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Abstract. Coastal areas are subject to atmospheric, fluvial
and marine hazards that can cause relevant morphological
changes. Wave height (Hs) is the most commonly used cli-
mate variable to define morphological changes in coastal en-
gineering studies. However, this approach fails to capture di-
rectional effects, which are essential for predicting and man-
aging shoreline erosion and associated risks. This work in-
troduces a methodology that identifies relevant morpholog-
ical changes (morphological events) by using the longitudi-
nal wave power (LWP), after defining an optimized set of
Peak Over Threshold (POT) parameters. The morphological
evolution of an idealized river mouth was simulated using
the Delft3D numerical model and six different wave climate
conditions along with tidal and river flow conditions. The op-
timized LWP approach performed better than Hs in identify-
ing morphological changes, providing a better agreement be-
tween climatological and morphological events. The method-
ology was further validated through its application to two
real-world sites along the southern Iberian Peninsula incor-
porating real wave conditions, variable river discharges, and
complete tidal regimes. In these areas, the numerical models
had been previously calibrated. The results confirm the ro-
bustness and transferability of the methodology beyond ide-
alized conditions. By considering both erosional and accre-
tional processes, this LWP-based methodology offers coastal
managers a robust, physics-based tool for predicting morpho-
logical responses to wave conditions, supporting the develop-
ment of early warning systems on inlet-adjacent shorelines.

1 Introduction

Coastal areas, including tidal inlets, estuaries and river
mouths, are continuously affected by changes in their mor-
phology as a result of the action of atmospheric, fluvial and
marine agents, as well as variations in sediment supply, ei-
ther due to natural causes (e.g. droughts/floods) (Cabezas-
Rabadán et al., 2024; Roco et al., 2024; Velasquez-Montoya
et al., 2020) or artificial ones (e.g. coastal engineering works
such as nourishments or groins) (Benedet et al., 2016). The
population living along the coast has increased over the years
leading to a strong interaction between human occupation
and coastal dynamics and a significant elevation of risk as-
sociated with natural hazards (Celedón et al., 2023). Coastal
erosion, caused by sediment starvation, storm activity, hu-
man interventions and sea level rise, is a primary hazard and
one of the main topics in coastal management (Adamo et al.,
2014; Toimil et al., 2017; Vitousek et al., 2017). This ero-
sion not only compromises the integrity of coastal ecosys-
tems but also threatens human infrastructure and safety, high-
lighting the urgent need for effective risk assessment, mitiga-
tion strategies, and the development of coastal management
(Manno et al., 2016).

Intensive river regulation and human intervention near
river mouths since the beginning of the 20th century have
resulted in some of the most eroded coastlines (Anthony et
al., 2015). This is a consequence of the strong reduction in
the sediments traditionally supplied to the coast by rivers
(Baar et al., 2023; Gao et al., 2019; Garel and Ferreira, 2011;
Özpolat and Demir, 2019; Poulos and Collins, 2002), and
also of the presence of artificial obstacles on the coast that
interrupt littoral drift and contribute to exacerbating the ef-
fects of the structural erosion (Van Rijn, 2011). Together
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with medium- to long-term structural erosion, coastal areas
can be affected by short-term events that can lead to rele-
vant morphological changes. These events are often linked
to natural hazards such as severe storms, which drastically
increase coastal vulnerability (Celedón et al., 2023). In the
literature, most authors have defined coastal events as ex-
treme meteorological conditions (storms) that lead to coastal
erosion. Moreover, Harley (2017) defines a coastal storm as
“a meteorologically-induced disturbance to the local mar-
itime conditions (i.e. waves and/or water levels) that has
the potential to significantly alter the underlying morphol-
ogy and expose the backshore to waves, currents and/or in-
undation”. The defining hallmarks of a coastal storm are that
it must include a maritime component, and a morphologi-
cal disturbance. If the duration of the event is long enough
(in the order of days), the morphological changes produced
may not return to their pre-storm state (Castelle and Harley,
2020). Therefore, a large part of the studies related to coastal
change deal with coastal erosion due to storms, especially
cross-shore erosion (e.g. Kelpšaitė-Rimkienė et al., 2021;
López-Olmedilla et al., 2022; Romão et al., 2024; Toimil
et al., 2017; Zhang et al., 2025). However, it is well known
that beaches can recover due to sediment accretion (Bram-
ato et al., 2012; Cabezas-Rabadán et al., 2024; Vousdoukas
et al., 2011) by both cross-shore and longshore processes.
The alongshore non-uniformity found in some environments,
consisting of alternating shoreline salients and embayments,
can result in strongly longshore-varying erosion rates at the
onset of a storm (Harley, 2017). Typically, longshore pro-
cesses, including sediment transport, are considered to un-
derstand how the shoreline changes over time (de Santiago
et al., 2021; López-Olmedilla et al., 2022; Vitousek et al.,
2017) by calculating the changes across various beach sec-
tors.

The literature on the interrelated patterns of erosion and
accretion that may occur due to an event in coastal areas near
inlets and estuaries is limited. This is particularly relevant in
such areas, where complex longshore and cross-shore inter-
actions can result in potential erosion in some zones and ac-
cretion in others (Anthony, 2013; Ruiz de Alegría-Arzaburu
et al., 2022; Thom and Hall, 1991). Nienhuis et al. (2016)
concluded that the short-term dynamic behavior of river
mouths and the surrounding coasts is not only determined
by storms and floods, and that moderate conditions can play
a major role. In fact, morphological changes in coastal ar-
eas can occur during other events that are not considered ex-
treme but have sufficient energy or duration to promote these
changes (Haerens et al., 2012). On the other hand, studies of
coastal storminess using a statistical approach, such as Peaks
Over Threshold (POT) method, are widely used (Almeida et
al., 2012; Armaroli et al., 2012; Castelle et al., 2015; Mas-
selink et al., 2014; Mendoza et al., 2011; Plomaritis et al.,
2015). Furthermore, some studies have employed the Wave
Energy Flux or the Wave Power for coastal risk evaluation.
For instance, in Mentaschi et al. (2017), where they use the

100 year return level of Wave Energy Flux as a robust proxy
for both coastal flooding and erosion. More recently, Rusu
(2022) demonstrated that the spatial distribution of wave
power is heavily influenced by local bathymetry, highlight-
ing its relevance for site-specific coastal planning. Neverthe-
less, to the authors’ knowledge, no detailed studies have inte-
grated the role of Longitudinal Wave Power (LWP), quanti-
fied using the POT method to identify significant morpholog-
ical changes, and subsequently compared this role with that
of extreme events.

In view of the above, the main objectives of this paper are
twofold: (a) to identify all types of events that can lead to
significant morphological changes along a coastal area sur-
rounding an inlet, reflecting the interaction between offshore
wave conditions, sediment transport and coastal morphology,
and (b) to improve the understanding of the longshore and
cross-shore signals in the morphological response of the con-
sidered coastal area. This enhanced understanding is essen-
tial for improving coastal hazard and risk assessment models,
and ultimately, for better-informed coastal planning and dis-
aster risk reduction. To this end, a modelling approach was
used and a new method for identifying coastal morphological
changes was developed.

The paper is structured as follows: Section 2 explains
the materials used and the modeling approach followed in
the work. Section 3 provides a detailed explanation of the
methodology used to identify the events, whether morpho-
logical (Sect. 3.1) or climatic (Sect. 3.2), followed by the
definition of the method selection (Sect. 3.3) and the im-
plemented statistical analysis (Sect. 3.4). Section 4 presents
the results obtained. Section 5 provides a real-world applica-
tion focusing on two areas on the South Atlantic coast of the
Iberian Peninsula. Section 6 provides a comprehensive dis-
cussion of the methodology and results, and finally, Sect. 7
presents the conclusions.

2 Methods

This work utilizes morphodynamic numerical modeling us-
ing Delft3D of an idealized physical scenario forced with
different wave conditions under constant tide and river flow
conditions. The methodological procedure is explained in
this section.

2.1 Physical scenario

The physical scenario is based on an idealized river mouth
following previous works by Nienhuis et al. (2016) and
Ruiz-Reina and López-Ruiz (2021). The scenario follows
a typical idealized river mouth like those of previous stud-
ies (Jiang et al., 2024; Jiménez-Robles and Ortega-Sánchez,
2018; Jiménez-Robles et al., 2016; Matsoukis et al., 2023).
This scenario, shown in Fig. 1a, is representative of several
real study areas such as the coastal areas surrounding the
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mouth of the Guadiaro River (Cadiz, Spain) (Roman-Sierra
et al., 2008), the Misa River (Senigallia, Italy) (Melito et al.,
2020) or the Maipo River (Central Chile) (Roco et al., 2024).
The wave climates of these areas are similar to the wave con-
ditions used in this work.

The geometry of the domain is rectangular, with a length
of 4500 m on the X axis and 5000 m on the Y axis (Fig. 1a).
The river segment modeled is 2500 m long and 200 m wide,
featuring a Gaussian cross section (Fig. 1c) with a 5 m depth
at the thalweg and a 0.2 % slope. Specifically, the segment
serves as a numerical representation of a larger system,
where the 2500 m open upstream boundary (explained in
Sect. 2.4) is placed beyond the 1000 m tidal excursion limit to
prevent tidal wave reflections from influencing the imposed
discharge condition. The river reaches the continental shelf at
2 m below mean sea level (houtlet = 2 m b.m.s.l.). The beach
on both sides of the river also has a slope of 0.2 % up to the
point of interaction with the beach face at 3 m a.m.s.l. The
geometry of the study area was designed to keep much of
the beach dry, so that the berm located at 3 m a.m.s.l. pre-
vents overtopping by moderate swells. From there, the beach
face and the continental shelf were defined by a modified
Dean profile, as proposed by Falqués and Calvete (2005),
with Dean parameter A= 0.21, based on a uniform, non-
cohesive D50 = 1 mm. This sediment size is typical of the
Spanish Mediterranean coast (Bergillos et al., 2016; Durán et
al., 2016) and will be used for the entire topo-bathymetry for
simplicity. The shelf reaches a depth of 51 m b.m.s.l. at the
offshore boundary where the hydrodynamic boundary condi-
tions are defined (Flow module of Delft3D) and a depth of
258 m b.m.s.l. where the wave boundary conditions are im-
posed (Wave module). This profile, unlike the classic Dean
profile, makes the transition from the continental shelf to the
beach smoother, eliminating abrupt changes.

The defined bathymetry was smoothed to produce more
realistic experiments (Fig. 1a and b). For this purpose, a first
Delft3D real-time simulation was performed with 6 months
of medium energy wave climate (from the same data point,
Sect. 2.2) and with the same synthetic tidal forcing and flow
rate as used in the rest of the experiments (see Sect. 2.2 for
further details). This wave climate is characterized by a mean
wave height of 1.1 m, a mean peak period of 5.6 s, and two
arrival directions at 0 and 22.5° (following the reference of
Fig. 1a). At the end, the bathymetry reached a quasi-steady
behavior, defined as the basic state, which was then used for
the remaining simulations. For more information see Aragón
et al. (2023).

2.2 Hydrodynamic Forcings

The wave data were provided by the MeteOcean Research
Group of the University of Genoa (Italy) (Besio et al., 2016;
Cassola et al., 2016; Lira-Loarca et al., 2023; Mentaschi et
al., 2013, 2015) at a point located 15.2 km off the Mediter-
ranean coast of Cadiz (Spain). The dataset consists of hourly

information on the significant wave height (Hs), the peak pe-
riod (Tp), and the mean incoming wave direction. The wave
directions were modified to fit into the orientation of the de-
fined physical scenario, following the system of reference
shown in Fig. 1a. The study uses idealized conditions, both
morphological and climatic, which are nevertheless based on
real-world data and potentially representative of other bi-
modal wave climates. Given that the wave data are hourly,
all results in this study are presented on the same time scale
to ensure consistency.

Six different 1-year (from 1 October to 30 September)
wave conditions were used for the morphodynamic experi-
ments, using the basic state as the original topo-bathymetry:
(1) 1980–1981, (2) 1990–1991, (3) 1999–2000, (4) 2000–
2001, (5) 2010–2011 and (6) 2019–2020. While mean Hs
values were similar (1.00–1.11 m), the most extreme waves
(e.g. Hs 99th) showed greater variability, ranging from 2.89
to 3.76 m (Table 1). This selection focuses on a single rep-
resentative site to evaluate the methodology’s sensitivity to
inter-annual variability in wave energy distribution, rather
than climatic shifts across different locations. This approach
ensures consistency in regional characteristics while main-
taining a manageable computational cost for high-resolution
event-based analysis.

For the astronomical tidal forcing, a synthetic tide with
M2 (1 m amplitude and 180° phase) and S2 (0.25 m ampli-
tude and 90° phase) components was defined. This synthetic
tide was based on a semidiurnal tidal regime. The resulting
tidal range was selected as it effectively represents a real-
istic average condition, bridging the gap between a micro-
tidal regime and a meso-tidal regime. Consequently, this tidal
range condition is applicable to a wide array of worldwide
coastal areas (Short, 1991; Whitfield and Elliott, 2012). For
the river input, a constant flow rate of 10 m3 s−1 was selected
based on the ecological and mean flows of Andalusian rivers
with similar characteristics. Information related to the mean
flow can be found in Ruiz-Reina (2021). The ecological flow
data were obtained from Annex V of the hydrological plans
for the Tinto, Odiel, and Piedras; Mediterranean Basins; and
Guadalete-Barbate basins (Junta de Andalucía, 2023a, b, c),
and the Guadalquivir basin (Confederación Hidrográfica del
Guadalquivir, 2023).

2.3 Numerical model

The hydrodynamic and morphodynamic simulations were
conducted using the high-resolution, fluid dynamics Delft3D
model (Lesser et al., 2004), which was developed to simulate
coupled unsteady flows, sediment transport phenomena, and
associated bathymetric changes. The model has been exten-
sively used to analyze river mouth hydro-morphodynamics
(Boudet et al., 2017; Edmonds and Slingerland, 2007; Gao
et al., 2019; Nardin and Fagherazzi, 2012; Nienhuis et al.,
2016). Following the similarity of the study zone to those in
other works such as Lamb et al. (2012) and Jiménez-Robles
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Figure 1. Physical scenario: (a) and (b) depict the smoothed bathymetry (basic state) used for the simulations; (a) plan view where the dashed
black line represents shore-normal incident waves, with positive (negative) values indicating waves coming from the South (North) part of
the figure, and the white arrows on the river channel indicates the flow discharge (Q); (b) 3D view; (c) channel cross-section corresponding
to the dashed white line position in (a); (d) representation of the surface (with variable grid) and the limits for the volume calculated in
each control volume (CV) depicted in (a); and (e) the Delft3D-FLOW domain embedded into a larger Delft3D-WAVE domain; note that the
FLOW domain is coupled with the WAVE domain.

Table 1. Characteristics of the annual wave conditions used, each column representing: statistical values of the significant wave height (Hs),
in order: the mean, the 95th percentile and the 99th percentile, respectively; the total wave power; the yearly mean wave direction (YMWD),
represented by α (°), which is the angle measured with respect to the normal direction, in a clockwise direction; and the number of days
with values that are considered extreme for the Traditional Peaks Over Threshold combination (T-POT) with percentile 95th, 3 d for the
independence criterion and 12 h of minimum duration of the storm.

Year Mean Hs H 95th
s H 99th

s Total Wave Power YMWD α Num.
(Experiment) (m) (m) (m) (×104 kW) (°) T-POT days

1980–1981 (1) 1.08 1.98 3.76 4.07 +11.6 15
1990–1991 (2) 1.01 2.01 3.09 4.13 +10.9 22
1999–2000 (3) 1.05 2.12 2.96 3.68 +9.1 27
2000–2001 (4) 1.08 2.00 2.89 3.81 +13.7 22
2010–2011 (5) 1.11 2.46 3.33 5.35 +11.8 37
2019–2020 (6) 1.00 1.89 2.92 4.06 +11.5 13
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et al. (2016), the effects of wind, Coriolis force, density strat-
ification, and buoyancy (e.g., affecting hyperpycnal or hy-
popycnal behavior) were neglected as in the aforementioned
works. Accordingly, and following similar works (Broaddus
et al., 2025; De Goede, 2020; Hopkins et al., 2018; Mariotti
and Murshid, 2018; Nienhuis et al., 2016; Xie et al., 2024),
depth-averaged simulations were performed to balance com-
putational feasibility with the required accuracy for morpho-
dynamic simulations.

2.3.1 Model hydrodynamics and wave propagation

The hydrodynamic model uses a finite difference scheme to
solve the unsteady shallow water equations for incompress-
ible, turbulent flow. The Flow module with depth-averaged
approximation was used, the continuity and horizontal mo-
mentum equations from Lesser et al. (2004). The Wave mod-
ule uses the third-generation SWAN spectral wave model
(Booij et al., 1999; Ris et al., 1999). It calculates the propaga-
tion of short-crested random waves in coastal regions along
deep, intermediate and shallow waters by solving the action
balance equation and considering wave-current and wave-
seafloor interactions among others. Both modules (Flow and
Wave) are coupled online during the simulations: water lev-
els and currents are considered for the wave propagation pro-
cesses, while wave-induced forces are included in the mo-
mentum equation of the hydrodynamic module. Bathymetry
is also included in the coupling as an extension of the Flow
module.

2.3.2 Sediment transport and morphodynamics

Among the different formulations for non-cohesive sediment
transport included in Delft3D, the formulation by van Rijn
(2007a) was used, as in other works such as Brakenhoff
et al. (2020), Hu and Chen (2023) and Luijendijk et al.
(2017). This formulation accounts for the effective velocity
and the wave orbital velocity. Bed load and suspended sedi-
ment transport for non-cohesive sediments are computed sep-
arately with the model. For bed-load transport, the van Rijn
(2007a) simplified formula for steady flow, applicable with
or without waves, was used:

qb = 0.015ρsuh

(
D50

h

)1.2

M1.5
e (1)

With D50 being the characteristic diameter of the study
area (1 mm), ρs the sediment density [kgm−3], u the depth-
averaged velocity, h the water depth andMe the current-wave
mobility parameter:

Me =
ue− ucr

√
(s− 1)gD50

(2)

Where s is the relative density calculated the ratio of sedi-
ment density to water density (s = ρs/ρw), and ue is the ef-

fective velocity:

ue = u+ γUw (3)

with γ = 0.4 for irregular waves, and the peak orbital veloc-
ity Uw (based on linear wave theory) being given by:

Uw = π
Hs

Tp sin(kh)
(4)

while ucr is the critical depth-averaged velocity:

ucr = βucr,c+ (1−β)ucr,w (5)

being ucr,c the critical velocity based on Shields (initiation
of motion) and ucr,w the critical velocity for waves based on
Komar and Miller (1975) with:

β = u/(u+Uw) (6)

For the suspended sediment transport it was used the van
Rijn (2007b) simplified suspended load transport equation
that reads:

qb = 0.012ρsuD50M
2.4
e (D∗)0.6 (7)

where D∗ is the dimensionless particle size:

D∗ =D50

[
(s− 1)g
υ2

] 1
3

(8)

being υ the kin viscosity
The parameters used for the Delft3D implementation of

the Van Rijn sediment transport formulation are provided in
the Supplement (Table S1).

2.4 Model setup and experimental design

The numerical domain was defined with two rectangular
variable grids, as shown in Fig. 1e. The Flow domain is
nested within a larger Wave grid. The Flow grid was defined
with cell sizes ranging from 22m× 22m to 180m× 120m,
and the Wave grid with cells ranging from 66m× 66m to
1300m×730m. This configuration was developed to ensure
proper nesting and minimize numerical instabilities. Four
open boundaries were considered in the computational grid
(Fig. 1a). The astronomical tidal conditions were imposed at
the offshore boundary, with the ocean tide and waves propa-
gating from the seaward boundary towards the coast and river
mouth. The two cross-shore boundary conditions were de-
fined as Neumann-type, with null alongshore gradient of the
water level to avoid numerical inaccuracies (Roelvink and
Walstra, 2004). Finally, at the upstream boundary of the river
channel, a constant discharge of 10 m3 s−1 was used (as ex-
plained in Sect. 2.2). Equilibrium sediment concentrations
were defined for the transport boundary conditions. The bed
friction was defined using a constant Chézy coefficient of
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65 in both directions, the horizontal eddy viscosity was de-
fined as 2 m2 s−1, and the horizontal eddy diffusivity was de-
fined as 10 m2 s−1. These values are equivalent to those used
by Nienhuis et al. (2016) and Ruiz-Reina and López-Ruiz
(2021). Stability and accuracy requirements were fulfilled us-
ing a time step of 6 s (Deltares, 2026) due to the grid size and
the bathymetry. The initial conditions were defined as water
at rest (cold-start) and null global suspended sediment con-
centration. A morphological 12 h spin-up interval was used
before considering the bathymetry update.

A sensitivity analysis was conducted through eight addi-
tional simulations to assess the robustness of the method-
ology with respect to key model parameters. While main-
taining all other parameters constant, the uniform horizon-
tal eddy viscosity was tested at values of 1 and 5 m2 s−1,
and two Chézy roughness coefficients (60 and 70, in both
directions) were evaluated for comparison with the origi-
nal values. These four sensitivity scenarios were performed
for two representative experiments (1980–1981 and 1999–
2000). The match percentages obtained for both the T-POT
and the optimal POT combination were identical across all
sensitivity scenarios (Table S4 in the Supplement), confirm-
ing that the identified optimal parameter combination is in-
dependent of these numerical settings. To consider the pos-
sible influence of the wave climate variability on the mor-
phological evolution, the experimental design is based on
six different 1 year wave conditions defined in Sect. 2.2.
Each experiment was performed with the same initial base-
line bathymetry (basic state, see Sect. 2.1) and these results
will be further analyzed in the following sections.

Furthermore, it should be noted that this paper only con-
siders results from numerical models of an idealized coastal
area, due to the requirement for synchronized hourly resolu-
tion of climate and morphological data. Although morpho-
logical changes can occur within hours during energetic con-
ditions (Castelle and Harley, 2020; Nienhuis et al., 2016),
existing monitoring technologies often lack the temporal
and quantitative precision necessary for hourly volumetric
change analysis, making it difficult to perform a validation
against field data (see Sect. 3). Nevertheless, as previously
mentioned, the proposed methodology has been applied to
two real-world coastal areas for demonstration purposes, as
detailed in Sect. 5.

3 Identification of morphodynamic and climatic events

The present study aims to define a new method to iden-
tify morphological changes, both erosion and accretion, on
the coast using only deep-water wave information. This new
method will provide the best possible parameters to identify
morphological changes in similar study area. To apply the
method presented here, it is necessary to have the same tem-
poral resolution for both the bathymetry updates and the cli-
mate data.

Figure 2. Schematization of the methodology followed to obtain
the final method of morphological changes identification.

The steps followed to identify the changes are summarized
in Fig. 2. Three main blocks can be distinguished: (1) sim-
ulation of the morphodynamic evolution of the basic state
(Fig. 1a and b), forced with the wave conditions, astronom-
ical tide and river discharge described in Sect. 2.4, in or-
der to obtain the volume variations in the defined control
volumes (CV) (Fig. 1a) and then the morphological events
(ME); (2) identification of the climatic events (CE) for the
longitudinal wave power (LWP) and for the wave height (Hs)
using various Peaks Over Threshold (POT) parameters com-
binations; and (3) find correlations between the ME and CE
to provide the best parameters to reproduce these morpho-
logical changes (or ME). In wave-dominated coasts, the most
common method to define independent events that can pro-
duce morphological changes is the POT method, applied to
a climatic variable, generally wave height (Celedón et al.,
2023; Flor-Blanco et al., 2021; Gramcianinov et al., 2023;
Kümmerer et al., 2024; Vieira et al., 2021). However, in this
work the POT method is also applied to the LWP and the
volume variation.

The POT method extracts independent peak values of the
selected variable above a certain threshold, which must be
identified. The most common method in literature for ob-
taining the threshold is to use the 5 % exceedance level of
the wave height probability distribution (Castelle and Harley,
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Table 2. Values used the different POT combinations for CE.

Percentile Independence Minimum event
criterion (d) duration (h)

95, 96, 98 2, 3, 4 6, 12, 18, 24, 48

2020). Nevertheless, the meteorological independence crite-
rion could be very arbitrary as Harley (2017) pointed out. The
POT method was applied by the definition of three parame-
ters: (1) threshold, defined by a percentile of the probability
distribution, (2) meteorological independence criterion (typ-
ically on the order of days), and (3) minimum event duration
(typically on the order of hours).

There is a combination commonly used to find extreme
events in the Andalusian Atlantic coast (Puig et al., 2016;
Rangel-Buitrago and Anfuso, 2015), in the Algarve coast,
southern Portugal (Almeida et al., 2012), or in the Spanish
Mediterranean, as in the Catalan coast (Lin-Ye et al., 2016),
where the three parameters are determined by: (1) a 95th per-
centile, (2) 3 d as a meteorological independence criterion,
and (3) a minimum duration of 12 h. It is hereafter referred
to as the traditional POT combination or T-POT. Neverthe-
less, a total of 45 parameter combinations (including the tra-
ditional POT, T-POT) were tested for the CE analysis in the
present study (Table 2). As can be seen, there are 3 different
percentiles, 3 different meteorological independence criteria,
and 5 different minimum durations.

Even though coastal storm thresholds are site-specific
(Harley, 2017), the existing literature lacks a unified crite-
rion for these parameters even within the same geograph-
ical regions. Storm definitions are commonly different be-
tween authors, and storm thresholds are often selected arbi-
trarily, with the statistical and meteorological independence
between storm events frequently being neglected (Kümmerer
et al., 2024). This non-uniformity is evident in the thresh-
old selection: for instance, studies on the Mediterranean Sea
utilize varying wave height thresholds, such as the 95th per-
centile (Martzikos et al., 2021), 96th percentile (Del-Rosal-
Salido et al., 2025), or 98th percentile (Sanuy et al., 2024).
Similarly, the minimum storm duration exhibits significant
regional variability: it ranges from 6 h (Mendoza et al., 2011)
to 12 h (Ojeda et al., 2017) for the Mediterranean Sea, while
on the Atlantic coast (Portugal and West Andalusia), the
range is even wider, varying from 12 h (Puig et al., 2016)
to 48 h (Almeida et al., 2012). Regarding the independence
criterion, which is typically approached using a fixed value
(Martzikos et al., 2021), the values shown in Table 2 were
selected to cover the observed range in literature. This range
extends from the lower boundary of 30 h, established for the
South Portuguese coast (Almeida et al., 2012), to the up-
per limit of 96 h (Martzikos et al., 2021). However, since
the POT combinations analyzed included a minimum storm
duration of 48 h, adopting an independence interval shorter

than this would lack physical consistency. Consequently, the
lower boundary was fixed at 48 h (2 d).

A complete list of the 45 combinations and the param-
eters they represent can be found in the Supplement (Ta-
ble S3). In the following, each combination (except T-POT)
will be named as POT(percentile, days, hours). For instance,
the combination represented by the 95th percentile, 2 d for
the independence criterion and 18 h of minimum duration of
the storm will be referred to as POT(95,2,18).

On the other hand, two different combinations of POT
were used for ME. These combinations have the same inde-
pendence criterion of 12 h and the same minimum duration of
3 h, but two different percentiles: 90th and 95th were used to
calculate the threshold of change. In this case, to identify the
results (ME) related to one or the other POT, they are called
ME90 and ME95, respectively. It is also necessary to point
out a slight difference between the use of POT for CE or for
ME. While there is a complete and available database for the
wave conditions, morphology is based on six different and
independent experiments. Therefore, in the case of ME, the
thresholds for POT were calculated independently for each
experiment (six thresholds for each percentile in each CV,
12 in total), but in the case of CE, only one threshold for
each percentile was calculated for the entire time series (three
thresholds).

3.1 Identification of Morphological Events

The first step is the identification of the ME generated during
the morphodynamic simulations. The total volume change
within the control volume (CV) (Fig. 1a), which accounts
for both overall erosion and accretion, was used to character-
ize these morphological variations. Each CV has an area of
0.33 km2, the offshore boundary is set at 10 m b.m.s.l. and
the beach boundary is located at 3 m a.m.s.l. (a schematic
representation is shown in Fig. 1d). The volume is calcu-
lated in relation to the baseline depth of 10 m b.m.s.l., which
is deeper than the closure depth (at 7 m b.m.s.l.) estimated
using the Hallermeier (1980) equation. Following Ortiz and
Ashton (2016), using a baseline deeper than the closure depth
allows the analysis to capture all the sediment mobilization
predicted by the model, as it accounts additional physical
processes (tidal currents and river discharge) that are not con-
sidered in the Hallermeier formula. This choice was also sup-
ported by the numerical grid itself. Using a specific grid line
ensures a more consistent and robust boundary for the vol-
ume change calculations.

The volume in the CV at hour i (voli) of the simulation is
calculated as expressed in equation:

voli =
∑
n

An ·
(
10−hni

)
i = 1. . .tf (9)

Where tf is the end time of the simulation in hours. Thus,
each hourly volume of the CV is calculated as the sum, in
the n grid cells of the CV, of the product of the cell area (An)
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and the difference between the depth−10 m and the depth of
the cell at hour i (hni ).

The identification of the ME is assessed by the volumetric
change every 48 h (1voli , Eq. 10). 1voli was obtained for
each hour as the absolute difference between the CV volume
24 h before and after. After a sensitivity study, it was found
that this 48 h interval allows considering both the cumulative
effect of existing hydrodynamic events (e.g. storms) and the
delay in the response time that often exists between the start-
ing of a hydrodynamic event and the morphological response
of the beach.

1voli = |voli+24− voli−24| (10)

Once the volumetric variations have been obtained for each
CV and for each experiment, the ME is calculated using
the POT method previously explained. Different ME are ob-
tained for each experiment and CV, depending on whether
the 90th or 95th percentile is used as the threshold (resulting
in ME90 and ME95, respectively).

3.2 Identification of Climatic Events

Wave height is frequently used to represent and define ex-
treme events leading to erosion/retreat. However, morpho-
logical changes can also occur due to accretion, for instance
associated with the recovery after a storm or to the long-
shore sediment transport. For an overall and continuous anal-
ysis of the coastal behavior, the recovery (accretion) of the
coast is as important as the erosion (Castelle and Harley,
2020). To include such changes, a more complex descrip-
tion of the wave energy is required, and other proxies could
be used. Wave power could better define overall morpho-
logical changes as it includes not only wave height but also
wave period. Another advantage of wave power is that it can
be decomposed into longitudinal and transverse components,
which includes the influence of the incoming wave direction.
Due to the morphology of the study area and its exposure to
different directions, the LWP was tested as a proxy to identify
the morphological changes in addition to the traditional wave
height POT analysis. To achieve this, the LWP was calculated
every hour using all the available climate data, as described
below.

Wave Power (or wave energy flux, P ) in deep water, is
defined as the wave energy flux per unit of crest length for
a fixed duration, d. The wave energy flux can be calculated
considering the mean energy density, E, and the group wave
celerity, cg, as:

P = E · cg =

(
1

16
ρgH 2

s

)
·

(
gTp

4π

)
(11)

where ρ is the water density, g is the gravitational accelera-
tion, Hs is the significant wave height and Tp is peak wave
period.

The LWP can be calculated as follows:

LWP= E · cg · sin(θ)=
(

1
16
ρgH 2

s

)
·

(
gTp

4π

)
· sin(θ) (12)

Where θ is the direction, following the direction criteria de-
fined in Fig. 1a.

Therefore, it is possible to distinguish between CE related
to wave height or longitudinal wave power. Both are calcu-
lated using the same procedure explained above, the POT
method, which gives 45 possible combinations of CE for
each year that can generate changes in the coast.

3.3 Matching between ME and CE

When a ME and a CE occur at the same time, or close to
each other, this coincidence is referred to as a match. Since
matches refer to the morphological response with respect to a
given CE, it is necessary to consider that the coast has a mor-
phological response time (time lag) to a maritime forcing.
In this study, it was observed that the largest morphological
changes occur within the first 24 h after a CE. Thus, it is con-
sidered a match if there is a CE and the corresponding ME is
up to 24 h later, in at least one of the CVs. For each possible
ME (ME90 and ME95), the variable (Hs or LWP) and the
corresponding POT combination with the highest percentage
of agreement across all simulations is chosen as the selected
pair that best represents the morphological changes in the
study area. Note that a 100 % match would mean that all ME
would be associated with a CE. To confirm the correct func-
tioning of the selected POT combination, the percentage of
the volume mobilized is calculated as the ratio between the
volume mobilized by all ME (ME90 or ME95) and the vol-
ume mobilized only by the ME identified by the CE (LWP
or Hs).

3.4 Optimal POT Selection

The selection of the optimal POT combination is determined
using a statistical approach involving a Composite Index
(CI). This index was computed to rank the 45 POT combina-
tions by synthesizing two normalized metrics: mean perfor-
mance (Mnorm) and consistency (Cnorm). The CI is calculated
separately for each ME percentile (ME90 and ME95), using
the match results obtained earlier. Therefore, a single final
match value (either Mean or Consistency) will be obtained
for each POT combination, aggregating the data from the six
wave conditions and the two CV. Both metrics are scaled to
0–1 range using a min-max scaling, where 1 will be the best
performance. The CI is then calculated as a weighted aver-
age:

CI= 0.7 ·Mnorm+ 0.3 ·Cnorm (13)

This weighted approach assigns a higher weight to per-
formance (70 %) than to consistency (30 %), ensuring the
selected POT combination achieves high accuracy along
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with coherent behavior. The normalized mean performance
(Mnorm) quantifies the average match across all the wave con-
ditions and both CV for each POT combination. It was nor-
malized using a min-max scaling as follows:

Mnorm =
Mc−Mmin

Mmax−Mmin
(14)

Where Mc denotes the average match for a specific POT
combination, calculated across all wave conditions and both
CV, and Mmin and Mmax correspond to the minimum and
maximum of these average match values, respectively, when
considering all 45 POT combinations. The normalized Con-
sistency (Cnorm) coefficient quantifies the relative consis-
tency using the Relative Consistency (RC= σ/µ) coeffi-
cient, which is intentionally inverted to prioritize low vari-
ability (i.e., high consistency). To calculate it, the standard
deviation (σ ) and the mean match (µ) for each POT combi-
nation are needed, each calculated across the six wave con-
ditions and the two CV.

Cnorm = 1−
RC−RCmin

RCmax−RCmin
(15)

This inversion ensures that the most consistent combinations
receive scores approaching 1, allowing for a coherent combi-
nation within the CI.

4 Results

This section shows the simulations results used to describe
the behavior of the bathymetry and presents the results of the
identification method explained in Sect. 3.

4.1 Modeling results

The results of all experiments show the formation of a delta
at the river mouth (Fig. 3). The dynamics of the delta induce
asymmetric behavior in the two CVs. They can both act as a
source (or sink) of material to (or from) the delta.

In each experiment, this asymmetry manifests such that
one CV (typically the SCV) experiences a net loss of ma-
terial to the delta, while the other (typically the NCV) si-
multaneously undergoes accretion from it. Consequently, the
differential morphodynamic response is primarily driven by
the Yearly Mean Wave Direction (YMWD, Table 2), which
shifts the direction on the longitudinal sediment transport.
This mechanism, in conjunction with coast-delta-tide inter-
actions, results in the observed asymmetric morphodynamic
response. Overall, all simulations demonstrate a similar mor-
phology: the formation of a northward-rotated ebb delta. This
pattern is a direct result of the longitudinal sediment transport
generated by the prevailing wave direction of the selected
wave conditions.

4.2 T-POT analysis

Before quantifying the matching results by comparing the
ME and CE criteria, an analysis of the results obtained was
carried out by identifying the ME and their correspondence
with the CE obtained by using the T-POT. As an example,
this section will refer to the 1980–1981 simulation, as can be
seen in Fig. 4 for the ME90 and Fig. 5 for the ME95.

Focusing only on the results relative to the 90th percentile
(Fig. 4), chronologically the first ME, in mid-October, is
identified only by the LWP, indicating that the longshore
wave power alone was sufficient to exceed the ME thresh-
old despite relatively low wave heights. The reverse occurs
in late November, when the wave height conditions are ener-
getic enough to mark a CE that does not correspond to any
ME. Similarly to October, in early December 1980, there
is an ME on the south beach that corresponds to a CE by
the LWP but is not identified by the wave height alone.
The strongest match is observed later in December 1980,
when a higher-energy storm occurs and the year’s largest
ME is identified simultaneously by both CEs (LWP and wave
height). However, in late December 1980, a ME in both CVs
aligns with a CE defined solely by negative LWP, represent-
ing northward-directed waves (negative α, Fig. 1a), despite a
low wave height. Then, in early to mid-January, an uniden-
tified ME can be observed, followed by another that is only
identified by the wave height. Next, from late January to early
May, there is a general simultaneous identification of ME by
both CE. This pattern holds until mid-May when there is a
ME on the south beach that does not correspond to a CE,
whether defined by LWP or by wave height. Then, in August
1981, the only ME identified by the wave height criteria that
is not considered an event by the LWP is observed. When this
ME was analyzed, the importance of cross-shore transport in
this event was highlighted. During the rest of the summer
some ME were detected but no CE was identified.

A further in-depth analysis was performed by observing
whether ME and CE occurred simultaneously (i.e. when the
red dots coincided with the black dots). The quantification
of the ME is performed simultaneously in both CVs, so that
an ME is considered to have occurred if there is a ME in
at least one of the two CVs. As shown in Table 3, there are
a total of 16 ME for the 90th percentile (Fig. 4a and b, in
black). Of these ME, eight are detected by the LWP-based
T-POT CE (Fig. 4c, in red) and six by the Hs-based T-POT
CE (Fig. 4d, in red). This indicates better performance of the
LWP when compared to the wave height, as all identified
LWP-CE coincide with ME. In addition, the T-POT of the
wave height identifies three other CE that are not associated
with any nearby morphological change.

The same analysis was performed for the 95th percentile
results (Fig. 5). As the percentile value for ME calculation in-
creased, the number of detected ME decreased (nine ME in
total across both CVs). Of these nine ME, six (five) coincide
with a T-POT CE based on the LWP (Hs), which also indi-
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Figure 3. Final bathymetries obtained for each simulation: (a) 1980–1981, (b) 1990–1991, (c) 1999–2000, (d) 2000–2001, (e) 2010–2011
and (f) 2019–2020.

Table 3. Number of T-POT CE for both variables (LWP andHs) and coincidences (match) for all the experiments. The Total ME90 or ME95
are the number of ME that occur at least in one CV.

1980–1981 1990–1991 1999–2000 2000–2001 2010–2011 2019–2020

CE-LWP 8 10 6 6 10 9
CE-Hs 9 10 10 8 14 8

Total ME90 16 19 13 13 20 16
Match CE-ME90 / total CE-LWP 8 / 8 9 / 10 6 / 6 6 / 6 10 / 10 9 / 9
Match CE-ME90 / total CE-Hs 6 / 9 8 / 10 6 / 10 7 / 8 14 / 14 5 / 8

Total ME95 9 11 7 11 11 11
Match CE-ME95 / total CE-LWP 6 / 8 9 / 10 6 / 6 6 / 6 9 / 10 9 / 9
Match CE-ME95 / total CE-Hs 5 / 9 8 / 10 3 / 10 7 / 8 11 / 14 4 / 8

cates better performance of the LWP compared to the wave
height criterion. In this case, both variables have identified
CEs that are not associated with any ME: 2 overestimations
of LWP and 4 of Hs. This result also suggests that LWP of-
fers a slightly improved performance over Hs in defining a
morphological event.

For the remaining experiments, the results can be found
in Supplement (Figs. S1–S10), with a summary given in Ta-
ble 3.

It is noteworthy that for ME90 (ME95), all CE detected
by the LWP have a corresponding ME in five (three) out of
six experiments. In contrast, for the wave height criterion,
this correspondence occurs in only one (zero) out of six ex-
periments. Consequently, the overestimation of events when
using wave height is higher than that obtained using LWP.
However, for the T-POT analysis, no experiment achieved a

complete alignment across all ME metrics. To further evalu-
ate the performance of LWP and Hs, the rates of overestima-
tion and underestimation were analyzed. Here, overestima-
tion refers to a CE with no corresponding ME, while under-
estimation refers to an ME that remains undetected by any
CE. These rates are closely linked to the choice of percentile
(ME90 or ME95). As shown in Table 3, the use of ME90 re-
sults in a greater number of events, leading to a near-perfect
match where almost all CE correspond to an ME. Conversely,
because ME95 identifies fewer events, it fails to capture all
CE, resulting in higher underestimation.

A direct magnitude comparison between the wave height
and LWP thresholds can be misleading since LWP rep-
resents only a fraction of the total wave power. Further-
more, the identification of ME events only by wave height
(late November, mid-January, and late August) underscores
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Figure 4. Comparison between volume changes, in north (a) and south CV (b), LWP (c) and wave height (d) during the 1980–1981 climate
for ME90 (90th percentile for volume variation). In (c) and (d) the CE related to T-POT are marked in red dots.

the importance of cross-shore sediment transport, a process
where Hs is the primary driver of bed shear stress and sedi-
ment resuspension. The absence of CE by LWP-ME match,
alongside the existence of a CE by Hs-ME match, sug-
gests that the wave conditions were conducive to significant
cross-shore morphodynamic change (e.g., beach erosion/ac-
cretion). However, as the cross-shore wave power is directly
related to the wave height, the LWP is a key indicator to iden-
tify more ME than using just Hs or other cross-shore limited
indicator that will not account with longshore variability on
sediment transport/deposition.

4.3 Analysis of the matches: POT optimization

The results presented in this section are divided into three
parts: (1) match percentage values, (2) a statistical approach
to find the optimal POT combination(s), and (3) a final study
of the mobilized sediment. In general, higher matches (darker
green color in Figs. 6 and 7) are found for combinations 1–

30 (relative to the 95th and 96th percentiles), and even higher
for combinations 1–14 (95th percentile). It can also be seen
that ME95 (Fig. 7) has a higher percentage of matches than
ME90 (Fig. 6) due to the lower number of ME.

On average, LWP performs better than wave height in
terms of match, as the CE by LWP identifies more ME. Nev-
ertheless, for Experiment 5 (2010–2011), the wave height has
a better performance, especially for the NCV. On the other
hand, Experiment 6 (2019–2020) has the worst performance
for wave height, also in the NCV. Although the choice of the
best variable may depend on the wave behavior, LWP per-
formed generally better than wave height for the set of ex-
periments used. When comparing both CVs, the NCV had
a more diverse behavior in the results than the SCV, which
could indicate a shadow effect from the delta. The two ex-
periments that have more extreme behavior are Experiment
5 (2010–2011) and Experiment 6 (2019–2020), and the dif-
ference was concentrated at the NCV, while for the SCV the
results are not so different. Experiments 5 and 6 are similar in

https://doi.org/10.5194/nhess-26-2065-2026 Nat. Hazards Earth Syst. Sci., 26, 2065–2088, 2026



2076 M. Aragón et al.: Longitudinal wave power as a proxy for coastal change detection

Figure 5. Comparison between volume changes, in north (a) and south CV (b), LWP (c) and wave height (d) during the 1980–1981 climate
for ME95 (95th percentile for volume variation). In (c) and (d) the CE related to T-POT are marked in red dots.

terms of YMWD (Table 1), but the wave conditions for the
year 2010-2011 (Experiment 5) generated an added 31.8 %
of total wave power. On the other hand, Experiment 5 is the
one with more T-POT days, while Experiment 6 is the one
with fewer T-POT days (Table 1).

When comparing the performance of the POT combina-
tions through statistical analysis, it is noteworthy that the
Combination 11, or POT(95,4,6) (characterized by a 95th
percentile, 4 d for the independence criterion, and 6 h of min-
imum duration), is the top-performing one among all tested
combinations. Moreover, as can be seen in Figs. 8 and 9,
Combination 11 is the highest-ranked for both ME possi-
bilities. The mean match percentages for ME90 (Fig. 8) are
smaller than for ME95 (Fig. 9). However, a similar trend can
be found in both, as the combinations with a higher threshold
identify fewer ME. Moreover, as seen in Figs. 8d and 9d, the
TOP 10 of the POT combinations for ME90 and ME95 are
in the combinations 1–14 (95th percentile). Therefore, using

the 95th percentile for the threshold seems to outperform the
results, whether for wave height or LWP.

Another observation that arises from the results is that for
combinations with a minimum storm duration of 48 h (com-
binations 5, 10, 15, 20, 25, 30, 35, 40, and 45), the match
rate decreases drastically, as few storms exhibit such persis-
tence. However, for combinations 15, 30, and 45, as the inde-
pendence criterion increases to 4 d, the percentage of match
slightly increases. This trend suggests that the effectively
identified ME are short-lived, high-intensity impulses rather
than sustained, long-duration ME. For the optimal combi-
nation, the average percentage of matches ranged between
56.1 % and 86.1 % for the different considered criteria and
CV with maximum values reaching up to 80 % in some cases.

In terms of matches, the best pair was determined to be
LWP and Combination 11. This can be supported by look-
ing at the mobilized volume (Table 4). In general, the per-
centage of mobilized volume is higher for the ME identi-
fied by the CE by LWP criterion than for those identified
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Figure 6. Matches between ME90 and Hs in North CV (NCV, a), LWP in NCV (c), Hs in South CV (SCV, b), and LWP in SCV (SCV, d),
for all the experiments and all the POT combinations for CE. Colors represent the % of match.

Figure 7. Matches between ME95 and Hs in North CV (NCV, a), LWP in NCV (c), Hs in South CV (SCV, b), and LWP in SCV (SCV, d),
for all the experiments and all the POT combinations for CE. Colors represent the % of match.
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Figure 8. Statistical analysis relative to ME90. (a) Mean match of LWP; (b) mean match of wave height. The mean values in (a) and (b) are
calculated across all wave conditions and both CV, for each POT combination. (c) Mean match between LWP and wave height; (d) TOP 10
of combinations ranked by the Composite Index (CI), with the combination number indicated above each bar.

by wave height. This percentage is systematically higher for
ME95, reaching more than 90 % in some cases. The percent-
ages corresponding to Combination 11 are generally higher
than those of T-POT, indicating that this combination not
only finds a higher match in each case, but also achieves bet-
ter performance in terms of sediment volume, as it considers
more ME. This improved performance in mobilized volume
suggests that when the LWP is large enough to capture a CE,
there is a much greater correspondence with actual morpho-
logical change within the 24 h following the onset of the CE.

However, when analyzing mobilized sediment (Table 4),
LWP shows better performance than wave height in the SCV
for both ME90 and ME95. Conversely, in the NCV, LWP
only excels for ME90, while wave height provides superior
results for ME95 (by a mean of approximately 5 % for both
POT combinations). This discrepancy is likely because long-
shore sediment transport is truncated by the delta, thereby
restricting northward sediment transfer.

5 Application to real-world study areas

The methodology was applied to two different real-world
study areas in Southern Spain: the Punta Umbría Inlet, fol-
lowing Zarzuelo et al. (2019) and the Guadiana estuary,
following López-Ruiz et al. (2020). For both study cases,

models were implemented in Delft3D and have been cali-
brated and validated against field-measured bathymetric sur-
veys, providing continuous morphological simulations over
real observed periods. For the Punta Umbría Inlet, the model
spans from July 2014 to October 2015, with model data ob-
tained at 3 h intervals. For the Guadiana estuary, two sep-
arate simulations with hourly data were utilized: (1) from
July 2016 to June 2017, and (2) from June 2017 to December
2018. This section presents the match results for each simu-
lation using the two primary POT combinations: T-POT and
Combination 11.

5.1 Punta Umbría Inlet

The Punta Umbría Inlet (hereinafter PUI) consists of a NW-
SE trending channel, 8 km in length and 0.5 km in width,
with a maximum depth of 12 m b.m.s.l. Characterized as
an ebb-tidal system, it features minor ebb channels, shoals,
and frontal lobes. The model utilizes a spatially distributed
D50 sediment grain size, ranging from 0.5 to 4 mm. This
is defined via a grid-based input file to reflect the natural
variability of the seabed. Due to long-standing navigational
difficulties associated with shoal development, a jetty was
constructed at the inlet, reaching 4 m b.m.s.l. The numeri-
cal setup and validation procedures follow Zarzuelo et al.
(2019) in their entirety. A comprehensive description of the

Nat. Hazards Earth Syst. Sci., 26, 2065–2088, 2026 https://doi.org/10.5194/nhess-26-2065-2026



M. Aragón et al.: Longitudinal wave power as a proxy for coastal change detection 2079

Figure 9. Statistical analysis relative to ME95. (a) Mean match of LWP; (b) mean match of wave height. The mean values in (a) and (b) are
calculated across all wave conditions and both CV, for each POT combination. (c) Mean match between LWP and wave height; (d) TOP 10
of combinations ranked by the Composite Index (CI), with the combination number indicated above each bar.

Table 4. Percentage of mobilized volume by ME identified by CEs (depending on CV and variable) relative to total mobilized volume by all
ME (ME90 or ME95, represented as 90th and 95th respectively). In bold, the higher percentage per CV and per year.

NCV SCV

LWP 90th Hs 90th LWP 95th Hs 95th LWP 90th Hs 90th LWP 95th Hs 95th

T-
PO

T

1980–1981 67.2 % 62.5 % 77.5 % 77.1 % 66.8 % 48.2 % 84.5 % 66.8 %
1990–1991 66.4 % 65.6 % 66.4 % 85.1 % 62.8 % 53.9 % 62.2 % 78.5 %
1999–2000 52.4 % 38.4 % 63.5 % 47.6 % 56.3 % 32.5 % 67.4 % 31.4 %
2000–2001 44.1 % 51.4 % 47.6 % 74.5 % 74.8 % 58.9 % 96.0 % 76.1 %
2010–2011 67.9 % 86.9 % 77.8 % 95.7 % 72.6 % 66.0 % 92.9 % 83.0 %
2019–2020 64.8 % 48.3 % 81.2 % 64.2 % 62.7 % 22.5 % 85.0 % 30.5 %

C
O

M
B

IN
A

T
IO

N
11 1980–1981 69.5 % 63.8 % 80.6 % 77.1 % 66.8 % 53.7 % 84.5 % 74.9 %

1990–1991 67.4 % 67.4 % 66.4 % 85.2 % 64.1 % 58.5 % 62.2 % 82.6 %
1999–2000 55.4 % 52.5 % 66.5 % 62.6 % 59.7 % 49.6 % 71.0 % 55.6 %
2000–2001 48.3 % 57.0 % 54.7 % 81.4 % 74.8 % 58.9 % 96.0 % 76.1 %
2010–2011 73.0 % 86.9 % 81.5 % 95.7 % 81.1 % 66.0 % 95.2 % 83.0 %
2019–2020 68.5 % 49.4 % 82.1 % 65.2 % 65.0 % 23.2 % 87.7 % 30.5 %

model performance is available in that study. The control vol-
ume used to apply the methodology is located in the channel
(Fig. S11 in the Supplement). The match values obtained for
the T-POT are 43.4 % and 41.4 % for the LWP-ME90 and
LWP-ME95, respectively, and 42.7 % and 45.1 % for theHs-
ME90 and Hs-ME95, respectively. For the optimal combi-
nation (Combination 11, POT(95,4,6)), the match results for

LWP increase to 47.4 % (ME90) and 47.5 % (ME95), while
the Hs matches remain identical to those of the T-POT. This
suggests that the Combination 11 improves upon the T-POT
for LWP while maintaining the same accuracy for Hs.
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5.2 Guadiana estuary

The numerical setup for the Guadiana estuary follows the
configuration described in López-Ruiz et al. (2020), where
a comprehensive description of the model’s calibration and
performance is available. The study area encompasses the
ebb-tidal delta of the Guadiana River, located at the southern
border between Spain and Portugal. The region is character-
ized by a semi-diurnal mesotidal regime, with a mean tidal
range of 2 m. Similar to the PUI, the river mouth is stabilized
by a jetty system, and the main channel undergoes periodic
dredging to maintain navigability. Sediment distribution in
the area exhibits the high variability typical of deltaic envi-
ronments, with grain sizes ranging from fine to coarse sands.
The model utilizes a spatially distributedD50 sediment grain
size, ranging from 1 to 10 mm. This is defined via a grid-
based input file to reflect the natural variability of the seabed.

Two simulations covering different periods are available
for this study area, hereafter referred to as Guadiana 1617
(from July 2016 to June 2017) and Guadiana 1718 (from June
2017 to December 2018). The control volume used to apply
the methodology is located in the ebb delta, within an area
comparable to the one analyzed by Garel et al. (2019) to un-
ravel the sediment transport patterns in the delta (Fig. S12
in the Supplement). For Guadiana 1617, the match values
obtained for the T-POT are 63.5 % and 62.9 % for the LWP-
ME90 and LWP-ME95, respectively, and 64.3 % and 63.9 %
for the Hs-ME90 and Hs-ME95, respectively. For the Com-
bination 11, the match results for LWP increase to 67.5 %
(ME90) and 67.9 % (ME95), while the Hs matches remain
identical to those of the T-POT. For the Guadiana 1718 pe-
riod, the T-POT achieved match values of 72.3 % and 90.5 %
for LWP (ME90 and ME95, respectively), and 73.1 % and
90.5 % for Hs. The Combination 11 improved the LWP-
ME90 match to 79 % and the Hs-ME90 to 74.4 %, while
maintaining identical results for all ME95 events. Notably,
almost all ME95 occurred during Storm Emma (February
2018), which heavily impacted the South Atlantic coast of
the Iberian Peninsula (Málvarez et al., 2021).

6 Discussion

This study evaluates the conventional reliance on signifi-
cant wave height (Hs) for identifying coastal morphological
events and proposes a more robust methodology centered on
Longitudinal Wave Power (LWP) within an optimized Peaks
Over Threshold (POT) framework. In the traditional coastal
engineering methodologies, Hs has been used as a key pa-
rameter in structural design (Goda, 2000). This parameter has
been consistently applied in storm impact studies, predomi-
nantly through POT approaches that focus on extreme wave
heights (Kümmerer et al., 2024). Despite their efficacy in en-
suring structural safety and their continued use in character-
izing coastal storms (Harley, 2017; Kümmerer et al., 2024),

these approaches have significant limitations when applied to
comprehensive coastal morphodynamic studies. These limi-
tations arise from the complex role that sediment transport
processes play in driving morphodynamic changes along the
coastline, which cannot be captured byHs alone. The model-
ing results of this work demonstrate this limitation, as shown
in Sect. 4.2 where traditional POT approaches based solely
on Hs failed to identify numerous significant ME. As shown
in Table 3, the wave height criteria identified several CE that
did not correspond to any actual ME, while several ME were
only correctly identified by the LWP-based approach. This
finding supports the need for methodological advances be-
yond conventional Hs analysis.

6.1 The role of wave direction

In many coastal regions, longshore processes can induce sig-
nificant morphological changes. This is especially relevant
in coastal zones adjacent to inlets, which are highly sensitive
to shifts in wave direction and wave regime (Stevens et al.,
2024). Castelle et al. (2020) highlighted that modest varia-
tions in wave obliquity can induce substantial beach rotation
and planform changes in embayed beaches, where shifts as
small as 5–10° in the dominant wave direction can induce
complete reversals in sediment transport patterns. Similarly,
Loureiro et al. (2012a, b) found that wave direction shifts of
as small as 10° can transition beach systems from an equilib-
rium state to erosive conditions, especially when these shifts
coincide with high-energy wave events. The modeling results
described in Sect. 4.1 confirm this sensitivity, showing that
all simulations produced asymmetric delta formation with
northward rotation (Fig. 3), directly reflecting the prevailing
wave direction of the selected yearly wave conditions (Ta-
ble 1, YMWD).

The effect of wave obliquity is further magnified in ar-
eas with complex nearshore bathymetry, where directional
changes in wave approach angles can create localized erosion
hotspots and accelerate sediment transport rates even under
moderate wave energy conditions (Horta et al., 2018). Ac-
cording to these authors, wave obliquity can influence beach
circulation patterns, which can rapidly shift from longshore-
dominated to rip-dominated systems depending on changes
in offshore wave direction and tidal conditions. These cir-
culation transitions can lead to relevant morphological re-
sponses even when wave heights remain relatively constant.
This directional sensitivity, coupled with complex local in-
teractions between the ebb delta, the discharge, the tides, and
the nearshore currents, results in the observed morphody-
namic asymmetry between the two control volumes. It is also
the driving mechanism behind alongshore changes to coastal
morphology that simpler indicators like Hs alone might not
report.

Despite these documented impacts, most of the research
examining the impact of longshore transport on coastal
evolution has focused on monthly to multi-year timescales
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(e.g., Fernández-Fernández et al., 2020; Kahl et al., 2024;
Roelvink et al., 2020; Stevens et al., 2024), without ana-
lyzing how these directionally sensitive processes operate at
the event time scale. The methodology of this work, based
on the LWP (Eq. 12), which integrates directional informa-
tion, provides a more process-relevant proxy for the coastal
forces driving event-based morphological change, enabling
the detection of significant coastal responses that would be
missed by conventional Hs approaches. Furthermore, by ap-
plying the LvC (Longshore vs. Cross-shore) index proposed
by López-Dóriga and Ferreira (2017), it was found that the
NCV exhibits a more cross-shore dominated in experiment
2 (1990–1991) with an LvC= 0.18, and in experiment 5
(2010–2011) with LvC= 0.01, both of which correspond
to a higher Hs-match. Conversely, the SCV shows system-
atically higher LvC across most experiments, indicating a
greater degree of longshore dominance, which corresponds
with a higher LWP-match. The calculated LvC indices for all
experiments and control volumes are provided in Table S5 in
the Supplement.

6.2 Main novelties and methodological advancements

The methodology proposed in this paper expands beyond
typical erosive storms as the sole contributor to significant
short-term morphological changes. It integrates other CE
capable of inducing substantial short-term morphological
change through both erosion and sedimentation processes.
This approach directly addresses the limitations identified
in Sect. 4.2, where traditional wave height-based methods
failed to capture many ME. A major advantage of the method
is its generalizability. Although developed for an idealized
coastal zone described in Sect. 2.1, it can be applied to dif-
ferent geographical and geomorphological contexts. The ap-
proach addresses both erosion and sedimentation processes
simultaneously, providing a comprehensive view of mor-
phological changes, a significant improvement over existing
methods that typically focus on either erosion or sedimenta-
tion in isolation, as noted by Mentaschi et al. (2018) in their
global assessment of coastal erosion and accretion patterns.

The methodology is innovative in its use of deep-water
variables to enhance flexibility and applicability across di-
verse coastal environments (Sect. 2.2). The method also ac-
counts for post-storm recovery processes, an essential com-
ponent for understanding long-term coastal dynamics that
is frequently overlooked in traditional storm impact assess-
ments. This recovery aspect is particularly important, as
shown by Málvarez et al. (2021) who documented both the
immediate erosional impacts of storms and the subsequent
recovery periods in developed coastal systems.

One of the key elements of the methodology is the use of
the LWP, which has been under-utilized in previous coastal
morphodynamic studies. As defined in Sect. 3.2 (Eq. 12),
this parameter provides important insights into the impact of
directional wave energy, complementing the traditional Hs

analyses. The results in Sect. 4.3 demonstrate that LWP can
outperform wave height in identifying morphological events.
Furthermore, the optimization approach analyzing multiple
POT combinations (Table 2) allows for the identification of
the most effective parameter set for detecting morphological
changes. As shown in Table 4, the optimized POT combina-
tion not only achieved higher match percentages in all sce-
narios (Figs. 8 and 9) but also captured a greater proportion
of the total sediment volume mobilized during morpholog-
ical events, particularly for ME95, where it exceeded 90 %
in several cases. This demonstrates a more robust linkage
between the identified climatic forcing (LWP-CE) and the
coastal response. It should be noted, however, that the supe-
rior performance of LWP does not preclude the utility of Hs
as a morphological proxy. In coastal settings characterized by
a low LvC index, where cross-shore processes dominate sedi-
ment transport,Hs remains a more accurate indicator of mor-
phologically significant events, suggesting that LWP serves
as a complementary proxy rather than a total replacement.

6.3 Limitations and further improvements

While the methodology offers several advances, it also has
specific limitations that require further refinement. The use
of deep-water variables, while providing flexibility and ease
of application, may introduce uncertainties when applied to
complex coastal sites with intricate bathymetry or varying
nearshore wave conditions. This limitation can be particu-
larly evident in areas where wave transformation between
offshore and nearshore zones is complex and nonlinear, as
observed by Loureiro et al. (2012b) in their study of geo-
logically constrained morphological variability on embayed
beaches. The robustness of the methodology is further sup-
ported by its transition from idealized configurations to real-
world scenarios (Sect. 5). Although the method was de-
veloped following established idealized frameworks (e.g.,
Jiménez-Robles et al., 2016; Ruiz-Reina and López-Ruiz,
2021), its successful validation in calibrated environments
with real-world forcings, which include wind, variable river
discharge, and full tidal regimes, addresses the applicability
to complex coastal zones and supports the robustness of the
methodology under more complex forcing conditions.

This methodological approach differs from traditional Hs-
based POT techniques used in coastal engineering and opens
new research directions to verify its performance under dif-
ferent conditions. It represents the first application of LWP-
based POT, making direct comparison with traditional Hs-
based POT analyses challenging. The results demonstrate
that climatic events can be effectively characterized through
a composite LWP-based POT analysis, incorporating estab-
lished parameters such as independence criteria and event
duration. While the specific parameter combination identi-
fied appears robust for the detection of morphological events
in the study area, it is likely to be site-dependent, requiring
site-specific calibration in future applications. Future vali-
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dation efforts may become feasible as emerging monitoring
technologies (e.g., continuous video systems, high-resolution
remote sensing) develop the capability to provide the re-
quired temporal resolution for morphological measurements,
across a wider range of LvC conditions.

6.4 Implications for Coastal Management

The approach here presented has significant management ap-
plications by enabling advanced forecasting of coastal mor-
phological changes. This ability to anticipate coastal re-
sponses represents a critical advance in management prac-
tices, considering that coastal zones provide essential protec-
tion against erosion and flooding, which is critical for adap-
tation and planning decisions (Toimil et al., 2023). Current
approaches to coastal protection against erosion and extreme
flooding often involve the definition of setback buffer zones
where permanent construction is prohibited (Karditsa and
Poulos, 2024; Sanò et al., 2011). Sanò et al. (2011) specif-
ically emphasized that effective setback definition requires
dynamic assessment methods that account for both long-term
trends and event-driven morphological changes, a gap that
the methodology presented here directly addresses.

Nahon et al. (2022) also found that increased rates of
LWP (along with the associated longshore currents and sed-
iment transport), resulted in the erosion of barrier spits on
the updrift margin of a tidal inlet. All the above statements
and existing results prove the need to include the longshore
component of sediment transport (which is directly associ-
ated with LWP) in 3D analyses of short-term morphologi-
cal changes in coastal areas. Therefore, accurately quantify-
ing sediment transport requires the inclusion of wave direc-
tion. LWP captures this directional effect and offers a more
complete description of the coastal forces driving morpho-
dynamic change. While previous studies address shoreline
retreat assessment, many rely on large-scale analysis that ne-
glects cumulative storm impacts, storm duration, and spac-
ing effects (Monioudi et al., 2023; Xie et al., 2024). The new
methodology addresses these gaps and could assist managers
and policymakers in identifying at-risk beaches, estimating
losses in beach carrying capacity and economic value, and
prioritizing effective adaptation responses.

From an operational management perspective, coastal
zone concessions do not usually consider the available beach
area or the expected shoreline evolution. Palazón et al. (2018)
documented this disconnection in southeastern Spain, where
62 % of the concessions were inappropriately located in re-
lation to coastline dynamics, leading to both infrastructure
damage and reduced user satisfaction as the freely usable
beach surface area is reduced. This approach allows for a
more detailed analysis of individual storm impacts but also
to impacts resulting from longshore shifts, thereby improv-
ing the coastal area management. Celedón et al. (2023) iden-
tified similar challenges in their assessment of risk hotspots
for storm events in coastal regions with high morphodynamic

variability, emphasizing the need for event-based forecast-
ing capabilities such as those provided by the here presented
method. Understanding which CE are likely to trigger signifi-
cant changes in specific coastal areas enhances the prepared-
ness of coastal managers and facilitates preventive actions
such as timely asset removal or targeted short-term nourish-
ment to mitigate erosion (Málvarez et al., 2021).

Ultimately, by providing a tool to link specific climatic
forcing patterns (including directional shifts that may be al-
tered by climate change) with morphological responses, this
method can contribute to the development of more effective,
process-based coastal adaptation strategies, including early
warning systems or the strategic implementation of nature-
based solutions.

7 Conclusions

This study introduces a methodology to determine when sig-
nificant morphological changes will occur along coastal ar-
eas due to the combined action of tides, river discharge, and
waves. While traditional approaches focus primarily on ero-
sion, the presented method considers both erosion and accre-
tion processes, providing a more comprehensive understand-
ing of coastal dynamics. Deep-water significant wave height
(Hs) was compared with longitudinal wave power (LWP) as
predictors of morphological change through different combi-
nations of Peak-Over-Threshold (POT) parameters, includ-
ing minimum event duration and independence intervals be-
tween different events.

The experimental framework employed an idealized
coastal zone with a central inlet, representative of the mor-
phology of the Spanish Mediterranean coast. The numeri-
cal simulations revealed the formation of a delta at the river
mouth, which caused the northern and southern beach sec-
tions to behave as independent morphodynamic units. Vol-
ume variations in two control areas (north-south) were used
to define the match between climatic events and morpho-
logical events. By systematically testing 45 different POT
combinations, a consistent pattern was identified across all
six wave climate conditions. The optimized POT configu-
ration (Combination 11: 95th percentile threshold, 4 d inde-
pendence criterion, and 6 h minimum duration) consistently
outperformed other combinations, including the traditional
POT approach commonly used in coastal engineering. This
optimized framework not only achieved higher match per-
centages (up to 86.1 %) between climatic and morphological
events but also captured a significantly greater proportion of
mobilized sediment volume, exceeding 90 % in several sce-
narios.

The results highlighted the limitations of traditional Hs-
based POT approaches to identify coastal changes. Not only
did these methods fail to identify many morphologically
significant events, but they often flagged high wave events
that had minimal morphological impact. LWP consistently
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demonstrated superior performance compared to Hs due to
the incorporation of wave direction, enabling detection of
morphological changes driven by directional shifts that can
occur even under moderate wave height conditions. More-
over, the methodology remains consistent when applied to
real-world coastal areas. Although match percentages may
be slightly lower due to the inherent complexity of natural
systems, the core patterns observed in the idealized cases are
maintained. This confirms that the LWP-based approach is
a highly applicable and reliable tool for event detection in
actual coastal environments.

This methodology offers considerable practical value for
coastal managers by enabling more accurate predictions of
morphological changes and supporting proactive manage-
ment strategies. Crucially, the ability of this methodology
to accurately identify morphologically significant events,
whether by applying the optimized POT combination or
by leveraging the superior predictive capacity of LWP, is
highly valuable for coastal hazard assessment. By apply-
ing these optimized criteria to operational climate models
and wave forecasts, managers can preemptively identify a
broader range of high-risk events. The application to real-
world study areas further confirms the robustness of this
methodology, as the optimal POT combination consistently
outperforms traditional approaches across all analyzed simu-
lations.
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