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ABSTRACT

Wave setup is a physical process that induces a temporal increase of the mean water level due to wave
dissipation by bottom friction and breaking in the surf zone, extending over tens to hundreds of meters in the
cross-shore direction. Wave setup contribution to coastal sea level solely induced by wind and atmospheric
effects can increase by more than 100% under extreme events and conditions favoring its formation. It is
therefore crucial to consider this phenomenon when assessing sea-level-related coastal hazards. Previous studies
estimated the wave setup effect by means of numerical modeling and empirical formulations at regional and
global scale. Such analyses require either high computational capacity to implement high-resolution numerical
models over large domains, and/or accurate information on coastal morphological features from global or
regional databases. Although the Mediterranean Sea is a fetch-limited environment, waves generated from
extra-tropical cyclones are powerful enough for wave setup to develop, and subsequently for a potential
significant wave setup contribution to extreme coastal sea level. Through the use of both numerical and
empirical methods, we investigate the uncertainty associated to wave setup representation on the frequency
and magnitude of coastal extreme sea levels occurring on sandy beaches in the Mediterranean Sea. Wave setup
values are compared at beach scale between process-based modeling and empirical approaches, showing highly
variable results. We also quantify the impact of wave setup on return levels of coastal sea level extremes using
reconstructed sea levels. We employ various methods to calculate the wave setup component. Results show
high spatial dispersion, with clear differences between the numerical and empirical approaches, especially in
regions prone to the development of energetic waves. The total inter-method dispersion of 100-year return
levels is often higher than 30 cm for average values of 62.4 cm. We emphasize the important limitations
related to wave setup modeling (i.e., its underestimation) at large scale, and call for caution when applying
empirical formulations (generally developed from local studies) at regional to global scale, which can lead to
unrealistic wave setup values.

1. Introduction

waves and bottom friction dissipation as an external contribution to the
total water level. Similarly, swash (water uprush and backwash after

Coastal extreme sea levels occurring during stormy meteorologi-
cal conditions have been widely investigated at global and regional
scales (Marcos et al., 2009; Vousdoukas et al., 2016, 2017; Wahl et al.,
2017; Fernandez-Montblanc et al., 2020; Muis et al., 2020; Melet et al.,
2018, 2020). Such events are mainly driven by storm surges, defined
as the elevation of the sea surface with respect to the predicted tide.
Storm surges drivers are almost systematically reduced to the inverse
barometric effect (associated to low atmospheric pressure) and wind
setup effects, assuming wave setup induced by nearshore breaking
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a wave breaks) is often neglected. While the swash time frequency is
typically associated with the individual wave periods, the wave setup
component is more aligned with the average behavior of the wave field
over extended periods, with a time frequency of the order of minutes
to hours. In this work we focus on the wave setup effect on coastal
extreme sea levels. In the Mediterranean Sea, the contribution of wave
setup to coastal sea level is expected to be small compared to regions
prone for swell generation and propagation, mostly because of limited
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fetches. However, several studies focusing on coastal extreme sea level
at hourly frequency showed that extra-tropical cyclones can produce
high and powerful waves that eventually generate substantial wave
setup, whose contribution to coastal sea level may be comparable in
magnitude to other processes, such as wind setup and inverse barom-
eter effects (Amores et al., 2020; Pérez-Gomez et al., 2021; Toomey
et al., 2022b,a).

As introduced by Longuet-Higgins and Stewart (1964), the dissi-
pation of waves propagating towards the coast can ultimately lead
to the development of wave setup along the coast. Specifically, the
waves dissipation in the nearshore induces horizontal variations of
the radiation stress, i.e horizontal variations of transport of wave-
induced momentum. Until the wave breaking point, wave-induced
stress radiation increases due to wave shoaling, balanced by a neg-
ative mean surface slope (wave setdown). The wave radiation stress
then decreases due to the wave dissipation by bottom friction and
mainly wave breaking, balanced by a positive mean surface slope
(wave setup). The radiation stress (RS) theory from Longuet-Higgins
and Stewart (1964) has been previously employed in numerical simu-
lations for characterizing the wave setup phenomenon. This has been
achieved through the use of 2-dimensional horizontal (2DH) hydro-
dynamic model coupled with a spectral phase-averaged wave model,
with several studies highlighting significant contribution of wave setup
to coastal sea level (e.g., Roland et al. (2009), Bertin et al. (2015),
Amores et al. (2020)). However, following the RS formalism, such 2DH
approach cannot represent the vertical structure of the wave-induced
circulation in the surf zone. Earlier studies (Guza and Thornton, 1981;
Raubenheimer et al., 2001) stressed the potential underestimation of
wave setup following Longuet-Higgins and Stewart (1964), especially
at the shoreline. Apotsos et al. (2007) investigated the bottom stress
owing to the mean offshore-directed flows in the surf zone (undertow).
These authors showed that neglecting bottom stress could lead to severe
underestimation of the wave setup (mean error 3 times larger for depths
between 0.3 m and 1 m). In addition, Bennis et al. (2014) showed
that accounting for both bottom stress and vertical mixing could sig-
nificantly contribute to wave setup, later corroborated by Buckley
et al. (2016). Specifically, these authors found a 16% wave setup
increase due to bottom stress by reproducing in laboratory wave dissi-
pation over a rough bottom mimicking a coral reef. Recently, using the
SCHISM model (Zhang et al., 2016), Martins et al. (2022) investigated
the impact of the depth-varying wave-induced mean circulation on
wave setup through 3D fully coupled simulations with the vortex-force
(VF) formalism of Bennis et al. (2011), first implemented by Guérin
et al. (2018). They found that a 3D-VF approach accounting for wave-
induced mean circulation in the surfzone could substantially increase
wave setup. Specifically, for steep slopes (higher than 1:10), results
from this study indicate an increased wave setup up to 30% compared
to a 2DH-RS approach. When 3D simulations are not conceivable, Mar-
tins et al. (2022) also advocates 2D simulations with VF formalism that
partly accounts for the onshore-directed bottom shear stress driven by
the offshore-directed undertow. As a difference, the evaluation of the
bottom stress is performed using the depth-integrated undertow current
instead of the near bottom velocity and a Manning coefficient instead
of the bottom roughness. As a result, the 2DH-VF simulations resulted
in an increase of 10%-20% of wave setup compared to values from the
2DH-RS simulations (see for instance their Fig. 7c,d). Previously, using
a VF formalism, Lavaud et al. (2020) reported very modest wave setup
differences between results from 2DH and 3D modeling, with both
improvement and deterioration of wave setup values, the latter being in
part attributed to the limited spatial resolution (up to ~ 35 m). Also, in
contrast with study sites from Martins et al. (2022) where significant
wave setup increase is observed following a 3D approach, the zones
investigated by Lavaud et al. (2020) (Arcachon Lagoon and Adour
Estuary, France) are characterized by much gentler slopes (1:50 to
1:100), limiting the influence of the 3D approach and highlighting the
important role of the varying bed slopes for wave setup representation.
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From regional to local scale, several works have focused on the
contribution of wave setup to coastal sea level, based on numerical
modeling (Bertin et al., 2015; Amores et al., 2020; Lavaud et al., 2020;
Toomey et al., 2022a; Agulles and Jorda, 2023), in-situ and remote
data (Pedreros et al., 2018; Ray et al., 2022; Abessolo et al., 2023).
Since the spatial scale of wave setup imprint on the coast extends from
tens to hundreds of meters in the cross-shore direction, the associated
spatial resolution needed to simulate this physical process demands
high computational efforts when performed at regional and global
scale. Furthermore, the formation of wave setup is strongly dependent
on morphological features. Indeed, coastal areas characterized by nar-
row continental shelves (e.g. volcanic islands, Kennedy et al. (2012))
can often witness coastal sea level dominated by atmospheric pressure
and wave effects along with a weak wind setup, while the latter is
dominant in dissipative sandy beaches with mild slopes and located
over a wide and shallow shelf. Also, the typology of the bottom can
induce differences in wave dissipation due to bottom friction. There-
fore, accurate information on both nearshore waves and morphological
characteristics of the area of interest are necessary for wave setup
representation. A widespread alternative approach consists of repre-
senting wave setup through empirical formulations (e.g., Melet et al.
(2018, 2020), taking advantage of global wave models (e.g., Hemer
and Trenham (2016)) and datasets providing information on coastal
morphological features (e.g., Wolff et al. (2018)). As an example, Almar
et al. (2021) calculated the maximum wave runup applying (Stockdon
et al., 2006) formulation, and even coastal overtopping at global scale,
using the General Bathymetric Chart of the Oceans (GEBCO, 400 m
spatial resolution, https://www.gebco.net) and a global digital surface
model (30 m resolution, ALOS Global Digital Surface Model, (Tadono
et al., 2016)). The application of empirical formulations that have been
validated only with local in-situ observations for regional and global
scale analyses is quite straightforward, but requires continuous data as
inputs, and is usually uniformly applied regardless of the coastal mor-
phological variability (e.g. assuming a unique typology). On the other
hand, the dynamical simulation of wave setup using hydrodynamic-
wave coupled models can overcome such limitations. Nonetheless, it is
limited by the scale of analyses, forcing to adopt a 2DH approach over
a 3D approach, and the required spatial resolution. Taking advantage
of a recent model-based 72-years hindcast of coastal sea level including
wave setup effect in the Mediterranean Sea (CoExMed dataset, Toomey
et al. (2022a)), the overall objective in this work is to characterize,
at regional scale, the contribution of wave setup to coastal extreme sea
levels and its representation through numerical modeling and empirical
formulations, along with the uncertainty associated to such multi-
approach analysis. Doing so, the swash component is neglected and
therefore the wave contribution to coastal extreme sea levels is only
partly represented. Further, the role of angle of approach of the method
used to represent the wave setup is also investigated. To do so, the
performance of different methods used to represent the wave setup
effect from a regional perspective is evaluated against methods used
to derive wave setup at local scale, for three beaches located in Spain
for which in-situ measurements are available.

The paper is structured as follows: the different areas of study and
data directly providing wave setup levels at regional and local scale are
presented in Section 2. Additional approaches used for the quantifica-
tion of the wave setup component are detailed in Section 3. Results
are analyzed from two different perspectives: first, focusing on specific
areas at local scale, the role of the spatial scale of application for
empirical methods and coastal wave setup modeling is investigated in
Section 4. Further, the computation of return levels of coastal extreme
sea levels at regional scale and the associated impact of the wave setup
approaches are presented in Section 5. Finally, the methods to represent
wave setup at large scales along with the implications of omitting
the swash component are discussed, and results are summarized in
Section 7.
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Fig. 1. Bathymetry of the Mediterranean Sea.
Source: From CoExMed dataset.

2. Study region and ocean data availability
2.1. Areas of study

The Mediterranean Sea is a semi-enclosed basin connected to the
Atlantic ocean through the Strait of Gibraltar. In part surrounded
by mountains, the basin is characterized by its complex orography,
channeling regional winds (e.g. Tramontane, Mistral, Sirocco) and
comprises several interconnected seas with their own ocean dynamics
(e.g. Adriatic sea, Medugorac et al. (2018)). Throughout this work we
will analyze the entire Mediterranean coastline (see Fig. 1), islands
included, which provides a very rich body of geomorphological features
(different widths of the continental shelf, orientations, slopes, sediment
types, etc ...) and a variable shallow-water dynamics driving local sea
level variability (Section 5.2). Then, the area of study is narrowed down
to the sandy beaches (see Fig. 2) of Playa de Palma (PDP, Fig. 2F) and
Cala Millor (CLM, Fig. 2G), both located in the Mallorca island (Spain,
Balearic Islands), and the beach of Gandia (Fig. 2G), located in the
south of Valencia (Spain).

2.2. Sea surface elevation and wave data

We have performed a series of experiments to evaluate wave setup
in three case studies. These experiments include data from a regional
hindcast (CoExMed), a local hydrodynamic model (XBeach), and em-
pirical formulations (Stockdon). These models and empirical formu-
lations have been forced with in-situ observations and the previously
mentioned hindcast. These experiments are further explained below.

2.2.1. Regional hydrodynamic-wave hindcast: CoExMed dataset

The CoExMed dataset generated by Toomey et al. (2022a) pro-
vides a high-resolution sea surface elevation and wave hindcast of the
Mediterranean Sea, with an unstructured grid and a spatial resolution
of ~ 20 km in the open sea down to ~ 200 m at the coast. The
EMODnet (Bathymetry, 2018), that provides a regular grid with a

1/16 x 1/16 arc minutes (~ 115 m x 115 m) horizontal resolution,
was used. The CoExMed database was generated using the SCHISM
model (Zhang et al., 2016), a fully-coupled hydrodynamic and wave
model, forced with hourly fields of wind (at 10 m above sea level) and
pressure at mean sea level from the ERAS reanalysis dataset (Hersbach
et al., 2020). Ocean variables (sea surface elevation, significant wave
height -H,-, peak period -T,-, and mean wave direction -D,-) are
provided on an hourly basis and for the period from 1950 to 2021.
The CoExMed dataset contains a total of 111561 coastal nodes. Toomey
et al. (2022a) performed two numerical simulations: (1) hydrodynamic-
wave coupled simulation and (2) a purely hydrodynamic model run.
For the simulation accounting for waves, the SCHISM model following
a 2DH-RS approach was used. The wave setup component is extracted
by calculating the difference between both runs. Furthermore, surface
wind stress was originally computed using a bulk formula of the drag
coefficient following Pond and Pickard (2013). As discussed by Toomey
et al. (2022a) (see their section 5), sea surface stress can be calculated
using a wind and wave dependent formulation. Doing so, Bertin et al.
(2015) (see also (Pineau-Guillou et al., 2020)) showed that under young
and rough sea state conditions, the use of a wave dependent surface
stress results in a more accurate modeling of waves and sea surface
elevation. As an extension of the work carried out by Toomey et al.
(2022a), we updated the CoExMed dataset with another simulation
replacing the (Pond and Pickard, 2013) bulk formula with the wave
dependent surface stress formulation described in Bertin et al. (2015).
Here, the impact of the representation of sea surface stress is negligible
(see section 5, Toomey et al. (2022a)) and it is not within the scope of
this paper to study its importance for single events as in, e.g., Bertin
et al. (2015) and Pineau-Guillou et al. (2020). However, for the sake
of consistency, we follow Bertin et al. (2015) and Pineau-Guillou et al.
(2020) recommendations for a semi-enclosed sea such as the Mediter-
ranean Sea characterized by limited fetch and young sea states; thus,
all SCHISM-originating data used in this work were generated using the
wave dependent formulation for wind stress parameterization.
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Fig. 2. CoExMed grid model around the Balearic Islands and eastern coasts of Spain (A). Zooms over the beaches of Gandia (B,E), Palma (C,F) and Cala Millor (G,D) are shown.

2.2.2. Local phase-resolving wave model

Wave setup modeling performance at regional scale will be com-
pared to results from a local scale analysis carried out by Agulles and
Jorda (2023). The authors computed the wave runup in PDP (from
2012 to 2017) and CLM (from 2011 to 2018) using XBeach, an open-
source phase-resolving numerical model that simulates hydro- and
morpho-dynamic processes on sandy coasts (Roelvink et al., 2015). The
authors used high resolution topo-bathymetry from in situ field surveys
and hourly nearshore wave observations (Tintoré et al., 2013) to feed
the numerical model. As a result, both wave setup and swash compo-
nent are provided. For both PDP and CLM beaches, the simulations
horizontal resolution are 10 m and 2 m alongshore and cross-shore,
respectively. To consider the bottom roughness, the authors used a
Manning approach with a 0.025 coefficient, and a seagrass-dependent
(Posidonia oceanica) vegetation module is used, playing a role on wave
dampening and breaking, where vegetation fields are present (Ruiz-
Fernandez et al., 2015). The authors implemented the Xbeach model
in both 1D and 2D modes. For the first case, the authors only selected
events characterized by incident waves with direction of propagation
inside a +30° angle with respect to the cross-shore direction. Then,
waves are assumed to propagate with normal direction to the coast,
without directional spreading. Such approach implies the total transfer
of offshore wave energy to the coast, which is not accurate in case of sea
states characterized by a broad spectrum. Although the authors used
nearshore observations of waves already refracted by the bathymetry,
the total wave energy reaching the coast is overestimated (this point
is further discussed in Section 6). Therefore, the available 2D sim-
ulations are used here instead, taking into account wave directional
spreading. However, using XBeach in its 2D mode requires a very high
computational cost and, therefore, a lower number of simulations were
performed compared to the amount of 1D simulations. The authors
selected an ensemble of 100 representative sea states using the k-
means algorithm to force their XBeach model, and reconstructed wave
setup and swash time series through analogues identification method,
following Camus et al. (2011). Every sea state is simulated during 40
min.

In addition to the simulations of local waves described above for
PDP and CLM sites, using outputs of the CoExMed dataset, Toomey
et al. (2022a) identified at regional scale areas with high contribution
of the wave setup component to coastal extreme sea levels, such as
the coastline around the Gulf of Valencia, characterized by a relatively
wide continental shelf with shallow waters. For the sake of completion,
the same methodology followed by Agulles and Jorda (2023) is applied
at the beach of Gandia (Spain, Fig. 2E). The topo-bathymetric surveys
are provided by IGN (Instituto Geogréfico Nacional, https://www.ign.
es/web/ign/portal) and the model is forced at its open boundaries with
the outputs of the CoExMed dataset. Xbeach simulations are performed
between 2012 and 2017, the same period as previous experiments on
the beaches of CLM and PDP.

XBeach model outputs are considered here as the benchmark sim-
ulations because the model simulates the propagation and decay of
individual waves and diagnoses wave setup directly, without any pa-
rameterization, unlike the other empirical approaches used in the work.
We do not argue that XBeach is providing the “real” wave setup value,
but only that, in absence of direct observations, it is our best approach
at the local scale.

3. Empirical estimation of wave setup component

Wave setup values obtained from high-resolution numerical mod-
eling described above are compared, at regional and local scale, with
other methods widely used in the literature. Given the challenges of
wave setup numerical modeling at large scale and the scarcity of wave
setup observations, empirical and semi-empirical approaches have been
commonly adopted to quantify the wave setup effect. For instance, the
contribution of the wave setup to coastal sea level extremes at a global
scale has been represented through the semi-empirical equation:

n=kHg, @

where 7 is the time-averaged wave setup and k a fixed coefficient.
This formulation is assumed to be originated from the radiation stress
theory developed by Longuet-Higgins and Stewart (1964) and leaning
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on the assumption that the wave height at breaking depth (H,,) is
equal to a fixed fraction of the local water depth (d,.) at breaking
(constant breaker index, y = Z[”’ ), as explained for instance in the
Coastal Engineering Manual (see f)rart 11-4-3, Corps of Engineers (2002))
or Holthuijsen (2007) (see part 7.4.3). However, considering y ranging
from 0.5 to 1.5 and for a theoretical very steep beach slope of 1:12, the
wave setup is approximated as (see 7.4.26 and 7.4.27 from Holthuijsen
(2007)):

0.15H,, <7 < 0.45H,,, (2)

Note that H,, is the wave height at incipient breaking, and not the H, at
nearshore or offshore conditions as suggested in Eq. (1). Despite these
vague approximations, equation (1), established for a steep slope, has
been used to compute the wave setup contribution to coastal extreme
sea levels with k = 0.2 (e.g. Vousdoukas et al. (2017), Marcos et al.
(2019)). In the present work, the impact of using such formulation
for extreme sea level estimation at Mediterranean scale is further
investigated. Moreover, Stockdon et al. (2006) proposed an empirical
formulation to obtain the wave runup on natural beaches. The authors
developed an independent formulation for the two processes driving
the runup: the total swash-excursion and the time-averaged wave setup.
The latter is defined as:

n=0354vH,L,, 3

where p represents the beach face slope and H, and L, are the
significant wave height and wave length at deep waters, respectively
(calculated following Fenton and McKee (1990)). Stockdon et al. (2006)
formulation was validated on natural beaches, and therefore generally
not used in the presence of muddy seafloor, reefs or anthropogenic sea
defense structures. Stockdon et al. (2006) formulation has been widely
used in regional and global assessments of coastal sea level extremes
(e.g. Stockdon et al. (2014), Atkinson et al. (2017), Melet et al. (2018,
2020), Kirezci et al. (2020, 2023)), as a way to account for the effect
of waves. In order to compare the values derived from Stockdon et al.
(2006) empirical formulation to those obtained by CoExMed data, we
selected those coastal grid points corresponding to sandy coasts, to be
consistent with the environment for which the empirical formulation
was designed. To do so, we used a database that characterizes the
coastal material in 4 different types for the whole Mediterranean basin
for a total of 11 975 points: rock pocket beaches, mud, unerodible and
sand Wolff et al. (2018). Fig. 3A shows the coastal typology for the
CoExMed dataset in the Bay of Palma (Spain). At the Mediterranean
scale, 35648 out of 111561 CoExMed nodes were classified as sandy
coastal points. We will use these coastal regions for the comparison
between empirical and numerical approaches.

A key parameter in the (Stockdon et al., 2006) formulation is the
foreshore slope of the beach. Previous studies assumed a uniform slope
at global or regional scale (Melet et al., 2018, 2020; Kirezci et al.,
2020, 2023). Likewise, we considered here constant slopes with values
of 0.04 (By04) and 0.1 (B, ), thus neglecting the spatial variability of
coastal morphology. We also retrieve realistic values of foreshore slopes
(Bipear) for the Balearic Islands from Agulles et al. (2021). The authors
exploited high-resolution data from the MITECO!. They obtained the
beach slopes, following the methodology proposed by Bernabéu et al.
(2001) and described in Agulles et al. (2021). Specifically, the slope
around the swash zone is extracted from equilibrium profiles that are
derived using the characteristic grain size D5, mm of each beach and
the corresponding wave climate. As an example, Fig. 3B shows the dis-
tribution of beach slope for sandy coastal points in the Balearic Islands
(Western Mediterranean). In PDP and CLM beaches, such methods
yielded beach slopes of 0.0335 and 0.051, respectively. Using swash
observations at these locations, Agulles and Jorda (2023) found similar

1 (https://www.miteco.gob.es/es/costas/temas/proteccion-costa/
actuaciones-proteccion-costa/illes-balears/default.aspx)
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slopes (0.027 and 0.044) computed averaging the slope over a region
+2¢ around the swash zone (¢ being the standard deviation of the
continuous water level record). A beach slope of approximately 0.027
is found at the beach of Gandia from the topo-bathymetric surveys
previously mentioned.

4. Limitation of wave setup representation: from regional to local
scale

Wave setup from numerical simulations performed with the phase-
resolving XBeach model for the three local cases are compared with the
different approaches previously discussed (i.e, the empirical approaches
and the modeling outputs from Xbeach and CoExMed). Wave setup
values inferred from Stockdon et al. (2006) formulation are calcu-
lated using the constant beach slopes and the distribution of local
slopes (f}y.q)- In PDP and CLM f,,.,, data from Agulles et al. (2021)
were used, as these values are consistent with those derived directly
from in-situ observations. For the beach of Gandia, local beach slope
Procar is obtained from the topo-bathymetric survey. For each beach,
five independent events are selected from Xbeach simulations wave
setup time series. The independency of events is ensured by selecting
local peaks with a three-day time-independent window (Cid et al.,
2015; Vousdoukas et al., 2016). The resulting wave setup values for
every approach are presented in Fig. 4 for the beaches of Gandia
(A), PDP (B) and CLM (C). The results include the modehng outputs

oExMed

from Xbeach and CoExMed (indicated as X beach ;s in Gandia,

X beachﬂl o in PDP and CLM, CoExMed wave setup values), and
three cases of the (Stockdon et al., 2006) formulation: one with the

local slope and wavecforcglg from CoExMed dataset in the beach
0ExM e

of Gandia (Stockdon:S

local

), two from in-situ wave data and local
slope (Stockdon;[::ac) in PDP and CLM, and two others forced with
CoExMed wave parameters and 0.04 and 0.1 slopes (Stockdon ﬂniiEXMed
and Stockdon,* COEXMM, respectively). Note that in-situ wave obser-

vations (from AWAC) are favored as the wave input source in the

Stockdon formulation when using a local slope (Stockdon IS ). Con-
versely, in cases where constant slopes are chosen at the regional

scale, the CoExMed wave cllmatolo%y is employed as input wave data
CoExMed Med

(Stockdon;” and Stockdonﬁ

Fig. 4 represents the five wave setup events at every beach. Al-
though only in-situ observations of wave setup could ideally be consid-
ered as “ground truth”, given the scarcity of these measurements, we
use our local modeling approach with XBeach as our benchmark results
to which all other approaches are compared. In doing so, overall, wave

xMed

setup levels from Stockdon,* significantly exceed those from
other sources. Specifically, maximum values are 2, 2.2 and 4.3 times
greater than values inferred from Xbeach simulations in Gandia, PDP

0ExMe

and CLM, respectively. When excluding StackdonH formulation,
results show a notable degree of heterogeneity between each site.
Regardless the method to represent wave setup, highest values
are found for the beach of Gandia, where highest and most power-
ful waves are found among the three beaches studied. Specifically,

“oExMed

Stockdonﬁ displays wave setup values that closely align with
M ea

X beachﬁlA ) results, except for the maximum value, for which
I CoExMed

SlockdonH' provides a value closer to benchmark: 44 cm, 35 cm

Cnl:xMed CoExMed CoExMed

and 25 cm for Xbeach™ LS'z‘ockdoan;O4 and Stockdonﬂ,A ) s
respectively. Furthermore, CoExMed wave setup data registersoifalues
lower than with other methods, displaying maximum value less than
half as derived from Xbeach simulations. However, CoExMed maximum
values are as high as 20 cm, showing the regional hindcast’s ability to
capture a noticeable wave setup effect in this beach in comparison with
CLM and PDP. For the beaches of PDP and CLM, empirical approaches
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results in similar or successively lower and higher wave setup levels respectively. Likewise, at CLM, maximum values are 27.5 cm, 29.2 cm
than the Xbeach model. Ag IEJ%P,; maximum values are 15.8 cm, 1(:654  cm and 20.2 cm, for the same cases. It is noteworthy thatAwe find clearly
and 27.4 cm for X beach Ay Stockdon » and Stockdon , different values of the empirical approach StockdunZ: o with wave
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setup values lower than 20 cm in PDP and higher than 20 cm in CLM.
Both beaches show similar wave climate, with H, values of 2.6 m and
2.93 m for PDP and CLM (in-situ data), respectively, corresponding to
maximum wave setup events shown in Fig. 4. Wave setup levels in-
ferred from Stockdon formulation are at first order driven by the beach
slope value, and may underestimate or overestimate the benchmark
wave setup value, independently from the wave input and depending
on how well the local beach slope is represented. On the other hand,
CoExMed clearly provides lower wave setup levels at PDP (77 < 8.7 cm)
and loweé'oglgg 1 cm at CLM (i.e, no wave setup is captured), despite
Xbeach ,:m[ wave setup values being higher in CLM than in PDP.
The latest is characterized by more dissipative conditions and a smaller
slope than for CLM (Agulles and Jorda, 2023), that results, for a
similar wave forcing, in lower wave setup levels simulated with Xbeach,
whereas the contrary is observed for the CoExMed dataset. These results
highlight the limitation associated to the computation of wave setup at
the regional scale, with the numerical model not always being able to
capture a clear wave setup imprint because of the spatial resolution,
together with coastal depth inaccuracies. Specifically, in the CoExMed
grid domain, its configuration has only 3 to 4 nodes between 20 m
and the coastline in PDP and CLM; it is thus expected that the model
has limited capacity to reproduce wave transformation processes up to
the shore. Also, coastal nodes are characterized by depths lower than
50 cm and higher than 2 m in PDP and CLM, respectively. For the
latter, only extreme waves can reach the necessary height for breaking
to occur, and subsequently for wave setup to develop, since it is the
most important process allowing its formation.

The impact of the model grid resolution alone on wave setup from
the 2DH-RS approach has been explored more in detail. To do so, we
produced a new simulation with the same regional numerical model as
CoExMed and the same forcing but with much higher spatial resolution
in the area of PDP (see Appendix A for more details), for one wave event
that occurred on 2013-01-20 at 2 h (UTC+1). The only model setup
difference between both configurations is the spatial node density,
that is highly increased for the downscaling, as shown in Figure A.9
A (Downscaling) and B (CoExMed). The sea surface elevation, which
includes the atmospheric surge and the wave setup effect (elevc??'e?),
along four cross-shore transects are shown in Figure A9 C, D. In
the downscaled case, elev*®?'*d is substantially higher close to the
shoreline, with values reaching up to ~ 64 cm. This is 23% larger than
for the coarser resolution for which the maximum coastal elevation is
~ 52 cm. The successive wave set-down and wave setup is observed
on both panels C and D of Figure A.9, with a more pronounced effect
for the downscaled configuration that tends to better represent this
physical process because of the higher node density.

Overall, adopting a regional-scale methodology for representing
wave setup can result in significant variability when compared to
beach-scale approaches. In fact, it is very likely that the outputs from
the CoExMed dataset underestimate wave setup values or do not even
capture the processus imprint, whereas an empirical approach like
the Stockdon formulation can yield diverse results, with the extent of
underestimation or overestimation depending on the slope parameter
and how close it is to the real local beach slope.

5. Return levels of coastal extreme sea levels using multiple ap-
proaches for the wave setup component

In this section, the resulting wave setup values calculated using
the different methods are investigated in terms of their contribution to
return levels of coastal sea level extremes obtained from every approach
at regional scale. We first describe how return levels are computed in
every approach and then discuss the differences among the results.
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5.1. Computation of return levels

Prior to the computation of return levels, we build the time series
of sea surface elevation accounting for wave setup using the different
numerical and empirical approaches described above. From CoExMed
simulation, we use sea surface elevation from the hydrodynamic wave-
coupled model run (elev®'ed), For the empirical approaches, we use
sea surface elevation from the hydrodynamic-only run (elev”¥¥*) and
add the wave setup following the methods described in Section 3:

elet®?s = elev™r0 4 0.2 x H,,
elevPoos = elev™ " +0.35 x 0.044/H, L,,
elevP1 = elev +0.35 x 0.14/H, L, @

It is important to remark that the values of wave parameters are
obtained from the extreme events identified with elevc®rled,

To compute return levels, we follow (Toomey et al., 2022a) and
extract local peaks from the time series of elev®®P/¢d at every coastal
grid point classified as sedimentary coast. To ensure independence of
events we use a three-day time window. Then, extreme events are
selected using the "Automated threshold selection technique" proposed
by Thompson et al. (2009), developed from Coles (2001) method
based on the stability of Generalized Pareto Distribution (GPD) scale
and shape parameters. Toomey et al. (2022a) summarized (see their
section 2.3) and applied this procedure to calculate extreme sea levels
and H, return levels (see section 2.1 of Thompson et al. (2009) for
more details). As a result, a distribution of elev<®*’!¢d extreme events is
obtained as well as the simultaneous associated wave parameters (H,,
T,, D,) and elev™4r. Return levels are then computed for elevcor'e?
and for the three empirical approaches.

One example of the resulting time series is illustrated for a single
point in Fig. 5A for a 4 month time period at a coastal point located in
the Gulf of Valencia (east coast of Spain). Fig. 5A includes elevc'ed
and elev" time series of extreme events, along with the corre-
sponding reconstructed elev®?s, elevfo.1 and elevfo04. In this example,
it is evident that elev"?Hs values are much higher than any other
reconstructed or simulated sea surface elevation, and so will be the
return levels. Moreover, elev’.! is always higher than elev®“P/¢d except
for the local peak corresponding to the Gloria storm in 2020 (Amores
et al.,, 2020), showing that the simulated wave setup is not purely
proportional to a quantity involving wave bulk parameters as is it for
the Stockdon’s formulation (where 7 is proportional to \/H L,). In-
deed (Stockdon et al., 2006) wave setup formulation is only dependent
on the local slope §, H; and T,, but it does not take into account, for
instance, the wave direction, in contrast to the results of numerical
modeling, which likely explain the temporally variable differences and
the fact that the corresponding return level curves (Fig. 5B) cross for
return periods higher than 80 years. This point is further discussed in
Section 6. We fit a GPD to each distribution of extreme events and
compute return levels for periods of up to 200 years at every sandy
coastal grid point.

5.2. Impact of the wave setup approach on return levels of coastal extreme
sea levels

Return levels of coastal extreme sea levels using the different
approaches to account for wave setup have been computed for the
35648 coastal grid points corresponding to sandy coastal regions in the
Mediterranean basin. as an example, Fig. 5B shows the return levels
for the same coastal point in the Bay of Valencia used in Fig. 5A. As
expected from the amplitudes observed in Fig. 5A, return level curves
show different behavior. The highest return levels in comparison to all
other methods are obtained for elev”?s. Indeed, the 1-year elev2Hs
return level is higher than any other 200-year return levels of extreme
sea levels, suggesting that this approach results in unrealistic values.
Among the other curves, simulated elev®®?'*d and elevo.1 clearly show
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Fig. 6. A: 100-year return levels of elev*®”'*? computed from CoExMed output. Other panels show the differences in 100-year return levels between elev*®?'*® and reconstructed
extreme sea levels from the combination of elev"*¥" and wave setup values following Stockdon’s formulation with gy, (B), f,; (C) and 0.2H, formulation (D).

highest return level at this specific coastal point. As mentioned earlier,
for return periods lower than 80 years, elev’.! return levels are higher
than eleve’!ed but both curves cross afterwards. As first observed in
Fig. 5A, elev®®Pled is higher than elevfo! during most extreme events
and lower for weaker events. Moreover, the other methods yield lower
1 to 200-year return levels than elevco'ed,

For the purpose of representing the results for all coastal grid
points, we focus on 100-year return level, taking as reference the values
obtained with elev®®P'ed, Fig. 6 maps the 100-years return level of
elevcowrled (A) and its differences with elevfo0s (B), elevfor (C) and
elevP2H; (D) 100-year return levels. Note that the total number of
sandy coastal points is very high (35648 nodes) and representing them
all on a single map inevitably leads to overlapping points. The values
in Fig. 6D are consistent with those in Fig. 5B, showing that elev"2Hs
return levels exceed those from elev®®P'¢d almost everywhere in the
Mediterranean Sea, except for fully fetch-limiting areas in the gulfs
of Corinth and Eubeoa in eastern coasts of Greece. Indeed, for 87.7%
(68.8%, 22.4%) coastal sandy grid points, 100-year elev*Hs return

levels are at least 25 cm (50 cm, 80 cm) higher than 100-year elevc?'ed
return levels. Other methods deriving wave setup from Stockdon et al.
(2006) formulation result in closer values to elev<®?'ed return levels,
though with some notable differences. In both cases, Figs. 6 B and C,
display similar spatial patterns, which are also consistent with (Toomey
et al., 2022a), showing higher values of elev®®?'* in regions favorable
to its development. There are well defined areas (Fig. 6A) where
100-year elev®P'*d return levels can be equal or higher than elet?%
return levels, such as the gulfs of Lions southwest of France, Gabes
and Syrte (north of Lybia) and parts of the coasts of the Levantine
or southern Sicily (Italy). Up to 4.3% coastal sandy points, mainly
located in these areas, show 100-year elev®P'*d return levels 10 cm
higher than 100-year e/ev®%* return levels. Concerning elev/o.1, the 100-
year return levels are lower or equal to 100-year elev*®?¢d return
levels at only 1.6% of coastal sandy point. Likewise, geographical zones
where the hydrodynamic-wave coupled model yields lower sea level
extremes than empirical methods are explicitly defined, such as the
northern coasts of Algeria and Tunisia, eastern coasts of Spain (except
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Fig. 8. Comparison between 100-year return levels of elev®?'* and the uncertainties of the ensemble empirical approaches, according to Eq. (5) (see Section 5.2 for details).

the southern coasts of the Gulf of Valencia) or the eastern coasts of
the Adriatic. In more detail, 8.8% and 75.8% of coastal sandy points
show 100-year elev¢®Pl¢d that are at least 10 cm lower than 100-
year elevf004 and elevfo1, respectively. Similarly to elev®?Hs, such high
percentage for elevfo.1 compared to other methods was expected, since
beach slopes are generally smaller than 0.1 and such assumption can
lead to overestimated wave setup. For instance, Melet et al. (2020)
found global beach slopes ranging from 0.005 to 0.20 with a median
value of 0.04 (see section 2.1.2) and Agulles et al. (2021) inferred beach
slope values confined between 0.034 and 0.075 for the Balearic Islands.

We complement this analysis by looking at the return level disper-
sion, including the uncertainty associated to return level computation.
For this evaluation we neglect the case of elev"?Hs, because of their
much larger values. Fig. 7 shows return level curves for periods ranging
between 1 and 200 years and for elev®?'*?, elevfoos and elevfo!.
The lower and upper boundaries correspond to the 95% confidence
intervals. Results are displayed at four different locations, representing
contrasting areas: Gulf of Valencia (Spain, A), Tel-Aviv (Israel, B), Gulf
of Lions (France, C) and Gulf of Syrte (Libya, D). Fig. 7 represents the

return level variability associated to different estimates of wave setup
in sea surface elevation, which display distinct behavior at different
locations. For return levels up to 200 years, there is no general rule
on the method providing higher values (when elev?2#s is excluded),
as the resulting elevations are dependent upon morphological patterns
and wave power and directions, that are considered differently in the
methods. The 100-year elev°®?'*d return level is the highest for the
coastal point located near Valencia (A), whereas elev®.! return levels
are significantly higher in Tel-Aviv (B) and in the Gulfs of Lions (C)
and Syrte (D). Concerning elev®04, 1-year return levels are always
greater than for elev°®?'ed. However for every case shown in Fig. 7, the
higher the return period, the lower the difference between both curves,
with a crossing around 3-year and 64-year return period at Valencia
(A) and in the Gulf of Lions (C), respectively. In alignment with the
previous comments on Fig. 5, these observations illustrate how the
results, depending on the selection of the methodology to represent the
wave setup contribution to coastal elevation, may diverge depending
on whether we consider an isolated event, a return period of 1, 10,
or 100 years. One way to quantify the multi-approach variability is
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to calculate the difference between the highest and lowest 100-year
return levels among the three methods. For example, at the coastal
grid point in the Gulf of Valencia, elevf0.04 and elev®*P'ed provide the
lowest and highest 200-year return levels, respectively, with a total
difference of 21 cm. At the Mediterranean scale and a for 100-year
return period, this dispersion is higher than 10 cm (20 cm, 30 cm)
for 86.3% of coastal points (18%, 0.7%). Taking into account the total
dispersion (i.e. the difference between lower and upper confidence
interval boundaries), it is higher than 10 cm (20 cm, 30 cm) for 98.1%
coastal points (31.7%, 6.1%). Such dispersion levels originating from
wave setup representation are significant for the Mediterranean Sea, as
elevc®?'ed shows a median 100-year return level of 56 cm (88 cm for
the 95th quantile). Indeed, for a dispersion higher than 10 cm (20 cm,

dispersion
clegcoupled
RLIOO years

30 cm), the associated median relative dispersion (100 = ) is
35% (51.1%, 77.5%).

To assess the added-value of the hydrodynamic-wave coupling with
respect to other parametric approaches, we compare the elev®®?'*? with
the two other methods, elevfo.1, elevfoo+, defining the following metrics
for the 100-year return levels (RLgp,,,) and their uncertainty using
the 95% confidence interval (RL%% ):

100year
_ Jepcoupled _ 95% ﬁO.l
X = RL{g e » ¥ = RLygg 0, (ﬁ004>
FXT) = 1 ifxX>Y
o 0 ifX<Y,
2
N=) fX.Y) ®)

where f o4, fo; correspond to elevfo1, elevfo0s, and N ranges from 0
to 2. Lower N values indicate that the 100-year return level computed
using elev¢®Pled fall within the uncertainty ranges of other methods;
for instance, if 100-year elev®*?'¢d return level is higher than the upper
confidence interval of 100-year elevf0+ return levels and lower than
upper confidence interval of 100-year elevfo. return level, N = 1. Con-
versely, if N equals 0, it indicates that the return levels fall inside the
confidence intervals of any other method. Note here that the confidence
interval has been defined in a conservative way (higher likelihood of
containing the results). The results for N at every coastal grid point
are mapped in Fig. 8. Very similarly to Fig. 6, areas where N > 1 are
well defined: gulfs of Gabes and Syrte, south bay of Valencia, eastern
coasts of Sardinia, southern coasts of Sicily, coasts of the Levantine
Sea, and the western coasts of Italy bordering the Tyrrhenian Sea.
However, 100-year elev°®?'*d return levels are not significantly higher
(N = 0) than return levels from other methods for 93.4% of coastal
sandy grid points. Furthermore, N > 0 (N = 2) is found for only
6.6% (0.14%) of coastal points, mainly located along the previously
mentioned geographical zones. Except for elevfo1, results shown in
Figs. 6 and 8 indicate that where the model captures a clear and
significant wave setup imprint on the coast, it is likely to yield return
levels higher than those inferred from the combination of simulated
elev"¥ and Stockdon et al. (2006) wave setup approach. We recall
here that we discarded the formulation elev®?Hs, as it exceeds by far
return levels calculated from any other methods almost everywhere in
the Mediterranean basin and are thus considered unrealistic. On the
contrary, along coasts where the model is not able to capture wave
setup, either because the real conditions are not favorable for wave
setup formation, or because the model setup is too coarse to resolve the
physical processes involved and limited by a 2DH approach, elevc?Ped
return levels are systematically lower than return levels from the other
methods. Indeed, at Mediterranean scale, 100-year elev®?/*d return
levels are lower than the lower boundary confidence interval of elevfo.0+
100-year return levels at 45.9% of coastal sandy points. Independently
of the wave forcing and morphological features (e.g. wave direction,
coastal typology), such empirical methods always add a wave setup
contribution, regardless of being realistic or not.
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Previous results show the high variability associated to the use
of different methods to derive the wave setup component. However,
our purpose is not to discard (Stockdon et al., 2006) formulation
or hydrodynamic-wave coupled numerical simulations for wave setup
representation, but to show that such methods are very dependent on
the spatial scale of application.

6. Discussion

As demonstrated by the preceding findings, the characterization of
wave setup on a large scale, as observed in the case of the Mediter-
ranean Sea through various methodologies, either numerical or empir-
ical, can result in a substantial degree of variability in the contribution
of wave setup to extreme coastal sea levels.

The contribution of wave setup to extreme sea levels becomes
relevant under energetic ocean wave conditions. This is the case, for
example, of tropical cyclones propagating over long distances with
sustained winds (large fetch), resulting in high waves. For instance,
during Hurricane Katrina in 2005, significant wave heights greater than
16 m were recorded (Wang and Oey, 2008), and, coupled to strong
wind setup effect, generated storm surges greater than 7 m (Fritz et al.,
2007). In regions such as the Gulf of Mexico or the Mediterranean
Sea, storm surges and wave setup are expected to be much lower,
since wave generation and propagation is fetch-limited. However, the
Gulf of Mexico is subject to the influence of tropical cyclones, a
factor absent in the Mediterranean basin. Nonetheless, recent studies
showed that high waves (H, > 8 m) can lead to significant wave
setup contribution to extreme sea levels (Amores et al., 2020; Pérez-
Gomez et al., 2021) of several tens of cm in the Mediterranean. Also,
the contribution of wave setup to extreme sea levels extends for rel-
atively long coastal stretches (Toomey et al., 2022a). Wave setup
contribution to extreme sea levels should therefore be accounted for
when performing coastal hazards assessments in the Mediterranean,
despite the associated limited wave growth. At the regional scale, the
methodology employed greatly impacts the results: we found a large
dispersion between wave setup representation from numerical model-
ing and empirical formulations considered in this work. In particular,
using the commonly applied rule of thumb to estimate wave setup as
n = kH, with k = 0.2 leads to dramatic sea level extreme return
levels, as shown in Section 5.2. Indeed, for 82.5% of coastal sandy
points explored here, 1-year return levels computed using elev®2Hs
are higher than 100-year modeled return levels from elev¢®“P/¢¢; this
reduces to 58.5% when compared to elevf!. This also confirms that
using a beach slope of 0.1, overall leads to an overestimation of the
sandy beach slopes in the Mediterranean Sea. Of course, such results
are not surprising, especially considering the hypothesis leading to
this semi-empirical approximation (see Section 3, Egs. (1) and (2)).
Even opting for a lower value of k, this simplistic formulation would
yield very questionable results at the regional scale, since it does not
consider the morphological environment neither the wave parameters
other than the significant wave height. Also, our results indicate that
the values of the wave setup contribution to extreme sea levels can
be severely overestimated. We therefore do not recommend use the
kH, approximation with k = 0.2 to estimate wave setup for sandy
beaches at the Mediterranean scale, or at least suggest a lower value
of k. Nonetheless, such results should not discard the applicability
of the latter formulation for smaller areas or at local scale, particu-
larly in cases with distinct morphological configurations. For instance,
wave setup behavior can significantly vary in regions characterized
by rocky bottoms with abrupt changes in seabed. Recently, Ray et al.
(2022) investigated coastal sea levels from satellite altimetry and a
tide gauge located in Minamitorishima, a very small Japanese atoll in
the western Pacific characterized by a steep reef. The authors found
sea level differences between altimetric and coastal tide gauge data
higher than 1 m, attributed to the breaking of waves (H, lower than
5 m), and their results could be in some cases compatible with the
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0.2H, approximation. However, they found a near-linear dependence
of wave setup with swell height only for one favorable direction. Figure
3 of Ray et al. (2022) illustrates the clear dependence of wave setup on
the wave direction, with highest levels found for incident waves with
direction normal to shore. Likewise, the wave direction proves to be of
paramount significance in the context of wave setup formation when
using hydrodynamic-wave coupled numerical model such as SCHISM.
As an example, we consider the beach of Gandia, that is oriented at 60°
according to nautical convention. Selecting the top 100 maximum wave
setup events recorded in the CoExMed dataset spanning the period from
1950 to 2021, values ranging from 11 cm to 32 cm are associated
with incident wave with a D, of 60° (for 90 cases) and 45° (for 10
cases), corresponding to waves approaching normal to the shoreline.
It is noteworthy that modeling accurately the wave peak direction 7,
is limited by the spectral resolution (15° for the CoExMed dataset). In
contrast to 2D numerical modeling, empirical formulations like the kH
approximation or the (Stockdon et al., 2006) formulation, employed
for the computation of the wave setup component, do not account
for wave direction. Specifically, Stockdon et al. (2006) assumed a
shore normal approach and reversed measured H, from shoaled to
deep water using linear wave theory, to provide comparable wave
heights between all sites of the study, that showed varying conditions
of measurements (e.g., wave buoys located at depths from 7 m to
20 m). Doing so, processes like local wave generation, friction, white-
capping, diffraction and refraction are neglected. The assumption on
waves normal to coasts can be even more problematic here because the
Mediterranean Sea is characterized by waves periods shorter than for
coastal zones bordering large oceanic basins, that thereby refract less.
In a recent study by Almar et al. (2021), a global analysis of extreme
coastal water levels and its implication for potential overtopping was
conducted, encompassing the wave runup effect, which combines not
only the wave setup but also the swash excursion. The latter was
calculated using the Stockdon formulation. The authors used wave
inputs (H, and T, ) sourced from the ERA-interim reanalysis (Dee et al.,
2011), which features a spatial resolution of 0.5° x 0.5°, equivalent to
55 km at the equator and approximately 19 km at 70° latitude. Notably,
wave direction was not incorporated in their analysis, assuming that all
waves are refracted uniformly towards the shore, where the Stockdon
formulation was applied. This approach results in an over-contribution
of the wave setup component to coastal sea level, as it is consistently
added irrespective of the offshore wave direction. Likewise, inaccurate
wave direction is also a limitation for wave modeling, as sufficient
spatial resolution and accurate bathymetric information are needed to
reproduce waves refraction, along with the representation of features
acting as shadowing and dissipative barriers such as small islands that
can be handled through the use of unstructured meshes or methodolo-
gies accounting for unresolved obstacles (Mentaschi et al., 2020). We
illustrate this argument with an example at the Bay of Palma (Mallorca
Island) that is less than 20 km wide. At the bay entrance, highest waves
(H,) range from 3 m to 6 m (based on time series data extracted from
the CoExMed dataset), with wave directions (Dp) varying from 165° to
300°. The beach of Palma (PDP) is oriented approximately at 228° and
is open offshore in the directions between 197° to 250°. Thus, because
of land shadow effect, not all incoming waves will experience refraction
towards the shoreline with a perpendicular orientation, or even reach
it. To mitigate the latter, Agulles and Jorda (2023) only selected sea
states in which waves exhibited a direction within a range of +30°
perpendicular to the shoreline. Nonetheless, beyond considering wave
direction alone, it is crucial to account for the directional spread
of wave spectra, whether the wave inputs are referred to offshore
locations or near the shoreline. The amount of energy transferred
towards the coast varies significantly with the spectral width. Indeed,
a broad spectrum transports only a fraction of its energy, whereas a
narrow-band spectrum can transmit a larger part. However, whether
using a 1D phase-resolving model or the empirical and semi-empirical
formulations used in this study, the total amount of energy is assumed
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to be transferred to the shore, irrespective of both the directional spread
and wave direction, resulting in an overall overestimated wave setup
effect. The latter is even exacerbated when deriving wave inputs from
global wave models with relative low spatial resolution, from 1.5° to
0.5° (e.g. Vitousek et al. (2017), Rueda et al. (2017), Melet et al. (2018,
2020), Kirezci et al. (2020), Almar et al. (2021)), that do not accurately
represent the morphodynamic features of the coastlines. Nevertheless,
whether using empirical formulation or numerical modeling to assess
coastal wave setup levels, both approaches are subject to different inac-
curacies resulting from the process of wave propagation from offshore
to nearshore areas.

Major concerns when estimating wave setup effect on a regional
or global scale through empirical formulations are not only related to
the wave input data but also the way morphological parameters are
incorporated and, in particular, in the choice of the key parameter of
beach slope. In the formulation proposed by Stockdon et al. (2006), the
determination of the wave setup and swash components is critically
dependent on the local beach slope. Given the absence of informa-
tion on this parameter at large spatial scales, previous global scale
studies assumed a constant value for the beach-face slope. Some are
referred and discussed in Section 3 (Melet et al., 2018, 2020). Likewise,
in an earlier study, with the objective of quantifying the increasing
coastal flooding at global scale, Vitousek et al. (2017) estimated wave
setup contribution to coastal water levels assuming dissipative beach
conditions for the application of a beach slope independent Stockdon
formulation (5 = 0.016ﬂ\/m1 Essentially, this approach can be
regarded as the selection of a constant slope value of ~ 0.046 in the
original wave setup Stockdon formulation. Also, Kirezci et al. (2020)
estimated wave setup component at global scale using a formulation
dependent on deep-water wave steepness (H,,/L) and bed slope from
the Shore Protection Manual approach (Army Corps of Engineers,
1984), while also employing the Stockdon formulation for comparative
purposes with consistent results. Following a sensitive analysis, a con-
stant slope of 1/30 was selected (1/15 and 1/100 were also tested). Our
findings obtained at the Mediterranean scale underscore the substantial
uncertainty and the potential introduction of notable biases in extreme
sea level estimation associated to this methodology that uses constant
parameters for all coastal sectors and that requires a subjective choice
for this value of the beach slope, often unrealistic.

It is worth highlighting that in the development and validation
of the wave runup formulation proposed by Stockdon et al. (2006),
the authors conducted a comprehensive analysis of data derived from
ten field experiments. These experiments encompassed a range of ob-
served beach slopes, spanning from 0.01 to 0.11. Some works have
attempted to introduce this variability in the slope parameter. In the
study conducted by Almar et al. (2021), the authors accounted for the
extensive variability of beach-face slopes on a comprehensive global-
scale. Following the methodology introduced by Diaz et al. (2019),
the slope used as input parameter for the (Stockdon et al., 2006)
formulation in Almar et al. (2021) was estimated as the average slope
within the region determined by the shoreline and the inland distance
given by the closest local maxima, specifically the dune top position.
This value was retrieved from the ALOS Global Digital Surface Model
(ALOS World 3D—30 m, Tadono et al. (2016)), referred to as AW3D30,
that has a resolution of 1 arc-second (~ 30 m). Specifically, transects
perpendicular to the coast were defined every 0.05° (~ 5 km), us-
ing the Global Self-consistent, Hierarchical, High-resolution Geography
Database (GSHHS, Wessel and Smith (1996)) coastline “h” highest res-
olution (~ 1 km). Apart from the uncertainties associated to the wave
inputs, which impact the estimation of wave setup and swash effects as
discussed in the preceding paragraph, this methodology presents some
additional limitations: first, the approach employed by the authors
only considers the emerged part of the beach when estimating the
beach-face slope, whereas as defined by Stockdon et al. (2006) should
also encompass the submerged area (over a region +2¢ around the
waterline 5(r), see Section 3). This can lead to different slope values.
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For example, Sdnchez-Artts et al. (2023) investigated the vulnerability
to erosion and flooding of a set of 55 beaches located in the Catalan
coast (northwest of Spain). These beaches displayed an emerged beach
slope ranging from 0.06 to 0.25, falling largely outside the range of
beach slopes investigated in the study conducted by Stockdon et al.
(2006). Additionally, Figure 5 from Almar et al. (2021) shows exam-
ples, specifically in the southwest of France and the Netherlands, where
coastal slopes were computed over horizontal distance of 200 to 400 m,
that are considerably larger compared to the 5(r) + 25 distance. In
other regions with narrower beaches, common in the Mediterranean
Sea, the AW3D30 dataset is much more limited. For instance, in the
Balearic Islands, PDP and CLM are 30-50 m and 35-40 m wide, respec-
tively (Agulles and Jorda, 2023). Second, regions displaying substantial
tidal range can pose challenges for accurate coastline detection, in
contrast with areas as the Mediterranean Sea characterized by a micro-
tidal environment (Marcos et al., 2009). In their study, Almar et al.
(2021) included tidal signals, but applied the (Stockdon et al., 2006)
formulation independently of the tidal phase, whereas the wave setup
and swash contributions to total water level can exhibit significant
fluctuations during low or high tide conditions. Third, since (Almar
et al., 2021) aims at assessing global wave runup contribution to coastal
sea level from robust regional profile of coastal slopes, they averaged
ten 0.05° (0.5°) spaced transects. While this approach may work for
extensive, wide beaches, it very likely fails in our region of study. As
an illustrative example, the southern coast of Mallorca stretches over
0.6°, with beach slopes ranging from 0.0335 to 0.0765 (Agulles et al.,
2021) that leads to significant dispersion of wave setup contribution to
coastal sea level, with levels equivalent to ~ 50%RLe*™ " up to ~

100 years
125%RL‘;£;0" ears - Finally, in addition to the wave setup component, Al-
mar et al. (2021) calculated the swash component using the (Stockdon
et al., 2006) formulation, which is also strongly sensitive to variations
of the beach-face slope. It is worth noting that the validation of this
formulation, as emphasized by the authors, is based on a limited set
of moderate wave events. Consequently, the dependence of swash on
beach slope amplifies the overall uncertainty associated with assessing
the global impact of waves on coastal extreme sea levels. Although the
swash component can locally pose a higher risk in terms of overtopping
coastal defenses compared to the wave setup component alone, it must
be remarked that this is a highly localized and high frequency process
and that introducing this term at a regional or global coastal hazards
assessment may introduce further uncertainties. Another example that
attempts to incorporate local information of beach slopes was published
by Rueda et al. (2017), who employed a site-specific beach slope to
compute the wave setup component, using once again the (Stockdon
et al., 2006) formulation. To do so, the authors estimated the beach
slope using an empirical function of breaking wave height, period
and the D5, mm, as proposed by Sunamurra (1984). They assumed a
constant Ds, of 0.25 mm, despite several studies have demonstrated
significant variability in this parameter even within relatively small ge-
ographical areas. For example, Agulles et al. (2021) found D5, observed
from 0.15 to 1 mm for beaches in the Balearic Islands, while (Sanchez-
Artis et al., 2023) identified Ds, ranging from 0.2 to 1.3 mm along
the Catalan coast. To illustrate the impact of this variability, for a
wave characterized by a breaking height of 2.5 m and a period of
8 s, the resulting slopes would be 0.06 and 0.038, for Ds, values
of 0.15 mm and 1 mm, respectively. One feature that the aforemen-
tioned studies have in common is that the wave setup component is
computed via the Stockdon empirical formulation irrespective of the
specific coastal typology, whereas this approach was designed and
validated solely for sandy beaches, therefore introducing additional
uncertainties when applied beyond this context. This constraint is also
present when using numerical models at large spatial scales, owing
to the inherent heterogeneity of seabed compositions, crucial for the
representation of the bottom friction especially in shallow waters.
For the generation of the CoExMed dataset, Toomey et al. (2022a)
used a Manning approach with a 0.02 constant coefficient, uniformly

coupled
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applied for the whole Mediterranean Sea. Yet, the nature of the seabed
(e.g. sandy or rocky bottom) and the presence of vegetation (e.g. Posi-
donia oceanica meadows (Infantes et al., 2012)) can for instance induce
additional wave attenuation and therefore also alter the outputs. Even
provided consistent information on the nature of the seabed, the spatial
resolution of the CoExMed grid is too coarse to account for small
features such as localized submerged meadows. Likewise, the spatial
resolution plays an important role to reproduce waves transformation
processes leading to coastal wave setup (and set down), as shown by
results exhibited in Figure A.9 with wave setup levels as twice higher
when increasing the spatial resolution respect to the CoExMed dataset.
Furthermore, independently of the approach followed to represent the
wave dissipation in nearshore areas as explained in the introduction
(RS and VF formalism), as well as the approximations employed for
source terms in the wave action equation (e.g. triad interactions .S,;3),
the scale of analysis and the associated spatial resolution strongly limits
the representation of the wave setup through numerical modeling, with
an overall substantial underestimation of wave setup contribution to
extreme sea levels as indicated by results from Section 5.2. Finally,
despite the approximations and limitations concerning the represen-
tation of wave setup and wave runup through empirical formulation
as mentioned above, such approach permit the representation of the
swash excursions, crucial for assessing the total wave contribution to
coastal extreme sea levels, while it is not possible through 2D numerical
modeling at regional or global scale.

7. Conclusions

The present work characterizes the wave setup contribution to
coastal extreme sea levels along sandy coasts in the Mediterranean Sea
using multiple approaches, including numerical modeling, empirical
and semi-empirical parameterized formulations. Results from a coupled
hydrodynamic-wave 2DH numerical model are compared to widely
used empirical approaches. The comparison is performed first at local
scale, for three different sandy beach located in Eastern Spain for which
local bathymetric information is available, and, at Mediterranean scale
in terms of 1 to 200-year return levels of sea level extremes in sandy
beaches. We identify improvements and important limitations of nu-
merical modeling at regional scale for the computation of the wave
setup contribution which is significantly underestimated. Additionally,
we provide evidence of substantial uncertainty and constraints associ-
ated with use of empirical methods at that scale. This study represents
the first attempt, to our knowledge, of a comprehensive analysis of the
contribution of wave setup to coastal extreme sea levels from regional
numerical modeling together with empirically-based methods.

In the current study, in addition to a high-resolution numerical
coupled hydrodynamic-wave model, we applied both empirical (Stock-
don et al., 2006) and semi-empirical (0.2H,) methodologies to assess
the wave setup contribution to extreme sea levels at both local and
Mediterranean scale. At local scale, significant disparities emerge when
estimating the wave setup component adopting either a local or a
regional approaches. In summary, in comparison to benchmark values
derived from a local simulation using a phase-resolving wave model,
wave setup values obtained from the regional approach (CoExMed)
consistently provides lower values than from other methodologies. Con-
versely, empirical approaches yield highly variable results depending
on the local slope parameter and how well this is captured and intro-
duced in the empirical formula. Furthermore, at the basin scale, return
levels calculated from elev®“P'ed | other than elev2Hs, display different
spatial patterns. The 100-year return levels for elev*®?'¢d are generally
equal or higher than those derived from empirical approaches in the
coastal regions where the conditions for the numerical model to accu-
rately capture the wave setup development are met. These conditions
imply the presence of energetic waves (high H, and T,) where coastal
depth does not reach low enough values for waves to break in the
model, and sufficient spatial resolution to resolve wave transformation
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processes. In regions characterized by wide and shallow continental
shelves (e.g. gulfs of Valencia, Gabes and Syrte), 100-year elevcorled
return levels often exceed those produced by other methods based
on Stockdon et al. (2006) formulation. Conversely, in the absence of
a continental platform, hydrodynamic-wave coupled numerical models
are prone to underestimating the wave setup contribution, due to the
insufficient spatial resolution near the coast (Nayak et al., 2012; Martin
et al., 2023). To illustrate this point, the local investigation carried out
in PDP (Section 4) showed differences in wave setup between a regional
and a local approach, that are attributed solely to the difference in
the grid resolution. In addition to the grid node density, that plays
a pivotal role when employing a 2DH approach, other factors in the
modeling configuration also impact the wave setup, as explained in the
introduction. Indeed, though a 3D simulation at such spatial and tem-
poral scales is not conceivable, Martins et al. (2022) showed, for 2DH
approaches, the benefit from using a vortex force formalism compared
to a radiation stress formalism, especially in the case of a steep bottom.
As a comparable analysis can be conducted in PDP that is characterized
by a mild slope of 0.027, additional investigations could be undertaken
to evaluate the influence of VF formalism on the magnitude of wave
setup contributions at a larger spatial scale such as the Mediterranean.
Despite the substantial dispersion in results observed among various
commonly employed approaches (empirical, semi-empirical, and nu-
merical) for estimating wave setup and the limitations associated, our
work confirms that the wave setup contribution to extreme sea levels
in many parts of the Mediterranean coasts is non negligible and should
be accounted for. We found that in the Mediterranean basin, the wave
setup component represents more than 20% of extreme sea levels for
elevc?ed and elevfoo+ 100-year return level at 13.1% and 6.6% of
coastal points, respectively.

In conclusion, this work underscores the importance of incorporat-
ing wave setup estimation in coastal hazards assessment and advocates
for its inclusion, whenever feasible. The findings presented in this
research demonstrate that including this phenomenon can substantially
alter storm surge levels. For instance, as initially highlighted in Toomey
et al. (2022a), it has been shown along the coasts of the Gulf of Valen-
cia, an extreme sea level of 46 cm corresponding to a return period
of 100 years is expected to occur every 8 years when accounting for
wave setup. This study also shows that the wave setup representation
through numerical modeling at regional or global scale is overall very
limited, with a largely underestimated contribution to extreme sea
levels in most parts of the Mediterranean. Consequently, outputs from
numerical modeling such as the CoExMed dataset should be regarded
as conservative lower limit for regional assessment of the wave setup
contribution to coastal extreme sea level. On the other hand, wave
setup estimation from formulations like the one proposed by Stockdon
et al. (2006) provides levels for the wave runup, but can yield very
variable results depending on local wave inputs and morphological
parameters. Designed and validated at local scale, for sandy beach
application and during moderate wave conditions, such formulation
should be applied with caution when used at regional or global scale.
Extracting wave setup component from such methodologies proves
difficult because of the absence of global or regional database of local
beach-face slope, that can strongly change over time especially where
the wave regime has a strong seasonality. Note that the latter is also
a limitation for numerical models using time-invariant bathymetry.
Furthermore, uncertainties from methods found in the literature are
multiple, and as mentioned earlier, can lead to very disperse results
with poor confidence. As performed in Melet et al. (2020), with the col-
lection of local beach slope information at 308 different location around
the world, we recommend the application of empirical formulation for
regional and global studies at specific sites, or relatively large areas
showing very similar morphological characteristics and wave climate,
and certainly not continuously for the worldwide coastlines.
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