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This research investigates how salt marshes contribute to both wave energy dissipation and spectral period
transformation, advancing their role as a nature-based solution for coastal protection. Using laboratory
simulations with a scaled barren foreshore, salt marsh and dike model, we examine the interactions between
vegetation, water depth, and wave properties under varied conditions, including storm scenarios with irregular
waves. Results indicate a case specific threshold at which the salt marsh model attenuates energy optimally, as
for very shallow water depths wave energy is predominantly dissipated by the barren foreshore. The spectral
wave period T,,_,, increases when waves propagate from deep to shallow water depths, as a result of wave
breaking and generation of infragravity waves. The presence of salt marsh vegetation further enhances this
effect by preferentially damping high frequency components. This highlights that an increase in 7,,_;, in
vegetated environments may not always correspond to an increased hydrodynamic load on the dike.

1. Introduction

In densely populated deltas around the globe, hard structures like
dikes covered with a hard protection layer are commonly used as
coastal protection measure. Such structures are static and will require
heightening in the future as a result of sea level rise. Instead, grass
covered dikes in combination with soft natural solutions like coastal
wetlands could potentially be utilized, providing numerous benefits in
terms of biodiversity, coastal protection and economy (van der Wal and
Pye, 2004).

Salt marshes are a type of wetlands that can be found usually
in the upper intertidal zone of moderate climates (Mcowen et al.,
2017). They are climate-adaptive, as they can capture sediment and
grow with rising sea level and attenuate wave energy from incoming
storms (Vuik et al., 2016). Given that enough sediment is available,
salt marshes can be resistant to climate change and sea level rise
(SLR) (Kirwan and Megonigal, 2013; Best et al., 2018; Kirwan et al.,
2010), while insufficient sediment supply leads to erosion (Mariotti
and Fagherazzi, 2013). As a result, they could potentially reduce the
need for future dike heightening investments. Moreover, grass dikes
and salt marshes offer opportunities for nature development and recre-
ational use and can store carbon very effectively, thereby providing
environmental and societal benefits (Gedan et al., 2011). However,
the large-scale implementation of salt marshes for coastal protection
is constrained by the limited understanding of their behavior under
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extreme storm conditions. A fundamental consideration in this context
is the determination of the dike crest height, which is typically based
on the expected overtopping during such events (e.g., van Gent, 2002).
Commonly used formulas for the calculation of these variables (e.g.,
EurOtop, 2018; Lashley et al., 2021; van Gent, 1999; Altomare et al.,
2016) require prior knowledge of the spectral wave height (H,,,) and
spectral wave period related to the first negative moment (7,,_, o) at the
toe of the dike. From this aspect, the implementation of salt marshes
as an additional coastal defense requires a good understanding of the
effect of a salt marsh on the variables above and, more generally, on
hydrodynamics.

A key impact of vegetation in the nearshore zone is its signifi-
cant role in mitigating wind-generated sea-swell waves. This process
is influenced by multiple factors such as vegetation type (Willemsen
et al.,, 2020), shoot stiffness (Bouma et al., 2013), the submergence
ratio of plants (Yang et al., 2012), and the relative significant wave
height (Moller, 2006), which all influence the ability of a salt marsh
to dissipate wave energy. Although many experimental studies can be
found on wave attenuation by vegetation (e.g., Augustin et al., 2009;
Anderson and Smith, 2014; Maza et al., 2015; Zhang and Nepf, 2021;
van Veelen et al., 2020; Zhao et al., 2023; Moller et al., 2014; Keimer
et al., 2021), most of these focus on relatively low inundation depths
(d/I < 3.5, where d is water depth, / is vegetation length) and the effect
of vegetation during storm conditions with very high water levels is not
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fully understood. Other natural salt marsh features, such as creeks and
variations in bottom profile, could also play a role in wave attenuation,
but their effect on near-dike wave characteristics is understudied.

The seaside boundary of a salt marsh can exhibit either a gradual
incline, transitioning smoothly from the plant-covered surface to the
barren foreshore, or it may feature a cliff (e.g. Muller et al., 2026;
Brooks et al., 2021), which can range from a few centimeters to over a
meter tall (Callaghan et al., 2010; Vuik et al., 2018). Commonly, it is an
abrupt change in depth and can lead to wave reflection, which reduces
the wave height of the incoming waves. However, under non-breaking
wave conditions and if reflection is negligible, a decrease in depth can
also increase the wave height. As a consequence, it is not clear how
a more complex bathymetry influences the spectral wave height (#,,)
and how it compares with the impact of the vegetation itself.

In addition to the wave attenuation properties, a salt marsh is
expected to affect T,_; o. The development of long infra-gravity waves
over a mildly sloping foreshore and the dissipation of shorter wind-
generated waves due to wave breaking is expected to lead to an
increasing dominance of long waves in shallow water (e.g., Bertin et al.,
2018), leading to an increase in T,,_; , (Hofland et al., 2017). Altomare
et al. (2016) also reports that T,,_; o increases over shallow foreshores
and finds an overestimation of overtopping formulas (van Gent, 1999)
for such conditions. As a step beyond integral dissipation models, Lowe
et al. (2005) developed a framework to predict in-canopy velocity
attenuation. Building on this concept, Jadhav et al. (2013) introduced
a frequency-dependent drag coefficient using an in-canopy velocity
reduction factor and a reorganized form of the energy dissipation model
by Chen and Zhao (2012). These studies suggest that vegetation not
only damps waves but also modifies the spectral shape, potentially
altering T,,_, as waves traverse the marsh. In engineering practice,
spectral wave models like SWAN are commonly used to transform
offshore wave conditions to near-dike locations, often accounting for
the presence of vegetation. However, the default vegetation dissipa-
tion formulation in SWAN (Mendez and Losada, 2004; Suzuki et al.,
2012) applies energy loss uniformly across the spectrum, neglecting the
frequency-dependent nature of vegetation-induced attenuation. This
simplification can lead to inaccuracies in the computed 7,,_; 5, which
is highly sensitive to the spectral energy distribution.

Several laboratory studies have been conducted in the past to inves-
tigate nearshore processes in the presence of salt marshes. Most of these
studies focus solely on vegetation and its attenuating properties (e.g.,
Luhar and Nepf, 2016; Zhang et al., 2022; Contti Neto et al., 2025)
while the effect of a salt marsh on T),_;, has not been well studied.
From this perspective, the main objective of this study is to quantify
the impact of a schematized salt marsh on H,,, and T,,_; ;. This analysis
relies on a unique set of small-scale laboratory experiments that include
the schematization of a barren foreshore, a salt marsh and a dike.
The experiment is designed to systematically investigate the effect of a
complex bathymetry and vegetation for varying water levels, including
high water levels (i.e. high d/! ratios) that have been seldom studied,
despite their relevance for coastal protection (Moller et al., 2014). This
will allow us to characterize the impact of the salt marsh on the key
parameters used in overtopping formulas.

The study is structured as follows. Section 2 presents the lab set-
up, the tested wave conditions, the scaling of the vegetation mimics
(Section 2.1), the post processing (Section 2.2) and meta analysis of
the data (Section 2.3). In Section 3 the results of the analysis are
presented, further divided in Section 3.1 for H,,, evolution over a salt
marsh, Section 3.2 for T,,_; . Section 4 discusses the implications of
the findings and Section 5 presents the main conclusions.

2. Methodology
In this section we describe the employed methodology that is used

to investigate the influence of the model salt marsh on wave dissi-
pation and spectral wave characteristics. The section begins with a
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Table 1
Experimental set-ups.
Setup h, [cm] Vegetation
Su1 0 X
Su2 6 X
Su3 12 X
Su4 0 v
SUS 6 v
Su6 12 v

detailed description of the experimental setup, the wave conditions and
instrumentation. We further elaborate the techniques used to replicate
natural vegetation properties at laboratory scale. The post-processing
procedures for data analysis are also discussed, including methods for
decomposing water level signals and spectral analysis of wave energy.

2.1. Laboratory experiments

2.1.1. Experimental set-up

The laboratory experiments were conducted in the 42 m long, 0.8 m
wide, 1 m high wave flume at the Hydraulic Engineering Laboratory of
Delft University of Technology. This flume is equipped with a piston
type wave-maker, able to generate regular and irregular waves. For
these experiments, an idealized setup consisting of a barren foreshore,
a salt marsh and a dike is installed in the flume (Fig. 1). The setup
is a scaled model with a length scaling ratio of N; = 10 (applied
in both vertical and horizontal directions) of large scale experiments
with a real salt marsh that were performed at a later stage in the
Delta flume of Deltares (Antonini et al., 2024). These were designed to
represent a typical barren foreshore-salt marsh-sea dike layout of the
Southern Wadden Sea coast during extreme storm conditions. Setting
a reference point at the wave generator (x = 0, Fig. 1), the wooden
impermeable foreshore, placed at x = 15.07 m is made out of two parts;
a steep slope part (1 : 9), 1.35 m long and a mild slope part (1 : 45),
4.05 m long. At the shoreward end of the foreshore, a smooth, wooden,
horizontal, impermeable platform is installed to mimic a salt marsh.
This is adjusted among three vertical positions above the foreshore,
in order to create three different cliff heights of n, = 0, 6, and 12
cm (Fig. 1c). A dummy dike is installed at the end of the salt marsh,
with a height of 1.15 m measured from the bottom of the flume and
a slope of 1/3.6. The length of the salt marsh changes between 6.9,
7.1 and 7.3 m for the three different cases of h,, as by raising the
salt marsh platform an extra part of the dike needs to be covered.
The experiments are also performed for the cases with and without
vegetation on the salt marsh platform, leading to a total of 6 set-ups
(Table 1). A summary of the instruments used is given in Table 2, also
indicated in Fig. 1. In total, 5 collocated wave gauges (WG 1-5) and
electromagnetic flow meters (EMF 1-5) are employed to measure water
level and velocities respectively, at a sampling frequency f, = 200 Hz.
The vertical position of the EMF is set in the middle of the water column
for each experiment. Additionally, two Sick LMS511 LiDAR sensors
(LS1, LS2, Fig. 1) are utilized to measure water level fluctuations
along the flume at f; = 10 Hz. Since clean water does not effectively
reflect LiDAR beams, a seeding agent, Magspheres G25/60, is added in
the flume water at a concentration of 0.5 ml/1.

2.1.2. Test program

Two water depths over the salt marsh d,, = 25 and 40 cm are selected
as representative cases (in scale) of typical and extreme inundation
levels observed over salt marshes during storms (e.g., Vuik et al., 2016;
Marin-Diaz et al., 2023). For d,, = 25 cm, three peak wave steepness
values (s, = 3-5%) are tested with H,,, = 14 cm, while for d,, = 40 cm
we test four different target wave heights (H,, = 10-16 cm) with
s, = 4%. These seven experiments are tested across all three cliff

p
configurations with A, = 0 cm (IRO3-IR05, IR12-IR15), A, = 6 cm
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Fig. 1. a: Side view of experimental set-up. b: Top view. c¢: Zoomed side view around the salt marsh edge, distinguishing the set-ups (Table 1).

Table 2
List of used instruments, comprising 5 collocated WG and EMF and 2
LS.WG5 and EMF5 position depends on the set-up and are always set at
the toe.

Instrument x [m] Sampling frequency [Hz]
WG1 7.15 200
WG2 20.36 200
WG3 20.68 200
WG4 23.96 200
WG5 27.34, 27.56, 27.78 200
EMF1 7.15 200
EMF2 20.36 200
EMF3 20.68 200
EMF4 23.96 200
EMF5 27.34, 27.56, 27.78 200
LS1 17.50 10
LS2 26.65 10

(IR24-IR30) and A, = 12 cm (IR31-IR37). To enable direct comparisons
between cases with and without a cliff, additional experiments are
considered for 4, = 0 cm (IRO6-IR11 and IR16-IR23) with matching
offshore conditions to the cases of o, = 6 and 12 cm. Two more
low water depth cases (IR01 and IR02) are also included for the case
without a cliff to increase coverage of the tested submergence ratio
of vegetation (d,,/I, where I is the length of vegetation shoots). The
selected wave steepness range (s, = 3-5%) reflects typical values of
deep-water wind-generated waves (e.g., Myrhaug, 2018). Wave heights
are chosen so as to span a relevant range, to allow comparisons of
identical wave heights at different water depths and to ensure that

d,/L, > 0.05, avoiding strong depth-limited breaking over the salt
marsh (where L,= H,,,O/sp).

The above considerations lead to a total 37 wave conditions, each
generated using JONSWAP spectra with a peak enhancement factor
of 3.3. These were performed with a barren bottom (SU1, SU2, SU3,
corresponding to i, = 0,6, 12 cm) and with vegetation (SU4, SU5, SU6)
resulting in 74 experiments with a submergence ratio of plants d,,/I =
1.8—5.8 (Table 3). The duration of each experiment is planned for
1000T),, (1200 waves) where T, is the peak spectral period calculated
using L, and the dispersion relationship.

2.1.3. Vegetation scaling

A scaled-down meadow is installed during the experiments to simu-
late a vegetated salt marsh. The overall adopted canopy scaling process
envisages two main steps: the scaling and the clustering of shoots. In
this subsection, we use the indices 0, 1 and 2 to describe the vegetation
variables for the target vegetation in prototype scale, the scaled canopy
resulting from the first transformation step and the clustered vegetation
resulting from the second transformation step respectively.

Leaves of salt marsh species can contribute between 40—-80% of the
total drag force (Jalonen and Jirveld, 2013; Zhang and Nepf, 2021).
However, the cylindrical model is employed as it is better suited to
simulate wave attenuation under storm conditions, which primarily
occur during winter when salt marsh vegetation has shed its leaves.
As a result, the model consists of cylindrical neoprene shoots with
a diameter D, = 2 mm, /, = 9 cm long, a material density p, =
1230 kg/m? and a canopy density S, = 8100 shoots/m?. A 3-point
bending test is performed with an Instron EMSYSL7049 flexure test
machine on a hundred samples, measuring the mean value of Young’s
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Table 3

Target experimental wave states with the corresponding target offshore water
depth (d,), water depth above the salt marsh (d,), submergence ratio of
salt marsh vegetation (d,,//), spectral wave height (H,,), peak spectral wave
period (1,) peak wave steepness (s,)s cliff height (h,.) and tested set-ups.

No d, [ecm] d, [em] d,/l [-] H,y [cm] T, [s] Sy [-1 h, [cm] Set-up

IRO1 40 16 1.8 12 1.68 4 0 SU1-SU4
IR02 46 22 2.4 12 161 4 0 SU1-SU4
IR03 49 25 2.8 14 1.78 4 0 SU1-SU4
IR04 49 25 2.8 14 227 3 0 SU1-SU4
IRO5 49 25 2.8 14 1.50 5 0 SU1-SU4
IR0O6 55 31 3.4 14 1.72 4 0 SU1-SU4
IRO7 55 31 3.4 14 218 3 0 SU1-SU4
IRO8 55 31 3.4 14 146 5 0 SU1-SU4
IR09 61 37 4.1 14 1.68 4 0 SU1-SU4
IR10 61 37 4.1 14 210 3 0 SU1-SU4
IR11 61 37 4.1 14 1.43 5 0 SU1-SU4
IR12 64 40 4.4 10 1.32 4 0 SU1-SU4
IR13 64 40 4.4 12 148 4 0 SU1-SU4
IR14 64 40 4.4 14 1.66 4 0 SU1-SU4
IR15 64 40 4.4 16 1.83 4 0 SU1-SU4
IR16 70 46 5.1 10 1.30 4 0 SU1-SU4
IR17 70 46 5.1 12 146 4 0 SU1-SU4
IR18 70 46 5.1 14 1.62 4 0 SU1-SU4
IR19 70 46 5.1 16 1.79 4 0 SU1-SU4
IR20 76 52 5.8 10 1.29 4 0 SU1-SU4
IR21 76 52 5.8 12 1.44 4 0 SU1-SU4
IR22 76 52 5.8 14 1.60 4 0 SU1-SU4
IR23 76 52 5.8 16 1.76 4 0 SU1-SU4
IR24 55 25 2.8 14 1.72 4 6 SU2-SUS
IR25 55 25 2.8 14 218 3 6 SU2-SUS
IR26 55 25 2.8 14 146 5 6 SU2-SUS
IR27 70 40 4.4 10 1.30 4 6 SU2-SUS
IR28 70 40 4.4 12 146 4 6 SU2-SUS
IR29 70 40 4.4 14 1.62 4 6 SU2-SUS
IR30 70 40 4.4 16 1.79 4 6 SU2-SU5
IR31 61 25 2.8 14 1.68 4 12 SU3-SU6
IR32 61 25 2.8 14 210 3 12 SU3-SU6
IR33 61 25 2.8 14 143 5 12 SU3-SU6
IR34 76 40 4.4 10 1.29 4 12 SU3-SU6
IR35 76 40 4.4 12 1.44 4 12 SU3-SU6
IR36 76 40 4.4 14 1.60 4 12 SU3-SU6
IR37 76 40 4.4 16 1.76 4 12 SU3-SU6

Modulus at E,, = 8 MPa. These dimensions and mechanical properties
of the material were selected to mimic typical field values identified
for Spartina alteniflora (Zhang et al., 2022) such as .S, = 191 shoots/m?,
Dy =8.5mm, py =840 kg/m* and stem elasticity E,; = 1 GPa.

For the first transformation step, the plant properties are scaled
according to Zhang and Nepf (2021), which utilizes a scaling law for
the dynamic reconfiguration of plants. In this model, plant orientation
relies on three dimensionless parameters: the Buoyancy number (Bu),
the Cauchy number (Ca), and the plant length ratio (L,) (Eq. (1)). Ca
is used to scale the elasticity of the shoots, Bu to scale the material
density and L, is used to scale the length of the plant relative to the
prototype.

pru2

4 _ ApgV
EI/r2’

u=——,
EI/I2

!

VT AL T 1

In these equations 4p = p,, — p is the material density difference
between vegetation (p) and water (p,), g = 9.81 m/s2 is the gravity
constant, D and / are the plant diameter and length, A and V are
the frontal area and volume of the individual plant element, I is the
momentum of inertia, 4, is the wave excursion, ®, the peak angular
frequency, u is the characteristic velocity on top of the vegetation field.
To define the latter for the case of an irregular wave field, we use the
target wave properties of experiment I R15 (Table 3) and calculate a 5th
order Stokes solution (Zhao and Liu, 2022) right on top of the vegeta-
tion field, as shown in Table 4. The velocity and wave characteristics on
prototype scale are obtained by applying a Froude scaling on the small
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Table 4

Two-step vegetation scaling. For the calculation of the dimensionless param-
eters, the target wave properties of experiment /R15 are used to calculate
the characteristic velocity on the top part of the plant (H, = 0.16 cm, s =
4%, u = 0.44 m/s). The dimensionless numbers at the Clustering column are
calculated using the properties of the selected material (p, = 1230 kg/m*® and
E,, =0.008 GPa).

Variable Symbol  Units Prototype (0) Scaling (1) Clustering (2)
Canopy density S 1/m> 191 19100 8118
Diameter D mm 8.5 0.85 2
Length ! cm 90 9 9
Elasticity E, GPa 1 0.1 0.008
Material density ~ p kg/m® 840 840 1230
Water density Pu kg/m* 1010 1000 1000
Velocity u m/s 1.40 0.44 0.44
Wave height H,o m 1.6 0.16 0.16
Wave steepness s, - 4 4 4
Cauchy Ca - 48 47 45
Blade length ratio L, - 0.7 0.7 0.7
Reynolds Re - 11900 376 885
Buoyancy Bu - 1.1 1.0 -3.3

scale wave characteristics, while the number of shoots/m? after the first
transformation is calculated as S| = SON]%. Through the first scaling
step the flexibility is preserved by keeping Ca and L, in the same order
of magnitude. On the contrary, it results in plants with a small diameter
(D =8.5 mm/N; =0.85 mm) and lower velocities in comparison to the
prototype, leading to a very small Reynolds vegetation number (Table
4, Scaling), defined as Re, = ?, where u is a characteristic velocity on
the individual plant element and v is the kinematic viscosity. Applying a
kinematic similarity, we calculate that in the field we expect values that
are Re,/Re,; = (uyDy/v)/(u; D;/v) = N}-* ~ 31.6 times larger, which
could potentially induce scaling effects in the model, since damping
significantly increases for very low Reynolds numbers (Anderson and
Smith, 2014).

In order to mitigate this scaling effect, a second transformation is
applied by clustering multiple shoots into one, increasing Re,. By using
D, =2 mm, we do this on the basis of preserving the total drag force
on the meadow as:

%PCDAWZ D,
S Fpy =8Fpy = SH=81T—— =5+

(2)
1 1
3pCpAyu? D,

where Fp = % pCpAu? is the drag force on individual shoots, C;, is
a drag coefficient, A = DI is the frontal area of the plant. Applying
a kinematic similarity for the scaling of velocity and using the values
of Dy and D,, we calculate that Re,,/Re,, ~ 13.4 and the Reynolds
scaling effect is reduced by a factor of 31.6/13.4 ~ 2.4. At the same
time, the value of E,, is calculated in order to preserve Ca in the same
order of magnitude after clustering and increasing D, preserving the
flexibility. The plant material density is comparable to the density of
water so plant buoyancy does not impact the blade posture significantly
and Bu can be neglected (Zhang and Nepf, 2021). The two step scaling
down process is summarized in Fig. 2, while a view of the constructed
meadow is shown in Fig. 3.

2.2. Post-processing

Post-processing procedures are applied to the data collected from
LS, WG and EM F. The signal retrieved from the LS is initially in the
form of spherical coordinates. To process this data, the position of each
scanner is first accurately determined. Subsequently, transformations
are applied to convert the raw spherical coordinate dataset into a
Cartesian coordinate system, as outlined by Oosterlo et al. (2021).
The spatial resolution of the resulting dataset over the x axis varies
spatially and is coarser at the edges of the scanning area with an
average 4 cm, a minimum 2 cm and a maximum 10.5 cm among all
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Fig. 2. Visualization of the two step scaling.

Fig. 3. Side view of the constructed meadow and the cliff.

experiments. This dataset is then linearly interpolated in space and in
time to create a dense array of water level signals with a temporal
resolution Ar = 0.1 s and a spatial resolution Ax = 0.1 m for each LS.
A Hampel filter (e.g., Pearson et al., 2016) with a window width 1 s
is applied to remove outliers and the resulting gaps in the dataset are
filled using linear interpolation. As the resulting signals from the two
LS have an overlapping area of about 5 m, a linear weighting function
is used to combine the two signals into one (Fig. 4a, n; ).

The LS operates on a different system than the WG and EM F, so
its signal is aligned using cross-correlation. The processed LS signal is
interpolated at the location of WG4 and cross-correlation is applied
to compute the similarity between the interpolated LS signals and
W G4 signal as a function of their relative time shift. The time lag
corresponding to the maximum cross-correlation is used to align the LS
signals with the WG and EM F signals. To ensure the analysis focuses
on the stationary phase of the experiments, data from the beginning of
the recordings up to 1007, s after the wave generator starts are removed
from all datasets.

2.3. Data analysis

n1s is decomposed into an incident (#; ) and reflected (7, g) water
level signal at each spatial grid point using the Radon transform (Almar
et al., 2016). To do this, the standard grid (4x = 0.1 m, 4t = 0.1 s) is
reinterpolated into a finer mesh of 4t = 0.016 s and 4x = 0.01 m, as finer
ratios of 7/Ar and x/Ax reduce the errors of the method. The resulting
incident and reflected wave components are reinterpolated back to the

standard Ax = 0.1 s, 4 = 0.1 s grid. The signals from the collocated
WG and EMF are also decomposed using a collocated decomposition
method (Buckley et al., 2015) to extract incident (#; ) and reflected
(n, p) wave components. Following this, we perform a spectral analysis
on the retrieved incident signals (y; g, #; p), by dividing the detrended
time series into blocks of 107, calculating the variance density spectra
and averaging the spectra over the blocks to obtain the spectral density
per frequency P(f).

Fig. 5 presents the spectra retrieved from #; p at the toe of the
dike (W G5 — EM F5). In this figure, the spectral density (P) for each
experiment is normalized by its maximum value, and the frequency
axis is made dimensionless using the offshore peak frequency f,. This
normalization is applied to emphasize the spectral shape rather than
absolute energy content, as the shape governs the spectral wave period
T,-10- It can be seen that secondary peaks develop as a result of
non-linear wave-wave interactions, leading to energy transfers towards
lower and higher frequencies. To quantify the frequency distribution
of the energy, the spectra are further separated into a low (f/f, < 0.5)
frequency band, used to characterize the infragravity wave energy, and
a main (f/f, > 0.5) frequency band that contains the peak and its
superharmonics.

H,, and T,_,, are then calculated for the low, main and entire
frequency bands as H,o = 4y/my and T,,_, o = m_;/m,, where m, =
/ ffl * P nSf"df, fi and f, are the bounds of the considered frequency
band. Further in the manuscript, the superscripts /ow, main and tot are
used to distinguish between variables that have been calculated using
the low, main or entire frequency band.

Fig. 6 compares H'%\ and T';”_’IYO calculated using 7, z to the values
obtained from #; p for all experiments. The results reveal a satisfactory
agreement between the two methods for calculating H,,,, with a co-
efficient of determination R?> ~ 0.99. However, a significant disparity
arises in the calculation of T,,_,y (R*> ~ 0.83). Unlike H,,, which is
only influenced by the total energy contained in a spectrum, 7,,_; is
influenced by the distribution of energy across the frequency bands.
LS measurements, while effective, are less accurate than WG mea-
surements with the largest errors found in the low frequency band.
Furthermore, in the cases with large deviations observed in Fig. 6, the
Radon transform altered the total spectral distribution, impacting the
reliability of T,,_; o calculations. As a result, in Section 3, we use the
incoming wave signals processed via the Radon transform to study the
evolution of wave height over the salt marsh. Conversely, we use the
incoming wave signals produced using the collocated decomposition to
analyze T,,_, , ensuring accuracy and consistency in the interpretation
of the spectral wave period. Therefore the wave height is available with
a much higher spatial resolution than the spectral period.
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Fig. 4. Example of space-time diagram of: a: the raw surface elevation (1, ;) measured from the still water surface, b: Incident water level plus reflected water
level after the Radon transform (; + #,) c¢: Incident water level (#;) d: reflected water level (,).
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Fig. 5. Dimensionless spectra from all experiments at the toe of the dike
without vegetation (blue), with vegetation (green) calculated using 7, 5, along
with the defined frequency bands used for wave statistics. The black solid line
is the theoretical JONSWAP spectrum with a peak enhancement factor y = 3.3.

3. Results

In this section, the evolution of spectral wave height H,, (Sec-
tion 3.1) and T,,_; ; (Section 3.2) are examined.

3.1. Wave height

Fig. 7 illustrates the evolution of H,, along the flume for the
different frequency bands (Section 2), under varying conditions (d,, =
0.16 m, 0.22 m and 0.40 m, where d,, is the water depth above the
salt marsh), for the case without a cliff, with and without vegetation.
Energy from the main frequency band is dissipated for all cases, while
the low frequency band either grows slightly for the cases without
vegetation or dissipates at a much lower rate compared to the main
frequency band. Despite this, the main frequency band still dominates

over the entire profile, with low frequency waves representing at most
5.6% of the total wave energy at the edge of the salt marsh and 1.8% on
average among all experiments. At shallow water depths (d,, = 0.16 m),
waves initially shoal as they propagate over the barren foreshore (X ~
16 m), then begin breaking (X ~ 17 m), resulting in a reduction of wave
height. Vegetation contributes to dissipation under these conditions,
yet its relative contribution becomes more pronounced for higher water
depths. For moderate water depth (0.22 m), vegetation dissipates more
energy as less energy is dissipated by breaking over the foreshore. At
higher water depths (0.40 m), both wave breaking and dissipation by
vegetation diminish.

As a result, a spatial description of wave dissipation is crucial
to separate the amount of energy dissipated by wave breaking and
vegetation.

In the following, we investigate the cross-shore evolution of the
energy in the main frequency band as it dominates over the profile.
Assuming that the energy loss by bottom friction is negligible and that
nonlinear energy transfers towards the low frequency band are small,
the time-averaged energy balance is given by (Mendez and Losada,
2004):
dEc,

ox

where (e,) and (e,) are the dissipation induced by wave breaking
and vegetation in the main frequency band, E = %pg (Hr"',:s"")z, with
Haln = g //2, is the energy in this frequency band and ¢, is the
group velocity calculated from linear wave theory using the offshore
T,. The average energy dissipation rate per unit area caused by wave
breaking is:

3z Bf »
() = =g re rids

= (e, — (e,) &)

() “
where y, is an adjustable parameter (Miche, 1944). B was introduced
by Thornton and Guza (1983) and represents the percentage of foam
on the face of the wave and the intensity of wave breaking. For the
sake of simplicity, we assume B = 1 for the following analyses.

The average energy dissipation rate per unit area due to vegetation
in the main frequency band is expressed as (Mendez and Losada, 2004):



D. Dermentzoglou et al.

0.2r

® WG1
® wae2
H WG3
® WG4
X WG5

0.15f

m0,B

tot

0.05f

4
73

4

0 0.05 0.1 0.15
Htot

mO,R

0.2

Coastal Engineering 204 (2026) 104900

5r *
/7
af /7
/7

3F /iz;{ $
T_EZI xxx

1k

/7

tot
Tm-‘l ,0,R

Fig. 6. Left: Comparison of H calculated from the incident water level that is derived through the processed LS signal and the Radon transformation (7; z)
versus the one from the WG — EMF and the collocated decomposition (7, 3), for all experiments. Right: Similar comparison for T/ .
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Fig. 7. Evolution of H,,, calculated for low (a), main (b) and entire frequency band (c). Three wave conditions (d,, = 0.16, 0.22 and 0.4 m) are compared with
h, = 0cm, including cases without (SUI-IR01, IR02, IR13) and with vegetation (SU4-IR0O1, IR02, IR013).

pCpDS kg 3 sinh3kl + 3sinhkl
(e)= =2 (>0 (

2z 20 3kcosh3kd

where Cj, is a bulk drag coefficient. A major assumption in this formula
is the validity of linear wave theory to translate the wave height into
a velocity field. Moreover, by using a parametrization of (e,) that
depends on H™*" only, we implicitly neglect the contribution of the
low frequency wave velocity to the total velocity field, and thus to the
dissipation induced by the presence of vegetation. This assumption is
deemed acceptable as the energy content of the low frequency band
compared to the total is small, as was already highlighted in the
beginning of this section (Fig. 7).

For the cases without vegetation where (e,) = 0, Eq. (3) is solved in
the discretized domain from X = 10 m to the toe of the structure (X =
27.35 m) in order to obtain the evolution of E (and thus H;"mas"") over
X (Fig. 8). To better account for the distinct hydrodynamic conditions
along the profile, two separate y, values are used for each experiment,

main)3
rms

(5)

one over the offshore-foreshore section (y,, 1> 0-20.47 m) and one over
the flat salt marsh platform (y,,, 20.47-27.35, 27.56 or 27.78 m for
SU1, SU2 and SU3 respectively). y, , is determined by finding the value
that minimizes the RMSE between the measured incident main wave
height at the cliff (Hr':'n”s"’"memre 4> Fig. 8, black line) and the calculated
value from Eq. (3) (H*" . .;» Fig. 8, gray line). Similarly? Yom 1S
determined as the value that minimizes the RMSE between H s measured
and H:’r’r:’;:alcula req OVEr the entire salt marsh platform. Both y, values are
then used to calculate (e,) (Fig. 8, blue area) for each experiment.
The fitted y, values for the foreshore (7, ;) and salt marsh plat-
form (y,,) are shown in Fig. 9, taking values mostly between 0.3
and 0.6 across the explored (d,, /Lp) range. The values of y, 7 (blue
markers) of experiments with more energy dissipation (solid markers,
fod'f 4 (epydx > 2.5 N/s) appear to follow a slightly positive trend
with d,,/L,. On the contrary, in conditions where wave breaking over
the foreshore is minimal (transparent markers), y, , has a negative
trend with d,,/L,, following similar behavior to the results presented
in Zhang et al. (2021). y,,, shows a trend akin to y, ,, but with larger
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Fig. 8. Example of Eq. (3) application for different offshore water depths (d,). The black and gray lines show the measured and calculated H,':":fj" (right y-axis)

respectively, while the blue area shows the calculated (e,) (left y-axis).
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Fig. 9. 7y, values for experiments without vegetation. Blue symbols correspond
to 7,, and green symbols to y,,. Marker opacity indicates whether the
integrated breaking dissipation in the respective zone exceeds a threshold
value of 2.5 N/s.

values to reproduce the smaller wave height decay observed over the
horizontal marsh. Despite some local spatial mismatches, the two-zone
calibration captures the bulk dissipation over the marsh platform and
yields accurate wave-height predictions at the cliff and at the dike toe.

For the vegetated cases, Eq. (3) is applied in each experiment to es-
timate Cp, maintaining the values of y, ; and y,, ,, that were determined
for the non-vegetated cases. Here, the energy balance incorporates
both terms on the right-hand side of Eq. (3), with the spatial domain
extending from offshore to the toe of the dike.

In Fig. 10, the results from various vegetation experiments are
presented. The top row (Fig. 10a—c) compares identical wave conditions
under different offshore water depths. At very shallow water depths
(Fig. 10a, d, = 0.40m), wave energy dissipation is predominantly
governed by the foreshore, resulting in minimal energy reaching the
vegetated section. As the water depth increases (Fig. 10b, d, = 0.49m),
dissipation by wave breaking is reduced and a larger portion of the
incoming energy is transmitted to the vegetated area, leading to a
noticeable increase in the total (e,). However, further increasing the
depth (Fig. 10c, d, = 0.76 m) reduces the vegetation-induced dissipa-
tion, likely due to lower near-bed orbital velocities. The second row
(Fig. 10d-f) presents experiments with varying wave steepness. As wave
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Fig. 10. Example of Eq. (3) application for different d,. The black and gray lines show the measured (H,,, z) and calculated (H,,, ,;;) wave height respectively
(right y-axis), the blue and green area show the calculated (e,) and (e,) (left y-axis).

steepness decreases, the total energy dissipation increases, with both
(ep) and (e,) becoming more pronounced. The last row (Fig. 10g-h)
illustrates the influence of the marsh cliff. Inclusion of a cliff (Fig.
10g) significantly enhances local energy dissipation, while a deeper
water level (Fig. 10h) reduces this effect, as the relative water depth
difference before and after the cliff becomes less, decreasing shoaling
effects.

Fig. 11 summarizes the results of both processes, showing the spa-
tially integrated dissipation induced by breaking Q, = ]ot;ef shorel@p)dx
and vegetation Q, = fctl‘:j, {e,)dx. The value of Q, is maximum for
the cases around d,,/L, ~ 0.13. When d,,/L, < 0.1, intense wave
breaking occurs over the foreshore, dissipating significant energy be-
fore the waves can interact significantly with the vegetated section.
While d,,/L, > 0.13 leads to reduced values of Q,, as a result of reduced
orbital velocities at the bottom which leads to less drag and dissipation
by vegetation as highlighted above. This indicates the existence of a
case-specific threshold depth at which the salt marsh achieves optimal
energy dissipation. This threshold is influenced by both the intrinsic

properties of the salt marsh and the characteristics of the adjacent
foreshore.

Fig. 12 presents a comparison of the measured drag coefficients
(Cp) with the empirical formula suggested by Paul and Amos (2011)
and Moller et al. (2014). Here, Re, = "’”‘;’D is the Reynolds vegetation
number, u,,, is the 2% highest orbital velocity retrieved from EM F4
in the middle of the salt marsh and the color gradient represents the
relative water depth d,,/L,, ranging from 0.06 (dark green) to 0.22
(light green). A clear trend is observed where C;, decreases as Re,
increases, which is consistent with typical drag behavior in wave-
vegetation interactions (e.g., Anderson and Smith, 2014; Méndez et al.,
1999; Hu et al., 2014). For Re, ~ 300, the calculated drag coefficients
align closely with the fitting suggested by Moller et al. (2014). How-
ever, as Re, increases beyond this range, C;, values tend to be higher
than the ones measured in previous studies. The color gradient further
shows that for very low relative depths (darker green), Cj, values are
lower as the velocity of non-breaking waves gets lower at the bottom
for increasing water depths and decreasing wave lengths (i.e. increasing
d,/L,). This leads to lower Re,, a more viscous flow and higher Cp,
explaining the observed trend.
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3.2. Spectral period

The evolution of T,,_; is illustrated for three water depths above
the salt marsh (d,, = 16, 22, 40 cm) in Fig. 13 calculated for the entire
(a) and the main (b) frequency bands. Green lines represent vegetated
cases, while blue lines correspond to non-vegetated cases. Considering
the non-vegetated scenarios, the spectral period based on the entire
frequency range, T"”1 o increases with decreasing water depths with
a maximum value of 1.18. When vegetation is present, however, the
increase of T!'|  is more pronounced, reaching values up to 1.8, with
the strongest effects observed at shallower water depths. In studies
like Hofland et al. (2017) or Altomare et al. (2016), the value of T;”_’LO
also increases, but the cause is not necessarily the same. For the non-
vegetated cases, this increase could be linked to a relatively larger role
of the infragravity wave components. For the vegetated cases, however,
the infragravity waves might not play a large role in the increase of
T;"_’LO, and the cause for the rise in wave period is most probably
different.

On the contrary, focusing only the main frequency band, the value
of T"“”" for the non-vegetated cases remains either constant, or shghtly
decreases over the foreshore for the two lower water depths i.e. d,,
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0.16—0.22 m) as a result of non-linear energy transfer to higher fre-
quencies (Fig. 5). The vegetation reverses this effect, as after the initial
reduction over the foreshore (i.e. between X = 15-20 m), T ’"‘""
increases again over the vegetated foreshore reaching values no larger
than 1.05 times the offshore one.

To further investigate the specific effect of vegetation on T,_;,
we focus in the following on wave transformation over the second
half of the marsh where breaking processes are minimal (see near-zero
(ep)-values for X > 23.96 m in Fig. 10). Fig. 14a shows that when
considering the entire frequency range, T,,_, stays roughly constant
for the higher relative water depths considered (d,,/L, > 0.13), with
no notable difference between the cases with and without vegetation.
For lower relative water depths (d,,/L, < 0.13), there is an increase in
T,,_1 for the vegetated cases up to almost 63% over the second half of
the marsh, while its value for the non-vegetated cases exhibits smaller
increases in the order of 8%. Considering only the main frequency
band (Fig. 14b) reveals a similar trend. The values of T'"”i" for non-
vegetated cases reasonably match those of the vegetated cases T'"“’"O
is only slightly larger for the cases of vegetation (up to 10%) when
d,/L, < 0.13. Larger differences appear when comparing Tr;"f’lf’o and
Ty, for the cases with vegetation. For both of these cases, the value
of T,,_, does not change for d,,/L, < 0.13, while for d, /L, < 0.13,
T'", , increases much more compared to T'“‘“l"o.

In an attempt to characterize the shift in spectral shape leading
to the observed changes in spectral period, Fig. 15 shows the relative
change of spectral energy (m() between the middle of the marsh and
the toe of the dike for three spectral bands: low (f/ f, » <0.5), mid (0.5 <
f/f, < 15) and high (f/f, > 1.5) frequencies. For the non-vegetated
cases, energy above 0.5f, stays relatively constant between the middle
of the marsh and the dike toe (blue dots in Fig. 15b,c). The low
frequency band (blue dots in Fig. 15a) exhibits a more complex pattern.
For the higher relative depths (d,,/L, > 0.15), the energy levels increase
mildly by up to 30%, suggesting limited infragravity wave growth.
For lower depths, however, m ,,/mg yiqq1. in the low frequency band
increases and reaches a maximum low-frequency growth around 60%
obtained for approximately d/L, ~ 0.1. This relative depth corresponds
to the minimum depth for which no significant breaking occurs in
the most offshore part of the profile (see Fig. 11a). Further decrease
of d, /L, results in more dissipation by wave breaking and a smaller
increase of my ., /Mg miaare- This suggests the existence of an optimum
in terms of infragravity wave growth, where the water depth is shallow
enough for nonlinearities to be significant and energy transfers to take
place, while still being deep enough to prevent significant breaking
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over the outer part of the foreshore, preserving wave groups and thus
infragravity wave forcing. This explains the slight increase in spectral
period observed around d,,/L, ~ 0.1 for the non-vegetated case in Fig.
14a.

In the presence of vegetation, the energy consistently decreases
in all frequency bands (m o, /Mo migare < 1, see Fig. 15a—c), with an
exception in the high-frequency band for large relative depths where
the ratio tends to 1 as these short components increasingly behave like
deep-water waves and thus exhibit minimal or negligible interaction
with the vegetation.

For lower d,,/L, values (e.g., < 0.1), energy attenuation is more
pronounced in the main frequency band than at low frequencies for
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is calculated only from the main frequency band.

the cases with vegetation, and becomes even more significant at high
frequencies. This highlights the selective nature of vegetation-induced
damping, which is considerably more effective for short waves. This
frequency-dependent attenuation explains the large increase in 7},_; o,
which does not indicate an actual increase in low-frequency energy, but
rather a shift in the relative distribution of energy across the spectrum;
although the total energy is decreasing.

4. Discussion

The results of this study provide insights into the effect a salt marsh
has on wave characteristics under varying wave conditions and cliff
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heights. It should be noted that, due to partial reflection at the dike,
long waves may form quasi-standing patterns, with nodal structures
located within the surf zone. In case a reflection analysis is imperfect,
these patterns can particularly influence low-frequency components.
Although the applied methods (Almar et al., 2016; Buckley et al., 2015)
performed well and the low frequency content in the experiments was
low (maximum 5.6% of total energy), this intrinsic wave structure
could influence the spatial distribution of infragravity energy observed
in the experiments.

The analysis of the wave height shows that the breaking parameter
v, is not constant. Comparisons between the calculated and observed
wave heights at the dike toe in Fig. 8 shows that using more than one
v, per case leads to a good approximation of the cumulative dissipation
by breaking over the profile. Initially, a unique y, value was tested
for each experiment. However, it resulted in worse match between
H,ps measured @04 H g pregicrea he€avily influencing Cp, as through this
approach dissipation was underestimated on the sloping part of the
foreshore and overestimated it on the horizontal part.

For the vegetated cases, the drag coefficients (Cp) were derived un-
der the assumption of a linear system. In which the energy dissipation
components (e,) (due to wave breaking) and (e,) (due to vegetation)
are independent while the values of y, are assumed to be the same for
the cases with and without vegetation. The observed reduction in Cj,
with increasing Reynolds number (Re,) aligns with known behaviors
in wave-vegetation interactions (e.g., Moller et al., 2014). Despite the
merging of multiple plant shoots to increase the vegetations Reynolds
number (Re,), the scaled model still exhibited lower Re, values than
typically observed in natural conditions, which can cause an increase in
the observed damping (e.g., Kalloe et al., 2024). The flow around the
model vegetation occurs in a more viscous regime for very low Re,,
leading to an increase in C} and viscous damping, and is expected to
be larger than that of a similar model tested at full scale. A single rigid
cylinder in flow is expected to have a Cp, ~ 1.2—1.3 for the range Re, ~
220-780 (Sumer and Fredsge, 1997). Applying a kinematic similarity
to calculate u on prototype scale and using the vegetation prototype
diameter (D, = 8.5 mm, Table 3) we calculate Re, = 2960—10500 and
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Cp ~ 1. As a result, we can estimate an order of magnitude of 20—-30%
increased Cj, as a result of scaling effects.

This study initially aimed to describe the evolution of T,,_; ; along
a vegetated salt marsh for dike design purposes. Our analysis revealed
that T,,_,  — when defined over the entire frequency band - increased
by up to 63% from the middle of the salt marsh to the toe of the dike
due to the presence of vegetation. This increase reached a maximum of
8% for the non vegetated cases. Such an increase in spectral period due
to vegetation would in turn result in a significant increase in overtop-
ping discharges if this parameter were used as input in commonly-used
empirical formulas (e.g. EurOtop, 2018; van Gent, 1999). Interestingly,
the observed increase in T,_;, in the vegetated cases is not due to
an actual increase in low-frequency energy, but rather to a relative
shift in the spectral distribution, where high-frequency components are
more effectively damped than low-frequency ones (e.g., Anderson et al.,
2011; Jadhav et al., 2013; Anderson and Smith, 2014; Jacobsen et al.,
2019). This selective attenuation alters the spectral shape and is re-
flected in the variation of T,,_, (, but it does not necessarily correspond
to more severe hydrodynamic forcing that would justify higher crest el-
evations or stronger revetments. This suggests that this commonly used
spectral parameter may not be appropriate for informing the design of
coastal structures or flood defenses located behind a salt marsh. These
results highlight the need for a revised or alternative design approach
that explicitly accounts for the frequency-dependent damping effect of
vegetation, particularly when salt marshes are considered as part of
coastal protection strategies.

5. Conclusion

This study highlights the role of salt marshes in coastal protection,
particularly through wave energy dissipation, while also examining
their impact on wave spectral periods, which have implications for
overtopping and coastal vulnerability. By modeling these effects in
controlled laboratory conditions, this research highlights how varying
wave conditions over varying bottom profiles influence the evolution
of the spectral variables reaching the structure behind the salt marsh.
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Such findings are valuable as they provide a basis for integrating salt
marshes into nature-based solutions that complement traditional hard
infrastructure.

The method suggested by Mendez and Losada (2004) is applied to
evaluate wave dissipation, observing how wave energy is reduced over
the marsh platform and cliff regions. The calculated C}, values showed
a good agreement with the fitting suggested by Moller et al. (2014),
although higher Cj,, values were observed for Re, > 300. For very
low water depths, the majority of waves are breaking over the barren
foreshore, and as a result, the leftover energy dampened by salt marsh
vegetation is limited. Increasing water depths lead to an increase in
the incoming wave height at the edge of the salt marsh, and the total
dissipation done by vegetation increases. Further increase of the water
depth leads to a decrease in dissipation, showing that for our specific
foreshore-salt marsh set-up, the salt marsh attenuates energy optimally
for d, /L, ~0.13.

An analysis of the evolution of the energy in three separate parts
of the wave spectrum led to the conclusion that vegetation selectively
dampens higher-frequency wave components, leading to an increase
in the spectral period 7,,_; across the marsh. However, this increase
does not indicate a rise in low-frequency energy, but rather a relative
redistribution of spectral energy, where high-frequency components are
more strongly attenuated than low-frequency ones. Therefore, 7,,_,
may not be a reliable design parameter in vegetated settings, where
the frequency-dependent nature of wave damping should be explicitly
accounted for.

Further research is required to validate and extend the labora-
tory findings through field-scale studies incorporating real salt marsh
vegetation, particularly in environments with more complex bathy-
metric profiles. Furthermore, calculations of a spatially varying y,
should be investigated to improve the precision of wave attenua-
tion estimates. Lastly, further investigation is needed to examine how
vegetation-induced increases in 7,,_;, influence prediction formulas
for wave run-up and overtopping (e.g. EurOtop, 2018), as large in-
creases from the damping of high-frequency components may lead to
overestimation.
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