11,75]. The overtopping phenomena becomes more intense
during severe meteorological conditions, such as storms, and/or when sea levels are extremely high
[76]. Some factors control the intensity of overtopping, such as the oceanographic conditions, the
relative orientation of the coast to a storm, the nearshore bathymetry, the beach topography, back-
beach elevations, the dune morphology, the presence/absence of engineering structures, the location
and orientation of footpaths, and roads and shorefront infrastructures [18].

Overtopping can also be defined in different manners. The work of Geeraerts et al. [77] defines
overtopping as the amount of water flowing over the crest of a coastal structure, such as a seawall, a
dike, a breakwater, due to wave action. In Plomaritis et al. [78], the definition of overtopping was
based on the Sallenger [79] impact scale and occurs when the maximum level of the run-up exceeds
the height of the dune, the berm crest or the structure height.
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The Overtopping Manual [25] was developed to give guidelines for analysis and/or predictions
of wave overtopping for coastal defense structures attacked by wave action. The first edition of the
manual [80] was well received in the coastal engineering community, helping with many projects.
Since EurOtop [80], new information was added and updated related to the coastal defense structures
and the understanding of overtopping phenomena. The first formula to calculate overtopping is
given by Equation 1.

Rc

1 bH_mo) , for Re>0

J9Hmo

With q being the mean overtopping discharge, Hmo, the incident significant wave height at the
toe of the structure (also called the spectral wave height), and Rc is the crest height of a structure,
relative to the water level (defined as the crest freeboard).

To conclude this topicg, it is important refer that the coastal overtopping and flooding prediction
related to storms presents several challenges: (1) accurate description of processes at various spatial
and temporal scales; (2) geometric complexities of the coastal environment (natural barriers, seawalls);
(3) nonlinear hydro-morphological interactions; (4) lack of field observation during storms, for model
validation; and (5) the uncertainty propagating from the meteorological forcing to coastal flood risk
prediction [11,81].

= ge(

M

4.4. Defence Structures

The author identified as the one with more publications on the topic of defense structures was
Zanuttigh, B. (28 documents). Coastal defense structures are generally divided into “soft” and “hard”
coastal structures, with soft structures being erodible by the sea, while hard structures are generally
not (substantially) erodible [82]. Coastal structures serve many purposes, including reducing
coastline erosion, flooding, and wave impact [83]. A list of some coastal interventions, divided into
“soft” and “hard” protection measurements (“S” and “H”, respectively), are present in Table 3,
including the advantages and disadvantages in coastal protection (adapted from Rubinato et al. [84]).

The published documents that evaluate the impact of coastal defense structures are presented
in next subsections, divided into “Natural” and “Artificial” coastal protection measurements.

Table 3. Soft (S) and hard (H) coastal interventions and their advantages and disadvantages.

Coastal Brief Description

Intervention Advantages Disadvantages
Beaches dissi h lving th
Artificial ~ Replacing sand material on beach caches dissipate the Not solving the
) . wave energy. Easy to  problem and more
Nourishments profile that has been removed by o . .
. monitor impact of material will be
S) erosion [85]. . .
longshore drift. required to replace.
Reinforcement of dune system to
L . - Need for
Dune maintain the natural function. Dissipate the wave . .
. . , . maintenance if the
Reinforcement Solutions include planting energy. )
. . . dune is eroded by
S) vegetation, construction of fences Fixed the dune system. overtoppin
and dikes [86]. pping.
It prevents the
Rigid coastal engineering movement of beach
structures, typically adhering  Dissipates wave material along the
Attached  longitudinally along the coastline,  energy from high coast and the beach
Structures (H) used to protect against coastal impact waves. Long may be lost without
erosion. Solutions include seawalls life span. replenishment. Costs

and rocky revetments [87].

for construction and
maintenance.
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Rigid coastal engineerin
strictures used for ° Coastagl Prevents the
protection, constructed parallel to Dissipates the wave
the coastline, shielding the inner energy.

area from direct wave impact [88].

Detached breakwaters are a

typically detached structure.

movement of beach
material along the
coast and beach may
be lost without
replenishment

Detached
Structures (H)

4.4.1. Natural

The authors that present more contributions related to natural defense structures were
Bernatchez, P., Oumeraci, H. and Sierra, J. P., with 4 documents available for the topic. Natural dunes
or dune reinforcement (by vegetation or fences), sand dikes, vegetation planting on sea and artificial
nourishments are examples of natural interventions. Astudillo et al. [89] explores the role of Posidonia
oceanica (seagrass meadows) in coastal protection by attenuating wave energy and stabilizing
sediments to reduce beach erosion. They discovered that seagrass meadows significantly reduced
wave height behind the meadow, especially under higher energy conditions, maintaining a stable
reduction up to the depth of closure. The meadow reduced offshore sediment transport by 15.5% to
29.6%, with larger absolute reductions in high-energy conditions. This intervention slowed the
offshore movement of sediments and delayed the formation of a sandbar. With seagrass, the sandbar
formed closer to the shoreline, reducing the freeboard height and allowing smaller, less erosive waves
to pass, which favored beach recovery under accretive conditions. The presence of the seagrass acted
as a wave filter, reducing coastal erosion, especially under high-energy wave conditions. Finally, the
findings suggest that seagrass meadows are effective nature-based solutions for coastal protection,
providing consistent wave attenuation and reducing erosion at the shoreline.

A review article of D’ Alessandro et al. [90] highlighted the beach-dune system morphodynamics.
Coastal dunes are well known for their functions in ecological systems, providing habitat with high
value for their diversity (flora and fauna). Also, dunes represent the boundary between the land and
the sea, acting as a protective natural barrier against overtopping and flooding due to storms for
millions of people living in the coastal areas around the world. Dunes can increase in length due to
wind action, in height due to the sediment accumulation or change their shape due to wind speed
and direction, and the type of vegetation. The presence of vegetation can reduce the wind speed,
increasing the deposition and retention of wind-blown sands with leaves, branches and roots.
However, wind can also accelerate locally in gaps between plants, accelerating dune erosion.
Vegetation presents a crucial role in the evolution and dynamics of the beach-dune systems. During
storms, waves and wind can cause severe erosion of beaches and dunes, with morphological changes
and damage to nearby infrastructures. When severe waves attack the beach, they can overtop the
dune crest and cause landward transport of sediment. Dune breaching can be determined with the
increasement of wave overtopping and sediment overwash, combined with the erosion of the dune
crest. coastal dunes and their associated vegetation communities act as barriers to storm surges and
prevent or reduce flooding and coastal erosion. In recent years, restoration of the beach-dune systems
has been increasingly seen as an effective measure to adapt and enhance resilience to the adverse
effects of climate change. The process of restoration consists of preventing degradation and
supporting the recovery of a damaged or degraded ecosystem in terms of its health, integrity, and
sustainability.

The coastal erosion and flooding are becoming more frequent due to climate change, exacerbated
by storms, tidal marshes, and mangroves. Many researchers note that wetlands, including mangroves,
cannot equally reduce all risks. Hazard reduction depends on specific conditions like severe weather
and coastal terrain features. Long-period severe storms, which raise ocean levels significantly, are
less effectively mitigated by wetlands. Mangrove forests often suffer significant damage, and
recovery can take years. Despite the damage, mangroves generally help reduce erosion and are
considered solid structures for coastal protection in many regions. The conclusions of Dissanayaka
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et al. [91] are: overtopping flow from the embankment forms a nappe flow, where a jet impinges and
steepens the downstream slope; crest geometry significantly affects nappe formation; an ascending
slope alters the flow structure, while a descending slope accelerates nappe formation as overtopping
flow increases; in the embankment without vegetation, when the downstream slope angle decreased
from 45° to 30°, a depressed and clinging nappe was observed, unlike in other cases; vegetation at
the crest delays overtopping flow by increasing water depth, which affects energy reduction at the
downstream edge; the density of vegetation influences the extent of energy reduction, with higher
density causing maximum energy dissipation; head loss increases with higher vegetation density; a
plunge pool downstream absorbs the energy from the jet's impact, which reduces energy through a
water cushion and further experiments are needed to evaluate scouring depth under mobile bed
conditions. In summary, the study provides insights into nappe flow formation under different
conditions, highlighting the effects of crest geometry, downstream slope, and vegetation.

Evangelista [92] presents a work focused on the erosion of dikes (embankments or levees) due
to wave overtopping, specifically under unsteady conditions. Dikes can be used as defense structures
against flooding, tides and direct waves. The correct dike design and reinforcement are crucial in risk
management and damage prevention when extreme hydrodynamic events occur, increased by the
effects of climate changes. The study examines how sudden wave overtopping affects dike erosion,
with two types of sand used for the dike and varying initial water levels in the upstream reservoir.
The results of the work show that, for wave and erosion interactions, the advancing wave front and
dike erosion influence each other throughout the process. Even if the wave lacks sufficient energy to
overtop the dike, the upstream slope still erodes due to fluctuating wave front movements driven by
hydraulic gradients. Higher initial water levels lead to more powerful waves and increased erosion
across the entire dike profile, especially in dikes built with coarse sand. The dikes made with fine
sand showed greater resistance to erosion due to "apparent cohesion," where unsaturated sediment
increases inter-particle forces. These experiments were conducted under controlled laboratory
conditions and the results, can help to understand real-world erosion processes. The findings can
inform the design and reinforcement of dikes for flood and wave protection, contributing to risk
prevention in extreme hydrological events. Numerical simulations of the experimental results, using
a two-phase model, showed sufficiently accurate predictions of wave front position and erosion.
However, improvements could be made by considering additional factors, such as the suspension of
load transport and seepage.

Coelho et al. [93], applied CS-Model to evaluate the effectiveness of artificial sand nourishments
in reducing coastal overtopping. For the specific conditions presented in the work, results show that
reinforcing the dune’s height and the landward face of the dune proved to be the best method for
reducing the frequency of overtopping events. When wave climate, sea water level of beach berm
width changes, beach berm nourishments present the more effective method in prevention of
overtopping. The success of nourishments depends on the intended goal, whether it's reducing
overtopping, strengthening the coastal profile, or enhancing recreational beach use.

4.4.2. Artificial

Zanuttigh, B. was identified as the author with more documents published, when artificial
interventions are searched, with a total of 5 documents. The artificial interventions include
revetments, seawalls or detached breakwaters. Formentin & Zanuttigh [94] introduced a new
coefficient to improve the prediction of wave overtopping rates for coastal structures, like dikes or
seawalls, with crown walls and bullnoses. The intensification of storms and sea level rises exposes
the traditional coastal protections, especially dikes and seawalls, to increasing wave loads and
overtopping rates. Engineering-based solutions include updating the existing defense structures by
adding structural elements like berms, armor, crest units, crown walls, etc. The addition of crown
walls or the inclusion of bullnoses and parapets represent economic and aesthetic-compatible
solutions to effectively reduce the overtopping discharges. The new coefficient proposed replaces the
coefficients used for non-breaking waves and for breaking waves in the EurOtop [25] formula,
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providing more accurate predictions of overtopping rates and simplifying the process by replacing
multiple separate formulations used in older methods. Different structure elements were tested:
smooth berms; dikes with crown walls; and bullnoses under breaking and non-breaking waves.
Authors discovered that berm width to wavelength ratio, wall height to freeboard ratio, bullnose
inclination angle and breaker parameters are key parameters that influencing the overtopping rate.
The new method addresses underestimations seen in past methods by providing better alignment
between predictions and measurements. The formula is valid for smooth dikes with crown walls
under perpendicular waves, based on the data range used for training and calibration.

A review article by Sanitwong-Na-Ayutthaya et al. [95] shows the impacts of a revetment in
coastal morphology. Revetments are used to protect beach-front properties from wave run-up and
coastal erosion. Important results about the impact of front beach morphology by a revetment are
listed, as revetments dissipate swash flows and reduce wave reflection from steep scarps, providing
effective coastal protection. However, they also induce scouring in front of them, leading to rapid
lowering of the front beach elevation and making revetments more vulnerable to collapse. Sediment
that used to be on the front beach is carried offshore, which, while shallowing the surf zone and
dissipating more wave energy, alters the sediment balance. Rock revetments can protect residential
areas, but they also disrupt the sand-sharing system and can result in sediment deficits, causing
beaches to narrow, or even disappear over time. Sloping rock revetments are preferred over vertical
seawalls, as they absorb wave energy rather than reflect it, reducing environmental impacts.
However, densely packed revetments may behave like concrete walls, further narrowing or eroding
the beach. In some locations, revetments have worsened erosion problems, reduced beach berm
width and increasing the risk of structural damage due to improper design or proximity to the sea.
While revetments protect coastal infrastructure, they often do so at the expense of the natural beach.
Some argue that concerns about beach steepening may be less significant compared to the benefits of
an erosion-safe beach, as failure to manage erosion could lead to the complete loss of beaches, dunes,
and coastal infrastructure. To conclude, while revetments provide effective coastal defense, their
long-term impact on beach morphology can lead to beach narrowing, sediment imbalances, and
increased erosion, potentially exacerbating the very issues they are designed to mitigate.

Wave overtopping occurs when waves flow over a revetment’s crest. The overtopping rate
decreases on a gentle slope due to depth-limited wave breaking, as water becomes shallower in front
of the revetment. However, if the revetment crest is too low, overtopping can damage inland
infrastructures. Revetments can serve as a buffer against excessive wave run-up, but may be damaged
by extreme events, particularly when rock weights are inadequate, leading to collapses that
exacerbate erosion. Enhancements like installing parapets or using plastic filters and interlocking
blocks can reduce hydrodynamic forces and strengthen the structure. Revetments alter local
hydrodynamics by interacting with waves and current flow. Rocks within revetments can move and
adapt to wave forces, reaching a quasi-equilibrium state after high tides. However, they can also
divert longshore currents and diffracted waves, potentially disturbing wave directions and
contributing to rip current erosion, coastal land losses, and steepening of front beaches due to wave
reflection. To conclude, while revetments can reduce wave energy and protect against erosion,
improper design or steep configurations can lead to structural instability, overtopping, and negative
impacts on local hydrodynamics, resulting in front beach scouring and altered wave-current
interactions [95].

Another review article, published by Saengsupavanich et al. [96], presents morphological
impacts of detached breakwaters (both submerged and emerged breakwaters). Breakwaters are a
common approach to shoreline defense and provide substantial protection against severe storm
conditions, reducing risks to coastal communities and local economic activities. Submerged detached
breakwaters are low-crested offshore structures that are built shore-parallels in shallow water, with
their crests at or below water level. Morphological impacts of these structures include the formation
of salients (beach protrusions) and tombolos (land formations connecting the shore to the breakwater).
Changes in sedimentation patterns, shoreline, and bottom shape in front of submerged breakwaters
can also be observed. Submerged breakwaters present accretion (sediment buildup) on the updrift
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side and erosion on the downdrift side due to sediment supply deficits. This leads to foreshore
steepening and accelerated erosion until equilibrium is reached. Once equilibrium is attained,
sediment transport from updrift to downdrift helps form salients and reduce further erosion.
Flanking observed at the ends of low-crested breakwaters, where wave diffraction caused erosion in
adjacent areas. The effect of scouring (sediment erosion around structures) is a common issue around
both submerged and emerged breakwaters, leading to potential deterioration of the structures.
Submerged breakwaters impact water current patterns and sedimentation. Wave breaking on
submerged breakwaters alters longshore currents, leading to sediment deposition behind the
structures and creating new shorelines. Submerged breakwaters create rotary water current patterns
that slow down longshore current velocity, leading to rapid sediment deposition. Although
submerged breakwaters help reduce wave energy, they can cause undesired effects. These structures
can obstruct sediment transport, negatively impacting beach nourishment processes. Wave
overtopping can promote erosion around low-crested structures, with rip currents forming flame-
shaped and crescent-shaped erosion patterns at gaps and breakwater roundheads. Submerged
breakwaters effectively reduce wave energy and protect coastlines, promote sediment deposition,
and create new shorelines. However, they can also disrupt sediment transport, leading to unintended
erosion, in some cases [96].

The morphodynamic and hydrodynamic impacts of emerged breakwaters are similar to the
submerged ones. Emerged breakwaters are coastal structures with their crests above a designed
water level to limit wave overtopping. Tombolos and salients are common formations behind
emerged breakwaters. Their size and shape depend on the distance between the breakwater and the
shore, the breakwater's length, and the gap width between breakwaters. Over time, the tombolos
between breakwaters can transform the system into a shore-parallel seawall, further blocking
sediment flow and worsening downdrift erosion. In summary, emerged breakwaters induce
significant shoreline and sediment changes, promote tombolo and salient formation, but can
exacerbate downdrift erosion by disrupting sediment transport processes [96].

Gaps between emerged breakwaters and their orientation significantly affect the reduction of
wave energy. Narrower gaps are more effective in dampening wave energy, helping to protect
eroding beaches with fewer negative consequences compared to other hard structures. Also, they
limit the wave transmission and water piling-up in sheltered areas, which reduces sediment
movement and makes them more effective than submerged breakwaters. Various hydrodynamic
processes such as wave transmission, shoaling, diffraction, refraction, and wave-current interaction
occur around emerged breakwaters, especially in shallow water regions. These processes contribute
to wave transformations, especially around the gaps and slopes of the breakwaters. It's observed
higher wave energy in front of the breakwaters, leading to wave reflection and breaking, whereas
areas behind the breakwaters experience lower wave energy. The formation of tombolos and salients
behind breakwaters promotes strong eddies with high velocity confined water currents. Rip currents
between the gaps of emerged breakwaters, as well as in zones with reduced wave energy, can impact
sea bathing and tourism activities. Scouring between the gaps of breakwaters was observed due to
rip currents, potentially destabilizing the structures. In summary, emerged breakwaters influence
wave transformation processes, with narrow gaps effectively reducing wave energy. However, they
also generate rip currents and scouring between gaps, which can affect sediment movement, beach
morphology, and coastal activities like tourism [96].

4.5. Morphological Changes

Masselink, G. is the author that presents more contributions for the specific search of
morphological changes, with a total of 15 documents. The study of morphological changes caused by
overtopping can be performed considering measurements, physical models and numerical models,
being the last two discussed in specific sections. Therefore, this section describes the morphological
changes identified and also divided in “Natural” and “Artificial”, useful for limiting the information
available.
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4.5.1. Natural

From the 15 documents of Masselink, G., 11 can be related to morphological changes in natural
conditions. For instance, Matias et al. [18] present findings from a physical test, focusing on the
hydrodynamic and morphological evolution of sandy barriers during overwash, for a gravel and a
sandy barrier. The result of the study shows that the gravel barrier exhibits greater resilience during
the early stages of overwash, as overtopping helps to raise the barrier crest, preventing further
overwash. The sandy barrier is more disposed to initial overwash, but demonstrates higher resilience
during intensified overwash due to wave energy dissipation in the inner surf zone. Both types of
barriers have a "critical resilience" limit, beyond which they risk breaching or inundation. Shorted
impact period waves and longer period waves generated differences in overwash discharge, though
the overall impact of smaller, frequent discharges and larger, less frequent ones resulted in similar
outcomes during the experiment. There was a strong correlation between overwash discharge and
sedimentation, regardless of wave period. The overwash depth on the sandy barrier was shallower
compared to field measurements, but overwash velocity was similar. The study offers valuable
insights into the feedback processes of sandy and gravel barriers during overwash. The results should
be cautiously applied, as field and laboratory conditions differ, but the datasets are considered
unique and beneficial for model development and understanding of overwash processes.

Other works can be found, excluding the highly cited author. For instance, Liang et al. [97],
performed a laboratory study of a dune-beach system, investigated hydrodynamic conditions during
overwash, using high-speed cameras. The study measured overwash evolution and resultant
morphology changes, discussing dune erosion, overwash water rate, double dune erosion, and
overwash velocity. Findings revealed that overwash under irregular wave conditions causes
significant beach erosion, with predominant onshore sediment transport. Onshore sediment
accumulation in the dune face induces wave energy dissipation, creating negative feedback that
impedes further overwash. The concept of the inflection point was introduced, correlating to the
maximum overwash water rate. Results showed that dune erosion volume is proportional to wave
energy flux and the presence of secondary dunes significantly reduces coastal erosion and shoreline
retreat during extreme storms.

The study of Li et al. [98] demonstrates the development of a wave-current-sediment transport
model that simulates coastal overwash using two transport algorithms: Run-up Overwash (RO) and
Infiltration Overwash (IO). For RO transport algorithm, the coastal zone is divided into three areas:
swash zone; barrier/dune crest zone; and backslope zone; and an empirical equation calculates
sediment transport rates for each zone. The IO relates sediment transport to beach profile height and
transport rates are calculated differently for the seaward and landward sides of the dune. The model
was validated using data from three laboratory experiments (run-up overwash, full overwash and
breaching processes), and the results show that the model can accurately simulate beach profile
changes and erosion/deposition under varying conditions.

Bergsma et al. [99] used a 2D LiDAR scanner in their study to capture high-resolution water
surface profiles, focusing on the bore collapse process during wave run-up. The LiDAR data allowed
precise measurements of bore collapse points, including parameters like bore celerity, slope, and
height at collapse. The bore celerity was found to be non-zero at collapse, with the front slope ranging
between 12-35 degrees. Bore height at collapse has a close relationship between wave run-up,
aligning with previous studies. However, the LIDAR measurements provided new insights, showing
that terminal bore celerity plays a significant role in wave run-up, especially influenced by bore-bore
interactions in the surf zone. A ballistic-type model was used to break down the total wave run-up
into different components: bore collapse conversion efficiency, bore celerity and a non-linear
interaction between these two factors. In the dataset, bore collapse and bore celerity contributed
equally to wave run-up, but their non-linear interaction dominated the total run-up.
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4.5.2. Artificial

The authors that present more contributions for the topic are Hacker, S.D., Itzkin, M., Masselink,
G. and Ruggiero, P., all with 3 documents. A work of Itzkin et al. [100] applied XBeach model to
assess how coastal foredunes erode during storms, considering factors like dune aspect ratio (height
and width), beach width, and management interventions (such as sand fencing and beach
nourishment). Results show that, for lowed aspect ratio dunes (lower and wider), storm erosion is
reduced but dunes lose sediments offshore. In contrast, high aspect ratio dunes (taller and narrower)
offer better protection against intense storms, with sediment accumulating at the dune base through
scarping and avalanching. Sand fences help protect foredunes by creating a barrier that absorbs
erosion before the main dune is affected. Wide beaches presented the most protective factor, offering
better protection than just modifying the dune shape or using fences. While widening beaches
through nourishment provides short-term protection from flooding, it can be costly and
unsustainable over time, as it hampers natural processes like overwash flux, which is critical for
barrier island elevation maintenance amid rising sea levels. Alternative strategies, like managed
retreat, could widen beaches while allowing natural processes to occur, balancing storm protection
with the long-term need for barrier islands to maintain elevation and avoid drowning. Strong
protection against storms is provided by wide dunes and wide beaches but, it is important to balance
with long-term island sustainability in the face of rising sea levels.

Additionally, a monitoring work of Bayle et al. [101] observed the dynamic revetment at North
Cove, WA, over a nine-day period, covering nearly a spring tidal cycle. Using 2-D lidar technology,
high-resolution data on the cross-shore mass fluxes of materials moved by individual swash events
were captured. It was detected that revetment changes were mainly driven by small events, with
occasional larger changes comparable to the median cobble diameter. Mass fluxes over a tide were
nearly symmetrical, balancing out and leading to a constantly changing but stable revetment. More
net changes occurred during the rising tide compared to the falling tide, with the upper swash zone
driving changes toward stability, likely due to groundwater infiltration, water table elevation, and
the presence of a run-off interface. Analysis of mass fluxes revealed that the maximum mean
shoreline position experienced 18 times more flux than the net flux at the same point. Zones with >80%
inundation saw larger event mass fluxes, while sections where the swash depth ranged from 0.15 to
0.45 m experienced more extreme fluxes. Swashes deeper than 0.45 m were associated with zones
inundated more than 50% of the time but showed smaller extreme fluxes. Oscillations in the flux, like
those on sandy beaches, were observed and linked to the mean wave period at the toe of the
revetment. The water depth at the revetment toe significantly influenced energy dissipation,
especially during energetic events. Future research should focus on better monitoring the sand-
cobble interface, which was found to be mobilized by swashes but remains challenging to analyze in
detail.

Hwang et al. [102] applied numerical simulations to analyze flow patterns and sediment
transport in a coastal area with submerged breakwaters at Bongpo Beach. The simulations were
compared indirectly with topographic changes observed before and after Typhoon Maysak. Analysis
of wave data revealed that both waves perpendicular to the coast and waves oblique to the coast were
dominant, with the latter contributing significantly to sediment transport due to high wave heights.
Three sections of the beach to assess erosion and accretion were identified. The results showed that
after the typhoon, strong erosion occurred near the coastline, consistent with a 2-cell circulation
pattern. However, understanding complete behavior was complicated by the influence of other
structures like breakwaters and jetties near the study area. To simulate complex flows, the SWASH
model was used, a quasi-3D numerical tool that handles both vertical and horizontal flows. The
model domain included areas from Cheonjin Port to Bongpo Port, and variable grid resolutions were
applied for accuracy. Simulation results indicated that the incident wave direction was a key factor
influencing the flow patterns and topographic changes. Specifically: perpendicular waves led to
flows toward the submerged breakwater’s hinterland, matching with the erosion and accretion
patterns observed; oblique waves caused strong flows near the submerged breakwater and lower
velocities elsewhere, suggesting that these waves had a more significant effect than perpendicular
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waves in the region. Direct comparisons between the simulation results and actual flow data during
high wave events were not possible, so the model reliability was confirmed by indirect comparisons
with observed topographic changes. The study also highlighted that the SWASH model more
accurately predicted flow and sediment transport patterns behind submerged breakwaters during
high wave conditions (such as typhoons) compared to a 2D depth-averaged model, offering valuable
insights for submerged breakwater design and arrangement planning.

The study of Sun et al. [15] involved high-frequency measurements of waves, currents, tides,
suspended sediment concentration and turbulence for a month near a seawall, to examine the factors
affecting sediment resuspension and transport. The results show that, during strong winds, the wave
height increased to 3.1 m, and current speeds near the seawall surged to 1.11 m/s, changing from
reciprocating flow to unidirectional currents (longshore or offshore). In comparison, currents farther
from the seawall (5 km away) were slower and more variable, suggesting that the seawall strongly
influences hydrodynamic conditions. Under calm conditions, the suspended sediment concentration
remained low (under 300 mg/L), but during high waves, the bottom shear stress and suspended
sediment concentration spiked to 5.68 N/m? and 12 222 mg/L, respectively. This indicates that tidal
dynamics alone were not enough for sediment resuspension. Waves were the main driver, with
turbulence playing a key role in sediment vertical diffusion. The findings emphasize that turbulence
significantly influences sediment dynamics in front of the seawall. During high waves, longshore
currents intensified, leading to an increase in sediment transport. The daily net horizontal sediment
flux peaked at 769 t/m? during large gales, suggesting strong sediment expulsion and potential
seabed erosion in the area. These insights provide valuable guidance for seawall protection and
understanding seabed scour mechanisms.

5. Discussion

The overtopping phenomenon gains more importance nowadays, boosted by the increasing of
storms frequency and intensity [103], and the crescent vulnerability of the coastal areas, leading to
coastal damage. In fact, the number of documents evolving overtopping has increased over the years,
especially in the last decades. This review presents the developments related to the overtopping
research, discussing the relationship between overtopping and models, storms, defense structures
and morphological changes, performed until the end of 2023. Some recent articles (published in 2024)
are added to discuss the current state-of-the-art of morphological changes in front of coastal defense
structures, due to overtopping.

5.1. Overtopping and Models

Overtopping is a critical factor in coastal and hydraulic engineering, especially in relation to
flood risk and coastal erosion. To better understand and predict overtopping, both numerical and
physical models can be used. Numerical models are essential tools for predicting overtopping and
understanding their relationship with coastal defense structures and morphological changes. They
provide efficient and flexible ways to simulate complex hydrodynamic factors like wave height,
period, and direction, being useful for describing the overtopping event. There are a significative
variety of numerical models that include the overtopping phenomena in their simulations, but not
include morphological changes in their results. In reality, a reduced number of models have the
capacity to evaluate morphological impacts caused by overtopping in beaches, when in the presence
of structures. Also, some models can include the wind effect, presence of vegetation and non-
conventional defense structures, useful for the design of better coastal intervention structures for
coastal protection. However, numerical simulations rely on empirical relationships and require
calibration with real-world data to improve their accuracy, especially in areas with complex
interactions between waves and coastal defenses.

Recent works, such as the work of Ma et al. [104] have applied the XBeach (surfbeat module) to
assess how vegetation affects wave attenuation and dune erosion. Validation with laboratory
experiments confirmed the model's reliability. A case study during Hurricane Michael demonstrated
that vegetation helps to stabilize dunes and significantly reduces erosion. Higher vegetation density
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increases wave attenuation and lowers erosion rates, though there is a saturation point where more
density does not provide additional benefits. The study highlights the importance of vegetation for
coastal resilience planning, showing that the XBeach model can predict and enhance the protective
role of coastal vegetation during hurricanes.

Related to the physical models, some works are presented, but it is not clear the evaluation of
morphological changes at the toe of the structures or in dune systems, due to overtopping. For
instance, the work of Dong et al. [105] investigated overtopping discharges along a vertical seawall
with a recurve under various geometrical configurations and wave conditions. Physical modeling
experiments measured overtopping discharges for plain and recurve-retrofitted seawalls under swell
and storm conditions. The recurve retrofitting significantly reduced overtopping discharges, with
reductions of up to three orders of magnitude as relative freeboard increased. Longer overhang
lengths were particularly effective, reducing discharges by factors of 25-100. The study also
incorporated wave steepness and freeboard in its analysis, introducing a new empirical correction
factor to improve predictive accuracy for overtopping discharges. The new formula showed
enhanced robustness and reduced prediction deviations compared to previous models.

The study of Peng et al. [106] analyzed the impact of submerged breakwaters, mangroves and
their combination on wave attenuation during storm surges and their effects on dike stability, using
laboratory experiments. The results shown that, without any protection, large waves in shallow water
caused significant hydrodynamic responses, including increased scour, wave pressure, and pore
pressure, leading to dike failure due to overtopping as wave height increased. With a submerged
breakwater, reducing the wave height through wave breaking, the effect was the rising of the water
elevation, which negated improvements in dike stability. The dike failed due to overtopping despite
reduced wave pressure and scour in small wave conditions. The presence of mangroves was highly
effective in reducing wave height, wave pressure, and scour, which improved dike stability. They
attenuated waves through the canopy and mitigated hydrodynamic forces. The dike failed only at
higher water elevations due to wave impact. Finally, the combination of breakwater and mangroves
showed the most substantial wave attenuation in shallow water, reducing wave height, wave
pressure, and pore pressure. However, in deeper water, it increased wave height and water elevation
near the dike, which led to more intense scoring and dike instability. The dike failed under these
conditions at a smaller wave height than with mangroves alone. Overall, while submerged
breakwaters and mangroves have individual benefits in wave attenuation, their combination may
not always improve dike stability, particularly in deeper water.

There are also current works applying physical models to validate the considerations assumed
by numerical models. Though physical models offer detailed observations, they can be resource-
intensive and may not capture the full complexity of real-world situations, such as large-scale storms
or evolving morphological changes.

5.2. Overtopping and Storms

Storm events, especially those involving high-energy waves and storm surges, are a major cause
of overtopping. The relationship between overtopping and storms is highly dependent on wave
height, storm duration, and the intensity of the event. Overtopping during storm events poses a
significant threat to coastal areas, especially densely populated areas. The increase of wave energy,
caused by storms, leads to an increase of overtopping, promoting water flows over the crest of a
coastal defense structure (natural or artificial), resulting in coastal flooding, erosion, and damage in
infrastructures. Storms also reshape beaches and dunes, redistributing sediment offshore and altering
coastal profiles, often diminishing the effectiveness of natural and artificial coastal defenses.

Lin et al. [107] applied a fully coupled wave-tide-circulation model to examine the effects of
multi-scale currents on storm waves during Hurricane Igor, in September 2010. The model was
validated using buoy and altimeter data, showing important improvements in simulating significant
wave heights, peak wave periods, and mean wave directions. Critical insights are provided by this
study about how storm waves are influenced by various currents, including storm-driven currents,
near-inertial oscillations, tidal currents, large-scale currents, and mesoscale eddies. Storm waves
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generated by Hurricane Igor were significantly affected by multi-scale currents. Storm-driven
currents aligned with wave propagation reduced wave energy, while interactions with mesoscale
cyclonic eddies caused wave energy to weaken on the south flank and strengthen on the north. As
storm waves approached the coast, tidal currents modified waves, especially at tidal frequencies. This
spatial variation of storm waves was primarily driven by wind forcing, but influenced by smaller-
scale currents. Ocean currents caused significant wave heights variations ranging from -25.2% to
+55.4%. When waves encounter strong ocean currents, significant wave height could increase by up
to 51.0%. These currents also affected mean wave power, altering wave energy transport through
dynamic interactions with the wave system. Current-induced wave refraction was a dominant factor
in redistributing wave energy, along with wave frequency shifts and advection. The interaction
between currents and waves also resulted in complex changes in the geographic, frequency, and
directional propagation of waves. The study also highlights how multi-scale currents significantly
modulate storm wave characteristics, emphasizing the roles of relative wind effects and wave
refraction.

5.3. Overtopping and Defense Structures

Coastal defense structures, both natural and artificial, play a critical role in managing
overtopping. The effectiveness of these structures depends on their ability to dissipate wave energy,
resist to erosion, and adapt to changing environmental conditions. Natural defenses, like dunes and
wetlands, offer important protection against overtopping by acting as buffers that absorb wave
energy. Dunes, for instance, can reduce overtopping by raising the elevation of the shoreline,
although they are vulnerable to erosion during prolonged storms or extreme events. Wetlands
dissipate wave energy through their vegetation and complex topography, providing a first line of
defense. However, these natural defenses can be weakened by storms or human-induced activities
like coastal development, leading to increased overtopping risk.

Artificial structures, such as seawalls, revetments, and detached breakwaters, are designed to
protect coastlines from overtopping. However, their efficiency varies depending on their design and
the energy of the waves they encounter. “Hard” engineering structures are built with overtopping
tolerances, but extreme events can surpass the design limits, leading to damage or failure. In fact,
these kinds of structures are built to protect shorelines using the present wave climate and storm
conditions. However, it is expected that climate changes would increase the water level and the
intensity and frequency of storms, decreasing the efficiency of the coastal defense structures. The
hybrid defenses, combining “hard” structures (dikes, seawalls, revetments, ...) with softer measures,
like sand nourishments, can be used to improve coastal resilience. These solutions help, not only to
reduce overtopping, but also support natural processes that can sustain the coastal profile over time.

The study of Vieira et al. [108] focuses on hydrodynamic and morphodynamic modeling under
storm conditions to optimize the design of maritime protection structures. The goal was to develop
structures that can reverse longitudinal drift, dissipate wave energy, improve sediment transport,
and reduce shoreline erosion. Using SWAN, the study simulated how different coastal structures
geometries influence wave energy dissipation and drift reversal. The model showed that structures
can affect wave behavior, leading to reduced erosion and enhanced sediment transport downdrift of
the structure. XBeach was used to analyze sediment transport (accretion and erosion) patterns. The
models allowed to identify optimal structural designs for improved performance under storm
conditions, focusing on how new structures could better manage sediment transport. A new structure
is proposed (Multi-Functional Artificial Reef) but is attached to the shoreline with a rounded ledge
and larger dimensions. It enhances sediment accumulation both up- and down-drift, unlike groins,
which only promote sediment buildup in distant areas. This design helps protect coastal zones
without interrupting natural sediment transport, contributing to shoreline stabilization and reducing
erosion. Located in the intertidal zone, the structure also promotes biodiversity by creating habitats
for marine organisms like algae, crabs, and mussels. This feature provides an additional ecological
benefit beyond coastal protection. The structure offers a nature-based, multifunctional solution for
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coastal protection. It manipulates natural drift reversal phenomena, protects against erosion, and
supports marine life, making it an innovative option for coastal infrastructure planning.

5.4. Overtopping and Morphological Changes

Overtopping events have significant impacts on the morphology of coastal areas, driving
changes in beach profiles, sediment transport patterns, and erosion or deposition zones. These
changes can occur naturally or be influenced by human interventions. Storm-driven waves and
surges reshape coastlines, particularly around coastal defense structures. The sediment transport
caused by waves can lead to erosion in front of these defenses, reducing their effectiveness. In natural
systems, overtopping can cause changes in the beach profile by sediment redistribution, or
dune/barrier breaking. Human interventions, such as the installation of detached breakwaters, can
significantly alter the morphological evolution of a coastline. The presence of these structures’
influences wave patterns, sediment transport, and the formation of erosion and accretion zones.
Especially, the erosion in front of the toe of the defense structures, caused by overtopping, can
promote instabilities, reducing their effectiveness to protect coastal areas and structure damages.

Ma et al. [109] investigates the impact of Hurricane Michael (Category 5) in Mexico Beach,
Florida, analyzing the wave attenuation caused by sandy dunes, using XBeach model. Results show
that sand dunes significantly reduce wave heights during rising storm surges, especially before being
damaged. At the peak of the storm surge, when wave heights exceed the dune elevation, waves
overtop the dunes, causing maximum erosion and reducing their capacity to attenuate waves.
Despite this, dunes still reduce wave heights by a minimum of 35% near peak surge, 91% during the
upper rising surge stage, and almost block all waves at the middle rising surge stage before dune
erosion. As the storm surge rises, waves break near the foot of the dunes, overtopping them and
attenuating as they propagate inland toward the Mexico Beach community. The study presents
spatial inundation and wave maps during different storm surge phases to aid hurricane resilience
planning. The study also compares the performance of non-hydrostatic and surfbeat modules of
XBeach. The non-hydrostatic module is more accurate for wave simulations, with an average error of
2.44% compared to surfbeat module (average error of 16.92%). However, surfbeat module run faster
than non-hydrostatic module. The study enhances understanding of how sand dunes interact with
storm waves, providing insights for improving coastal resilience during hurricanes.

6. Conclusions

In conclusion, overtopping remains a significant challenge in coastal areas, especially during
storm events. Storm-induced overtopping can lead to severe consequences such as flooding and
erosion, underscoring the need for robust coastal defense structures. Coastal defenses, including
dikes, seawalls, breakwaters, and natural solutions, like sand dunes and artificial nourishments, are
designed to reduce overtopping, but their effectiveness varies depending on the intensity of the storm
and the specific morphology of the coast.

Short-term morphological changes related to storm events can weaken coastal defenses over
time, reducing their effectiveness against wave overtopping. Coastal defense structures must account
for these changes and be resilient enough to adapt to the dynamic coastal environment. In this context,
artificial nourishment and dune reinforcement have emerged as viable solutions to mitigate these
morphological impacts, while hybrid approaches, combining hard and soft engineering solutions,
have shown promise in enhancing both protection and ecological benefits.

Numerical models play a critical role in predicting and understanding overtopping and their
interaction with morphological changes. Models can simulate complex hydrodynamic processes,
including wave interaction with coastal defenses, and help in assessing the vulnerability of coastal
zones. By incorporating variables such as wave height, wave period, and storm surge, numerical
models offer insights into the potential failure of coastal defenses and allow for the optimization of
design strategies.

In summary, addressing overtopping requires a multidisciplinary approach that integrates
coastal engineering, morphological analysis, and advanced numerical modeling. Ongoing research
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is needed to further refine these models and develop sustainable solutions for coastal protection in
the face of increasingly severe storms and climate change, better understanding related
morphological changes in front of the coastal structures.
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