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A B S T R A C T

The beach slope 𝛽 is a key component characterizing the coastal response to wave forcing. Here we investigate
the rapid adaptation of the upper beach slope to a given wave forcing, for the case of a lower flat platform.
Such types of morphology are found on coral and rocky reef beaches and low tide terrace environments. The
influence of the lower platform on this rapid equilibrium beach state is shown to be significant depending
on the breaking wave regime. In particular, the width of the platform and its water level can affect the
wave dissipation along the inner surf and thus the wave structure entering the swash. This paper provides a
classification of the beach slope equilibrium values as a function of the Dean number on a short time scale
(individual wave action), based on both offshore and swash wave conditions. A decreasing trend of the beach
slope with increasing offshore Dean number (𝛺0) is found for 𝛺0 ≲ 2.7. For 𝛺0 ≳ 2.7 it is observed that the
beach slope gradient is strongly controlled by the surf zone dissipation and it becomes necessary to define the
swash Dean number (𝛺𝑠𝑤) to classify the slope. Finally, a semi-empirical formula for the beach slope evolution
in the case of a low tide platform is introduced and tested on two natural low-tide terrace beaches.
1. Introduction

The swash zone is considered the most dynamic region of the
coastal zone, characterized by highly unsteady and turbulent currents,
large sediment transport rates and rapid morphological changes (Puleo,
2009; Kikkert et al., 2013). Understanding the dynamics of wave action
therefore remains a challenge for coastal scientists, although much
effort and progress has been made in recent years. Unfortunately, useful
and classical models such as the Bruun rule (Bruun, 1954, 1962), the
Dean equilibrium profile (Dean, 1977, 1991) or more complex cross-
shore equilibrium models (Yates et al., 2009; Castelle et al., 2014;
Lemos et al., 2018) are not designed to predict rapid morphological
changes such as those observed in the swash zone. To improve the pre-
diction of swash evolution, numerical models have been developed to
capture the swash dynamics with different levels of complexity (Larson
et al., 2004; Pritchard and Hogg, 2005; Steenhauer et al., 2012; Briganti
et al., 2016, see for example). These models have been obtained and/or
validated from extensive series of experimental and field measurements
and are used to aid in the understanding of swash morphodynamic
systems. Despite these recent advances in swash modelling, the pre-
diction of the correct net sediment transport rates and morphological
changes in the swash zone are still lacking specific details and need to
be improved (Chardón-Maldonado et al., 2016; Bakhtyar et al., 2009).
In addition, high quality field measurements are needed to validate and
develop all these numerical models. This is a concern because field
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measurements of sediment transport and fluid motions in the swash
zone are very difficult to obtain and analyse due to the complexity of
the highly nonlinear and unsteady processes occurring simultaneously
in this zone (Guza and Thornton, 1982; Puleo et al., 2003; Miles
and Russell, 2004; Masselink et al., 2005; Masselink and Puleo, 2006;
Turner et al., 2008). The improvements in swash knowledge will come
from the development of numerical, analytical, and experimental data
that will require both field and laboratory studies. This work seeks to
improve the knowledge and understanding of swash dynamics by using
a simplified laboratory model designed to identify, isolate, and control
the specific processes that occur when approaching the swash region.

The morphology of the swash zone is characterized in part by
the local beach slope (𝛽), defined as the portion of the beach pro-
file below the berm exposed to individual wave excursion and tidal
cycles (Masselink and Li, 2001). This slope (𝛽) is considered a key
morphological parameter of swash dynamics as it affects the relative
influence of wave energy dissipation and reflection at the shore, the
excursion of wave run-up at the shore, and thus the direction of net
sediment flux, i.e. accretion vs. erosion as sediment exchange between
land and ocean (Almar et al., 2017a, 2019a,b; Martins et al., 2017).
The beach slope (𝛽) continuously adapts to changes in hydrodynamic
forcing, leading to a wide range of complex feedback mechanisms be-
tween morphology and hydrodynamics (Bernabeu et al., 2003). These
vailable online 18 March 2024
378-3839/© 2024 The Author(s). Published by Elsevier B.V. This is an open access a

https://doi.org/10.1016/j.coastaleng.2024.104506
Received 24 March 2023; Received in revised form 21 February 2024; Accepted 14
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

March 2024

https://www.elsevier.com/locate/coastaleng
https://www.elsevier.com/locate/coastaleng
mailto:ivana.mingo@u-bordeaux.fr
https://doi.org/10.1016/j.coastaleng.2024.104506
https://doi.org/10.1016/j.coastaleng.2024.104506
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coastaleng.2024.104506&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Coastal Engineering 190 (2024) 104506I.M. Mingo et al.
mechanisms are the drivers of hydro-sedimentary system evolution, and
the complexity is given as these feedback processes are highly non-
linear and scale dependent, both temporally and spatially. It is known
that 𝛽 responds very quickly to wave forcing from seconds, hours to
days (Hughes et al., 1997; Butt and Russell, 1999; Puleo et al., 2003;
Masselink and Puleo, 2006; Almeida et al., 2020), consequently the
response of the beach slope to wave forcing will have an important
role on the local swash dynamics and on the hydro-morphological
interactions between different inner-shore zones. In order to capture the
rapid fluctuations of the beach slope to changing waves, the physical
model used in this study is coupled to a short time scale (several tidal
cycles).

Since early research, it has been attributed by many authors that
beach slope increases with increasing average sediment size (Bagnold,
1940; Masselink et al., 2016; Bascom, 1951; Turner, 1995; Reis and
Gama, 2010; Bujan et al., 2019). Much effort has been invested in
the relationship between beach slope and sediment size, providing a
significant amount of empirical relationships for predicting the slope.
Most of these expressions show a power law dependence of slope
on mean sediment size, 𝐷50 (Sunamura, 1984; Soares, 2003; Reis
and Gama, 2010). In a recent paper, Bujan et al. (2019) extracted
over 2000 measurements of beach slope with associated grain sizes
from available data in the literature and tested several empirical and
numerical equations on this large data set. They proved that even
the most representative of these equations cannot describe the full
distribution of the data set. These data show a large variability of the
slope (𝛽), probably due to the wide range of data sources and therefore
beach specificities, such as their instantaneous state compared to the
equilibrium profile to wave forcing. The empirical relations (𝛽-𝐷50) can
therefore be used to predict the beach slope in a highly generalized
form, but they still lack the physical basis to provide a clear link
to swash dynamics. In particular, the strong influence of the grain
diameter 𝐷50 on the beach slope is probably due to the sediment fall
velocity, which is known to influence the transport regime relative to
the wave dynamics. Following recent field results provided by Mingo
et al. (2021), the present study therefore focuses on the relationship
between the beach slope and the dimensionless sediment fall velocity,
also known as the Dean number (𝛽-𝛺0), based on the incoming wave
characteristics.

The Dean number allows one to anticipate suspended sediment
transport and direction by relating the offshore wave height (𝐻0) and
peak period (𝑇0) to the sediment fall velocity (𝑊𝑠). It is defined as 𝛺0 =
𝐻0∕𝑊𝑠𝑇0 and can be interpreted as a dimensionless fall velocity or as
a length scale ratio, since 𝛺0 = 𝐻0∕𝐻𝑔 is the ratio of wave height to a
typical height over which sediment settles during a wave period (𝐻𝑔 =
𝑊𝑠𝑇𝑜) (Dally and Dean, 1984). Then, if 𝛺0 = 𝐻0∕𝐻𝑔 ≫ 1 sediments in
suspension fall to a short height compared to the spatial dimension of
the wave, meaning that sediment may remain in suspension and there-
fore be more subject to transport between different zones of the inner
beach by mean flow currents over the water depth. This is usually the
case for offshore sediment transport due to return flow across the water
column. On the other hand, if 𝛺0 = 𝐻0∕𝐻𝑔 ≪ 1, the sediment will
settle before the arrival of the next wave, so sediment transfer between
zones will be limited and local morphological changes can be expected.
In this case, grains remain close to the bottom, which is usually the
case for onshore transport. The Dean number is more conveniently
used in microtidal beaches, where the environment is wave-dominated,
to classify beaches into different morphological states. Because of its
link to the direction of sediment transport, global cross-shore beach
profiles can be described by this dimensionless number and classified
into dissipative (𝛺0 > 5), intermediate (1 < 𝛺0 < 5), and reflective
(𝛺0 < 1) states. Dissipative beaches are usually characterized by a
small slope 𝛽, while reflective beaches are the opposite with a steep
slope (Wright et al., 1984; Short, 1996). Note that the Dean number
is an important dimensionless number used in the coastal literature to
2

classify equilibrium beach profiles on annual or seasonal time scales.
The focus of this paper is to determine whether this number remains
relevant for analysing swash morphology on short timescales.

Recent results obtained by analysing field data from two low tide
terraces (LTT) have shown interesting correlations between the beach
slope (𝛽) and the Dean number (Mingo et al., 2021). Although these two
LTT beaches have similar sediment sizes, two contrasting behaviours
have been observed that stand as subclasses of the main group of low-
tide terrace beaches of Wright et al. (1984). One is a swash regulated
beach (SwRB) operating in a more reflective regime where the terrace
is not active and energy dissipation is mainly produced in the swash
zone. An active swash is observed, characterized by rapid and localized
morphological changes of the beach face, the terrace becoming a con-
sequence of the high dynamics in the swash zone. In this case, the Dean
number remains lower than 2.5 (𝛺0 < 2.5) and 𝛽 is shown to decrease
with increasing 𝛺0 up to 𝛺0 ≈ 2.5. On the other hand, the second
subclass of low tide terrace beach is a surf regulated beach (SRB), where
the swash zone is strongly controlled by the wave energy dissipation
on the surf zone (low tide terrace). In this case, the beach was strongly
affected by seasonal variations with a Dean number varying in a wide
range from 1 to 6. This results in an active beach that fluctuates from a
LTT dominated beach to a swash beach. When 𝛺0 > 2.5, the presence
of LTT and its length are correlated with 𝛺0, clearly highlighting SRB
behaviour. When 𝛺0 < 2.5, the LTT disappears, suggesting a SwRB
transition. Along this type of LTT beach, strongly affected by the surf, a
correlation between the upper beach slope 𝛽 and 𝛺0, even if obtained,
remains less obvious. The role of the LLT length is probably of influence
here.

Following this recent relationship between the beach slope 𝛽 and
the Dean number 𝛺0, a laboratory-scale physical model is proposed
to focus on two open questions related to previous observations. (1)
Is the correlation between 𝛽 and 𝛺0 for SwRB (𝛺0 < 2.5) a universal
concept associated with a direct wave-by-wave forcing on the upper
part of the beach? (2) How does LTT affect the upper beach response
for SRB (𝛺0 > 2.5) where the swash zone may be regulated by surf zone
processes?

The physical model proposed below is therefore designed to detail
the response of the beach slope to single wave forcing on a short
time scale. For this purpose, different initial geometric conditions are
considered by varying the initial beach slope and the initial terrace
length to highlight the relationship between 𝛽 and 𝛺0 depending on the
influence of the terrace. A new beach slope predictor is then introduced
for beaches with flat lower platforms. The results are discussed in
relation to the aforementioned field observations of two LTT beaches,
one at Nha Trang Vietnam (NT), the SRB case, and the other at Grand
Popo Benin (GP), the SwRB case (Mingo et al., 2021).

2. Laboratory-scale physical model

A nearshore model is built into a laboratory wave flume. This model
aims to mimic the nearshore zone at the two LTT sites Nha Trang (NT)
and Grand Popo (GP), as sketched in Fig. 1. Moreover, the specific
aspect of this physical model is to focus only on the swash zone and its
beach slope, keeping the breaking point fixed and the surf zone non-
erodible, i.e., disregarding morphological changes beyond the swash
zone. This allows a simple connection between the zone of interest
and its associated morphological response to the offshore wave forcing,
ignoring the morphological evolution of the entire coastal zone. Since
this model is mainly concerned with the evolution of the beach slope
due to wave forcing, only the short time scale period is considered.
According to the initial geometric position of the beach face with
respect to the breaking point and the initial slope 𝛽, initial dissipative

to reflective conditions can be reproduced.
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Fig. 1. Sketch of the experimental setup. (a) Mean annual cross-shore beach profile 2014 at Grand Popo. (b) Morphodynamic parameters: 𝛽(𝑡) is the slope of the beach face,
𝐿𝑡𝑠𝑙(𝑡) is the distance from the breaking point to the shoreline, 𝐿𝑡(𝑡) is the distance from the breaking point to the bottom of the beach face, and 𝑋0((𝑡) is the shoreline retreat.
(c) Hydrodynamic parameters: 𝐻𝑏(𝑥, 𝑡) is the maximum wave amplitude after the breaking processes, 𝐻0&𝑇0 wave amplitude and period at the bottom of the fixed gentle slope
using a wave gauge.
2.1. Experimental set-up

The nearshore physical model is specifically designed to simulate
the dynamics of the beach slope under single wave action on LTT mi-
crotidal environments. To achieve this, the model replicates the typical
geometric form observed in natural beaches within these environments.
As an example, Fig. 1a displays an mean annual cross-shore LTT beach
profile at Grand Popo for 2014, which serves as a reference for the
model’s geometric design. This model is built into a unidirectional wave
flume (12.65m long, 0.3m high, and 0.15m wide) with an oscillating
flap paddle wave generator at one end of the flume. A sketch of the
experimental setup is shown in Fig. 1.

The inner shore is modelled with a rigid wave breaking mechanism
to keep the breaker position fixed around 𝑥 = 0 (𝑥 is aligned with
the wave propagation along the channel). This mechanism consists of
a rigid gentle slope tan (𝛼) = 0.06 from 𝑥 = 2m to 𝑥 = 0 then reaching a
rigid horizontal platform (not erodible) for 𝑥 ≤ 0. The characteristics of
the offshore wave, amplitude and period, are determined at the bottom
of this fixed slope (𝑥 = 2) using a tide gauge (see Fig. 1); the associated
wavelength is calculated using linear wave theory. The amplitude of
the wave increases along the slope. For the range of offshore forcing
considered along the paper, this system keeps the breaking point fixed
around 𝑥 = 0. For 𝑥 < 0, the horizontal platform models the inner surf
zone of a terraced beach. At the end of this terrace, a sloping sandy
beach models the erodible beach face. The surf zone is characterized
by a dissipation length, 𝐿𝑡, between the breaking point and the beach
face. The erodible beach face, or equivalently the swash zone, consists
of sand with mean size 𝐷50 = 0.12 mm and relative density 𝑠 = 2.65.
The mean sediment size (𝐷50) chosen here allows to scale the range of
Dean numbers obtained in the experimental setup similarly to the field.
Furthermore, the mean water depth on the terrace 𝐻𝑡 = 4 cm is fixed
for all experiments.

An experiment then consists of generating a monochromatic wave
force, characterized by its amplitude 𝐻0 and period 𝑇0, for two hours
starting at 𝑡 = 0. After breaking at 𝑥 = 0, the wave bore develop along
the surf zone, of initial length 𝐿𝑡(𝑡 = 0) ≡ 𝐿𝑡𝑖 and constant depth 𝐻𝑡,
before hitting the erodible beach surface of initial slope 𝛽(𝑡 = 0) ≡ 𝛽
3

𝑖

(see Fig. 1). Note that the initial terrace length is also characterized by
the initial distance of the shoreline position from the breaking point
𝐿𝑡𝑠𝑙(𝑡 = 0) ≡ 𝐿𝑖𝑠𝑙, which is related to 𝐿𝑖𝑠𝑙 as 𝐿𝑡𝑠𝑙(𝑡 = 0) = 𝐿𝑡𝑖 +𝐻𝑡∕𝛽𝑖.
Inner-surf dynamics and beach-surface morphodynamics are monitored
using an optical attenuation light method, as explained later. The two
hours of wave forcing correspond to about 3000 individual waves,
depending on the wave period, hitting the beach face. In the field,
this is in the range of a tidal cycle for wave periods around 10 s. This
is therefore considered a rapid response of the beach face to a given
wave forcing compared to seasonal or annual morphological changes.
The specificity of the proposed model is that, depending on the initial
condition of the inner-surf morphology (𝛽𝑖, 𝐿𝑡𝑖) and the wave conditions
(𝐻0, 𝑇0), different swash and beach states, close or not to equilibrium,
in either dissipative or reflective conditions, can be easily considered.

The evolution of the beach face and the dynamics of the inner surf
are then characterized as a function of time and cross-shore direction by
the distances of the beach face to the breaking point 𝐿𝑡𝑠𝑙(𝑡) and 𝐿𝑡(𝑡)
and the associated shoreline motion 𝑋0(𝑡) = 𝐿𝑡𝑠𝑙(𝑡) − 𝐿𝑖𝑠𝑙, the beach
slope 𝛽(𝑡) and the bore height 𝐻𝑏(𝑡, 𝑥). High resolution sCMOS-Lavision
cameras are used to extract the spatio-temporal evolving interfaces
of the free surface and the sand bed. A light attenuation technique,
shadowgraphy, is used for this purpose. A uniform LED backlight is
placed behind the experiment, from the camera point of view, allowing
to extract side views of the experiments. This allows to obtain high
quality time series images of the evolution of the beach face profile
and the wave evolution on the sloping fixed bottom, the terrace and
the beach face. Using the optical shadowgraph technique, the evolution
of the free surface 𝐻𝑏(𝑥, 𝑡) in the inner-surf, the beach slope 𝛽(𝑡) and
the shoreline position 𝐿𝑡𝑠𝑙(𝑡) (as defined in the sketch of Fig. 1) are
extracted from the collected images. The acquisition frequency for the
morphological analysis of the beach slope evolution (𝛽(𝑡)&𝐿𝑡𝑠𝑙(𝑡)) is
2 Hz, while it is 40 Hz for the free surface extraction ℎ𝑏(𝑥, 𝑡).

2.2. Wave forcing: from the wave paddle to the breaking point

When waves arrive at the nearshore, they are strongly influenced
by the seabed through shoaling, resulting in a variation of the local
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Fig. 2. The left column shows wave regime A, while the right column shows wave regime D, representing the extreme wave regimes tested. The top row shows the free surface
position and elevation at a given time, highlighting two different wave breaking mechanisms. The bottom row shows the spatio-temporal diagram of the wave regime.
Table 1
Wave characteristics generated by the Wave Paddle. All parameters are extracted from
wave gauge measurements at 𝑥 = 2 m, i.e. before the rigid slope.

𝐻0 [m] 𝑇0 [m] 𝜆0 [m] Dean number
Ω0

Wave
steepness 𝑠

Wave regime A 0.047 0.74 0.75 8.58 0.062
Wave regime B 0.025 1.28 1.50 2.63 0.016
Wave regime C 0.023 1.69 2.00 2.83 0.011
Wave regime D 0.021 2.51 3.10 1.13 0.006

linear velocity leading to wave breaking, with subsequent influence
on sediment transport (formation of shoals and sandbars). Changes in
the bottom topography due to wave forcing produce variations in the
structure of the incoming wave. These non-linear feedback interactions
between waves and the seabed introduce additional space and time
scale perturbations to the physical problem, affecting wave steepness,
wave breaking, and consequently sediment transport at the nearshore.

In order to control this wave dynamic process in the laboratory and
to maintain a constant wave forcing throughout the experiment, a non-
erodible bottom with a gentle slope is introduced at a fixed distance
from the wave paddle mechanism. This bottom morphology reproduces
wave shoaling and keeps the breaking point fixed. The slope chosen
for this rigid bottom is the result of a meticulous study carried out on
the water channel, where the transformation and energy dissipation
of the wave were analysed for different wave structures and rigid
slopes; resulting in 𝑡𝑎𝑛𝛼 = 0.06 (see Fig. 1). This slope value allows
to reproduce the wave shoaling in a suitable form and to reproduce
different wave breaking mechanisms without losing all the wave energy
during the wave shoaling, as shown in Fig. 2.

Accordingly, the wave forcing becomes one of the parameters that
we can control by changing the amplitude and period of the flap paddle
wave generator, leading to a well controlled propagating sinusoidal
wave of amplitude 𝐻0, period 𝑇0 and wavelength 𝜆0. The four wave
regimes (A–D) that have been considered along this study are given
in the Table 1. As mentioned above, wave amplitude (𝐻0) and period
(𝑇0) are measured with a wave gauge at the bottom of the rigid slope
(see Fig. 1). The wavelength (𝜆0) is calculated using the mean depth
dispersion relation according to Airy wave theory. Note that the waves
generated by the wave paddle are limited by the geometric size of
the water channel, the type of wave generator, the rigidly sloping
bottom, and the water level. The region of possible wave generation
in the parameter space (𝐻0, 𝜆0) or equivalently (𝐻0, 𝑇0) is shown in
Fig. 3(a) together with the wave regimes considered here (symbols).
4

As this work aims to highlight the influence of individual waves on the
slope dynamics of the beach face, the wave forcing is represented by
monochromatic waves. Each of the four regimes (A–D) of Table 1 and
Fig. 3(a) is also characterized by its offshore wave steepness (𝑠) and
Dean number (𝛺0).

Finally, Fig. 3b shows the wave amplitude after the breaking pro-
cess, i.e. at the beginning of the terrace (𝐻𝑏(𝑥 = 0)). It is clear that
the wave heights after breaking are similar for the four wave regimes
tested. This means that the wave height in the inner surf zone, i.e. over
the terrace, is mostly controlled by the constant water depth 𝐻𝑡 over
the terrace. This observation is consistent with the field observations
reported in Almeida et al. (2020).

2.3. Inner-surf and beach slope: initial conditions and typical observations

One experiment run consists to submit an initial beach face profile,
characterized by its initial slope 𝛽𝑖 and position 𝐿𝑡𝑖, to a constant wave
regime for 2 hours. The flattest initial slope 𝛽𝑖 used is 1∕20 and the
steepest 1∕2.5, intermediate slope of 1∕7, 1∕5, 1∕4 where also tested.
The initial position of the beach-face 𝐿𝑖𝑠𝑙 was varied from the wave
breaking point 𝑥 = 0 up to 𝑥 = −1.3m by intervals of around 30 cm. A
summary of the initial morphology states, wave regimes and number of
experiment runs is given in Table 2. The number of runs corresponds
to the number of experiments undertaken for each wave regime (A,B,C
and D) varying the initial morphological conditions.

Water levels and wave forcing remain constant throughout the
experiment. There is no sediment input during the experiments, i.e. the
sediment available for transport corresponds only to the initial beach-
face configuration. Therefore, the initial beach slope (𝛽𝑖) will control
whether there is more or less sediment available for transport. The
beach slope can either decrease (𝛽𝑖 > 𝛽𝑓 ) or increase (𝛽𝑖 < 𝛽𝑓 ), but
since there is no sediment input, the beach face position 𝐿𝑡𝑠𝑙(𝑡) is
mainly seen to remain unchanged or move away from the breaking
point, beach erosion. Only one accretion case is observed, where the
shoreline migrated towards the breaking point and was associated with
a markedly flat initial beach slope (𝑡𝑎𝑛𝛽𝑖 = 1∕20). This shoreline erosion
or accretion is much slower than the adjustment of the beach slope and
introduces a different time scale into the study.

In this experiment, we define the beach slope (𝛽) as the linear
segment of the profile encircling the mean water level on the terrace,
shaped by the wave run-up and back-rush. As mentioned above, slope
monitoring is accomplished by employing a high-resolution camera.
The camera resolution is 18.5 px/cm, introducing a minor error of
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Fig. 3. (a) Operating limits of the wave generator in the parameter space of the sinusoidally propagating wave (𝐻0 , 𝜆0) and (𝐻0 , 𝑇0). Four types of wave regimes are used in
the following experiments. The wave regimes are represented by the symbols: circle, triangle, square, and diamond. Each wave regime is associated with a monochromatic wave
forcing characterized by its wave amplitude (𝐻0), period (𝑇0), and wavelength (𝜆0) measured with a wave gauge at the bottom of the fixed slope (see Table 1). (b) Amplitude
plot 𝐻𝑏 of the wave after breaking at 𝑥 ≈ 0 vs 𝑇 0 and 𝜆0, for the same wave forcing as in figure (a).
Table 2
Set of experimental runs and initial morphological characteristics performed for each wave regime (A, B, C and D).
Wave Regime Morphological initial conditions Number of Runs

Type 𝑠 = 𝐻0∕𝜆0 𝛺0 tan 𝛽𝑖 𝐿𝑖𝑠𝑙 (m) 𝐿𝑖𝑠𝑙∕𝐻𝑡

Wave Regime A 0.063 8.58 [0.06 : 0.40] [0.10 : 1.15] [2.50 : 28.75] 17
Wave Regime B 0.017 2.63 [0.06 : 0.40] [0.10 : 1.30] [2.50 : 33.75] 16
Wave Regime C 0.011 1.83 [0.05 : 0.40] [0.10 : 1.00] [2.50 : 25.00] 7
Wave Regime D 0.006 1.13 [0.05 : 0.40] [0.10 : 1.30] [2.50 : 32.50] 8
Fig. 4. (a) Initial and final position of the beach-face profile. The beach slope 𝛽(𝑡) defined between excursion limits of the wave (red dashed lines) surrounding the shoreline and
𝑋0(𝑡) refers to the local shoreline position evolution. (b) 6 examples of the beach slope evolution plotted against the numbers of waves impacting the beach face: 3 cases of rapid
equilibrium beach slope evolution represented by the solid blue, cyan and violet lines (𝛽𝑒𝑞), 2 cases of transitional beach slope states represented by dashed and dotted black lines
(𝛽𝑡) and 1 case of an inactive beach slope (𝛽𝑖𝑛) represented by black line. (c) Local evolution of the beach slope position represented by the parameter 𝑋0 associated to each beach
slope rapid equilibrium experiment in Figure (b).
0.027 cm in the beach profile reconstruction. This discrepancy accounts
for a 1.38% error within the wave excursion zone, which is approx-
imately 2 cm, where the beach slope is calculated. Subsequently, we
developed a post-processing code to automatically extract the beach-
face slope from each image by identifying and fixing the limits of
the wave excursion (refer to Fig. 4a). As the beach profile evolves
5

over time within a single experimental run, the limits may encompass
an area that could introduce a slight error in the calculation of the
slope. In the worst-case scenario, this has been calculated to be 20%.
However, given that each experimental test involves measuring over
2400 beach profiles, the average evolution of the slope is effectively
captured and the error reduced to less than 0.9%. Therefore, the error
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in the calculation of the beach slope is not taken into account in the
following.

Three different situations can be identified for typical slope evolu-
tion in the present experiments. First, a fast equilibrium beach slope
(𝛽𝑒𝑞) can be observed. In this case the slope converges to a stable value
below 3000 wave impact on the beach face. This equilibrium slope
corresponds to a mean value of 500 waves after convergence. Three
xamples of rapid equilibrium regimes for the beach slope are shown in
ig. 4b (blue, cyan, and purple solid lines). At the other end, an inactive
each slope 𝛽𝑖𝑛 regime can also be observed. Here the beach face does
ot respond to wave forcing. An example is shown in Fig. 4b (black
olid line). Finally, an intermediate state of the beach slope between
he two previously described was obtained. For these cases, the slope
lowly converges to its equilibrium slope, without the prior 3000 wave
mpact on the beach face converging. This transient state is represented
y the dashed and dotted black lines in Fig. 4b.

The latter case is considered inactive in this study, as it evolves on
time scale that becomes significantly important compared to other

rocesses observed in the field, such as seasonal variation or even
ntertidal water level evolution. Fig. 4c illustrates the associated local
horeline evolution, 𝑋0(𝑡), as defined previously. Both accretive and
rosive conditions are obtained on relatively long time scales compared
o the rapid slope adjustment discussed here. The intermediate regime
entioned earlier is more clearly highlighted as a long time scale

volution of both slope and shoreline position, which are thus coupled.
he specific analysis of this long time evolution is left to a future
ork, while we discuss below the rapid evolution of the slope and

he associated equilibrium state. It is interesting to highlight that the
quilibrium beach slope 𝛽𝑒𝑞 , as defined here, is reached in less than
000 waves hitting the beach. This time scale could correspond to one
r more tidal cycles in nature, depending on the tidal range. However,
t’s crucial to acknowledge that the transport regime in laboratory
ettings may differ from natural environments, potentially impacting
he time scale of processes observed. Thus, interpreting results should
onsider this distinction between laboratory and field conditions.

.4. Scaling consideration from field observations

The scaling of this experimental device is done by a geometric and
hysical comparison between the physical model and available field
ata from two low tide terrace (LTT) beaches, one at Nha Trang Viet-
am and the other at Grand Popo Benin. The hydro-morphodynamics
f these two LTT beaches are well described in the following pa-
ers: Lefebvre et al. (2014), Almar et al. (2014), Abessolo Ondoa et al.
2016), Almar et al. (2017b), Thuan et al. (2019), Almeida et al. (2020).
he authors classified these beaches as LTT environments with similar
ediment size but very different wave climate. Nha Trang (NT) is a
andy beach located in a semi-enclosed bay in southern Vietnam with a
icrotidal ranging from 0.4m to 1.7m. This beach is exposed to a low

to medium energy wave climate with seasonal variability. The annual
significant wave height is 0.95m with an associated mean peak period
f 6.2 s. Sediment size at NT is medium to coarse with an average
rain size of 0.6 mm. Grand Popo (GP) is an open microtidal coastline
orming a 500 km long mild embayment in the Gulf of Guinea. This
oast is exposed to a medium to high energy wave (mean significant
ave height 1.36m; mean peak period 9.4 s), which is mostly constant
ver the year. Sediment size is also medium to coarse with a mean grain
ize of 0.6 mm.

The geometric design of the physical model used here is based
n maintaining the same geometric dimensionless numbers that relate
he morphology of the system to the structure of the wave. First,
hree dimensionless parameters are used in this scaling strategy to
ndependently characterize the offshore wave forcing, the surf zone,
nd the beach face morphology. These parameters are: the ratio of
ffshore wave amplitude to offshore wavelength 𝐻0/𝜆0 (offshore wave
6

orcing), the ratio of terrace length to water depth on the terrace c
𝐻𝑡/𝐿𝑖𝑠𝑙 (surf zone) and the beach slope 𝛽𝑖 (swash zone). Then, two
dimensionless numbers, also based on length ratio, are defined to relate
the off-shore wave structure and inner-surf morphology. They are the
ratio between terrace water depth with offshore wavelength 𝐻𝑡/𝜆0 and
terrace water depth with offshore wave amplitude 𝐻𝑡/𝐻0. All these
five dimensionless numbers are summarized in Table 3. As shown
here, the laboratory physical model mostly preserves the geometric
hydro-morphological dimensionless numbers observed at NT and GP.

A set of scaling relationships governing the physical processes of
the hydro-sedimentary system is also required to increase confidence in
laboratory results. However, as is often the case with complex systems,
a choice has to be made on the most relevant physical process and
associated dimensionless numbers to be scaled to represent field obser-
vations. In particular, a perfect similarity between laboratory and field
is unattainable, since the use of the same fluid in the same gravity fields
does not allow for independent variation of all physical parameters,
leading to incompatibility in the scaling of all dimensionless numbers.

The physical dimensionless number used here as the most relevant
to characterize beach shape is the Dean number 𝛺0 discussed earlier.
The range that Dean covers here is summarized in Table 4. Another
relevant dimensionless number associated with sand transport under
turbulent flow is the Rouse number 𝑅𝑜. This number (𝑅𝑜) characterizes
the ratio between settling velocity and the potential of the turbulent
flow to set particle in suspension based on a velocity fluctuation scale
associated with turbulence. In a sheared flow this velocity scale with
the shear velocity induced by the mean flow. In the present case, such
velocity shall scale on the bore propagation on the terrace, i.e ∝

√

𝑔ℎ𝑡.
We thus define a characteristic Rouse number as 𝑅𝑜 = 𝑊𝑠∕

√

𝑔𝐻𝑡. In
the present case an estimate of the magnitude of this number, both at
the laboratory scale and in the field, is also given in Table 4. It is found
to be slightly smaller than in the field. However, this value is indicative
of suspended transport, which means that the transport regime remains
similar in both cases. Finally, not discussed here is the Reynolds number
characterizing the flow regime, which here is high enough to suggest a
turbulent regime as in the field.

3. Beach slope equilibrium state

3.1. Influence of the off-shore wave forcing

We first discuss the influence of the offshore wave forcing, here
characterized by the Dean number 𝛺0, on the final slope 𝛽𝑒𝑞 as defined
above, independent of the initial geometric conditions of the beach
face (𝛽𝑖&𝐿𝑡𝑖). Both the initial slope tan 𝛽𝑖 and the final slope tan 𝛽𝑓 are
plotted against the offshore Dean number in Fig. 5. Each symbol in
Fig. 5 corresponds to an experiment. These symbols correspond to the
4 wave regimes tested (circle, square, triangle, and diamond for wave
regimes A, B, C, and D, respectively). The colour map of the symbols
represents their corresponding initial terrace length scaled by the ter-
race water depth 𝐻𝑡. As mentioned in Section 2.3, the intermediate
tate 𝛽𝑡 is considered inactive for this analysis because it operates on a
uch slower time scale than the equilibrium beach slope values (𝛽𝑒𝑞).
hen the final values of the beach slope (𝛽𝑓 ) are either equilibrium
alues (𝛽𝑒𝑞) or inactive values (𝛽𝑖𝑛).

In Fig. 5 two different zones of the final beach slope are identified:
he equilibrium zone (𝛽𝑒𝑞) and the inactive zone (𝛽𝑖𝑛). The equilibrium
one is mostly localized around tan 𝛽 = 0.2. The inactive zone is
trongly associated with the morphological time scale analysed, the
nitial conditions of the beach face (low initial slope and beach face
osition far from the breaking point) and the wave forcing (wave
nergy injected into the system). Here it is found that it is mostly
btained for tan 𝛽 < 0.1. Then, if 𝛽𝑖 is not in these two zones, the beach
lope will rapidly evolve towards the equilibrium zone highlighted in
ig. 5(b).

Two contrasting behaviours of the beach slope are observed when

lassifying the equilibrium slopes (𝛽𝑒𝑞) using the offshore Dean number
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Table 3
Geometrical dimensionless relations for the physical model and field data.

Off-shore wave Terrace (inner-surf) beach slope Hydro-morphological parameters

𝐻0∕𝜆0 𝐿𝑖𝑠𝑙∕𝐻𝑡 𝑡𝑎𝑛𝛽𝑖 𝐻𝑡∕𝜆0 𝐻𝑡∕𝐻0

Laboratory Model
Wave regime A 0.063

[1.06 : 33.75] [0.05 : 0.4]

0.055 0.86
Wave regime B 0.017 0.027 1.64
Wave regime C 0.011 0.020 1.82
Wave regime D 0.0069 0.013 1.90

Nha Trang [0.039 : 0.048] 15.5 [0.05 : 0.18] [0.010 : 0.10] [0.38 : 2.38]

Grand Popo [0.011 : 0.012] 32.0 [0.10 : 0.35] [0.0039 : 0.0140] [0.30 : 1.44]
Table 4
Laboratory and field physical parameters.

𝐷50 [mm] Sediment Fall
velocity
𝑊𝑠 [cm/s]

Dean
𝛺 = 𝐻0∕(𝑇0𝑊𝑠)

Rouse
𝑅𝑜 = 𝑊𝑠∕

√

𝑔𝐻𝑡

Laboratory model 0.12 0.74 (measured)

Wave Regime A: 8.58

0.0118Wave Regime B: 2.63
Wave Regime C: 1.83
Wave Regime D: 1.13

NT 0.60 8.4 (Van Rijn
(1993))

[1.5 : 5.0] 0.0258

GP 0.60 8.4 (Van Rijn
(1993))

[1.5 : 2.5] 0.0237
Fig. 5. Figure (a) illustrates the initial beach slope values plotted against their associated Dean number, calculated with off-shore parameters 𝛺0. Figure (b) corresponds to the
final values of the beach slope also plotted against their associated Dean number. Each symbol corresponds to one experiment run and the type of symbol (circle, squares, triangle
and diamond) is associated to each wave regime A, B, C or D summarized in Table 2. The colour map corresponds to the initial terrace length (𝐿𝑡𝑖/𝐻𝑡).
(𝛺0), as shown in Fig. 5(b). For 𝛺0 < 2.7 there is an inverse relationship
between 𝛽𝑒𝑞 and 𝛺0, i.e. 𝛽𝑒𝑞 decreases with increasing 𝛺0. In this case,
a stable beach slope can be associated with the offshore wave forcing,
7

here the Dean number 𝛺0, has only a small scatter around a given
𝛽𝑒𝑞(𝛺0). In particular, the terrace length does not affect the equilibrium
state as defined here. These cases are observed for 𝛺 < 2.7 and 𝜆 ≫
0 0
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Fig. 6. Panel a, b and c show two experiments with the same initial beach slope but at two different positions from the breaking point for wave regime A. The beach slope initial
positions are scaled with the water level on the terrace. The solid black lines represents the beach slope evolution for experiments starting at 𝐿𝑡𝑖∕𝐻𝑡 = 0, and the dashed black
line at = 𝐿𝑡𝑖∕𝐻𝑡 = 16.25. Left figures show the beach slope evolution as a function of the number of waves impacting the beach-face. Right figures illustrate the initial and final
beach-face profile.
𝐿𝑡. On the contrary, for 𝛺0 > 2.7 the dispersion on 𝛽𝑒𝑞 increases with
increasing Dean number. This is clearly observed for wave regime A
(short wavelength and high Dean number). Nevertheless, this variation
of 𝛽𝑒𝑞 at a given 𝛺0, even if small, is not a random dispersion, but can
be related to the terrace length. In particular, as the terrace length
increases, 𝐿𝑡𝑖∕𝐻𝑡, 𝛽𝑒𝑞 decreases. Then, for 𝛺0 > 2.7, 𝛺0 is not the
only control parameter of the beach slope equilibrium, the surf zone
dissipation now influences the final state.

To highlight the latter observation, we show the influence of the
initial geometric beach face conditions (𝛽𝑖&𝐿𝑡𝑖) on the beach face
dynamics for the wave regime A, i.e. 𝛺0 = 10.7, for which the maximum
dispersion of the equilibrium beach state is obtained. The beach slope
𝛽 as a function of the number of waves hitting the beach is shown in
Fig. 6. In particular, each panel of Fig. 6 (a,b and c, respectively) shows
the slope evolution for different initial slopes tan 𝛽𝑖 = 0.35, tan 𝛽𝑖 = 0.2
and tan 𝛽𝑖 = 0.1, respectively. Moreover, for each initial condition, two
different initial beach face positions 𝐿𝑡𝑖, i.e. initial terrace length or
equivalently surf length, are considered for each initial slope. In partic-
ular, the black lines correspond to experiments with 𝐿𝑡𝑖 = 0, while the
dashed black lines correspond to 𝐿𝑡𝑖 = 65 cm. These lengths are given in
dimensionless form in Fig. 6, using ℎ𝑡 as the characteristic length scale.
The initial shoreline position 𝐿𝑖𝑠𝑙∕𝐻𝑡 is also given for each case. Note
again that 𝐿𝑖𝑠𝑙 varies slightly with 𝛽𝑖 as explained in Section 2.1. On
the right side of each panel (a, b and c), the corresponding initial and
final beach face profiles are also shown for both initial terrace lengths
(grey lines correspond to the initial state and black lines correspond to
the final state).

We can see that when the beach face is active (Fig. 6(a–b)), the slope
tan 𝛽 evolves to an equilibrium value that depends mostly on 𝐿𝑖𝑠𝑙∕𝐻𝑡.
Then, as expected, the evolution of the beach slope depends on the
terrace length. In the following, we will show that this is simply due to
the wave dissipation along the inner surf zone.
8

3.2. Influence of the inner-surf dissipation

In order to characterize the influence of the terrace length on
the wave dissipation, experiments were performed without the sandy
beach. The aim of these experiments is to extract the wave transforma-
tion law after the breaking point, which is characterized by the decrease
of the wave height on the flat platform (surf zone).

Fig. 7a illustrates the evolution of the maximum wave height
(𝐻𝑏(𝑥)) on the terrace scaled by the water level on the terrace (𝐻𝑡) for
the 4 wave regimes. This parameter is known in the literature as the
breaker index 𝛾 = 𝐻𝑏∕𝐻𝑡. At the shallow water boundary, the breaker
index indicates that the breaking process begins when the wave height
becomes greater than a fraction of the water depth. Accordingly, the
estimation of 𝛾 at breaking can be found around 𝛾𝑏𝑟 = 0.8 − −1 in the
literature (Miche, 1944; McCowan, 1891; Anon, 2021). The breaking
point for the 4 wave regimes is located around 𝑥 = 0 in the present
experiments, meaning that 𝛾𝑏𝑟 ≡ 𝛾(𝑥 = 0). It is found here that 𝛾 is
independent of the wave regime and has a value of 𝛾𝑏𝑟 ≈ 0.7 (see
Fig. 7a). Note that for wave regime A, the breaking processes occur
slightly before the beginning of the terrace, i.e. for 𝑥 > 0. However, it is
observed that 4 wave regimes behave similarly for 𝑥 < 0. In particular,
the decrease of the bore height 𝐻𝑏∕𝐻𝑡 along the terrace, 𝑥 < 0, remains
the same for all wave regimes. In addition, the dissipation of wave
energy occurs mostly for −15 < 𝑥∕𝐻𝑡 < 0. After this dissipation zone,
the bore remains rather constant for the 4 wave forcings. Consequently,
the height of the bores generated at the breaking point 𝑥 = 0 and
their decrease due to dissipation for 𝑥 < 0 does not depend on the
offshore wavelength and amplitude, but only on the water depth above
the terrace, i.e. in the inner surf zone. From these observations, a single
law of wave dissipation in the surf zone can be extracted for all wave
regimes. It is found to follow an exponential decrease with distance



Coastal Engineering 190 (2024) 104506I.M. Mingo et al.
Fig. 7. (a) Wave amplitude and position on the terrace (𝐻𝑏 and 𝑥) are normalized by the water level on the terrace (𝐻𝑡). (b) Surf Dean number evolution on the flat platform,
where the position on the terrace is scaled by the water level at that point (𝑥/𝐻𝑡). (c) Surf Dean number evolution on the flat platform, where the position is scaled by the
off-shore wavelength (𝑥/𝜆0).
from the breaking point, as shown by the dashed black line in Fig. 7a.
It can be written as
𝐻𝑏
𝐻𝑡

= 𝛾∞ + exp
[

𝜎(𝑥 − 𝑥0)∕𝐻𝑡
]

with 𝛾∞ = 0.3422;

𝜎 = 0.1318; 𝑥0∕𝐻𝑡 = 6.38. (1)

Coefficients 𝛾0, 𝑥0∕𝐻𝑡 and 𝜎 are obtained using best fit of experi-
mental data. The coefficient 𝜎 corresponds to the spatial damping rate
of the bore height due to friction. The amplitude of the exponential
term is assumed here to be order one as it represent the order of mag-
nitude of the breaker criterion 𝛾𝑏𝑟. However, an offset of the breaking
point 𝑥0∕𝐻𝑡 is allowed as to recover the relevant 𝛾𝑏𝑟 obtained for our
set of experiments. We can thus compare this solution with the breaker
index (𝛾𝑏𝑟) at the breaking point 𝑥 = 0. We obtain 𝐻𝑏(𝑥 = 0)∕𝐻𝑡(𝑥 =
0) = 0.77, which is in accordance with our previous estimation and
close to values found in the literature. On the other hand, the inshore-
limit of solution (1) is 𝛾∞, found to be 0.3422. This corresponds to the
ratio of the bore height far away from the breaking point and the water
height (𝛾∞ = 𝐻𝑏∞∕𝐻𝑡). Based on this analysis, i.e. accounting for this
exponential dissipation of bore height along the inner-surf zone, a Surf
Dean number can be determined, based on the local position of the bore
with respect to the breaking point. It is thus defined as

𝛺𝑠𝑢𝑟𝑓 =
𝐻𝑏(𝑥∕𝐻𝑡)
𝑇0𝑊𝑠

. (2)

This Surf Dean number (𝛺𝑠𝑢𝑟𝑓 ) accounts for the effect of wave
energy dissipation through the reduction of wave amplitude on a flat
platform (1). As noted in Eq. (2), the surf dean number depends on the
bore height, the water level on the terrace, the offshore wave period,
and the sediment fall velocity. The evolution of the Surf Dean number
for the four wave regimes is shown in Fig. 7b.

3.3. Characterization of the equilibrium state based on inner-surf dissipa-
tion model

To emphasize the impact of wave dissipation due to a flat platform
on the equilibrium state of the beach slope, we estimate a Swash Dean
9

number 𝛺𝑠𝑤 at the bottom of the beachface 𝐿𝑡𝑖, as being the evaluation
of the Surf Dean number 𝛺𝑠𝑢𝑟𝑓 defined in (2) at 𝑥∕𝐻𝑇 = −𝐿𝑡𝑖∕𝐻𝑡, i.e.

𝛺𝑠𝑤 =
𝐻𝑏(𝑥∕𝐻𝑡 = −𝐿𝑡𝑖∕𝐻𝑡)

𝑇0𝑊𝑠
, (3)

with 𝐻𝑏(𝑥∕𝐻𝑡 = −𝐿𝑡𝑖∕𝐻𝑡) obtained from (1). The equilibrium slopes
(𝛽𝑒𝑞) are thus plotted against its associated Swash Dean number 𝛺𝑠𝑤 in
Fig. 8.

Fig. 8 shows a parabolic correlation between 𝛽𝑒𝑞 and 𝛺𝑠𝑤. However,
𝛺𝑠𝑤 > 2.08 mostly corresponds to wave regime A and 𝛺𝑠𝑤 < 2.08 to
wave regimes B, C and D. Therefore, a transition between these wave
regimes is obtained at 𝛺𝑠𝑤 ≈ 2.08, which corresponds to the minimum
value of 𝛽𝑒𝑞 obtained here. For 𝛺𝑠𝑤 < 2.08, the swash mostly control the
dynamics of the equilibrium beach slope. Then, even if the definition of
𝛺𝑠𝑤 allows a slightly better correlation with 𝛽𝑒𝑞 , it is somehow similar
to 𝛺0 (see Figs. 5 and 8 at small dean). However, for 𝛺𝑠𝑤 > 2.08, the
surf clearly controls the beach slope. The Swash Dean 𝛺𝑠𝑤 allows to
explain the dispersion of 𝛽𝑒𝑞 obtained when using the Offshore Dean 𝛺0.
Here a unique law is obtained to classify the equilibrium beach slopes
for surf and swash control cases through the transition point obtained
around 𝛺𝑠𝑤 = 2.08 or equivalently 𝛺0 ≈ 2.7.

3.4. Application to field case

In this section, we propose a physical model to describe the evolu-
tion of the beachface slope on flat lower platforms. This model is based
on either local wave action characterized by the swash Dean number
(𝛺𝑠𝑤) or offshore wave action characterized by the Dean number (𝛺0).
The model is tested using wave parameters extracted from field data
at two LTT beaches, Nha Trang (NT) and Gran Popo (GP), which
corresponds to the same field data used to scale the experimental
device. The results of the model are then compared to the beachface
slope evolution at NT and GP extracted from the long time series field
experiments surveys.

The field data collection spanned from 2013 to 2016 and was
obtained via video systems validated by short-term field experiments
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Fig. 8. Beach slope equilibrium value (𝛽𝑒𝑞) plotted against their associated Swash Dean number (𝛺𝑠𝑤) calculated at the bottom of the beach-face. Each symbol corresponds to one
experiment and the colourmap corresponds to the initial beach slope position scaled by the water level on the terrace (𝐿𝑡𝑖∕𝐻𝑡).
that included both sea and beach morphological surveys at both sites
(Almar et al., 2017a, 2019a,b; Martins et al., 2017). The method for
calculating the beachface slope evolution at NT and GP is described
in Mingo et al. (2021), where the authors delineated the beachface
slope as the linear segment between the berm crest point and the upper
limit of the low tide terrace (see Fig. 9). This involved extracting a
daily beachface slope for the entire survey period (2013 to 2016). Our
physical device recreates this definition of the beachface slope in LTT
environments (see Fig. 1).

As discussed in the Introduction 1 and in Section 2.4, both beaches
(NT & GP) exhibit distinctly different wave climates, leading to con-
trasting hydro-morphodynamic behaviours within the inner-surf zone.
However, they share a common characteristic of having a uniform low
tide terrace and similar Dean number. Therefore, this dataset is well-
suited to test our model and determine if it can accurately reproduce
the beachface slope evolution on both cases. In Fig. 9, the mean summer
and winter cross-shore beach profiles for Nha Trang and the annual
cross-shore beach profile for Grand Popo are depicted, illustrating the
LTT and the beachface slope (𝛽).

Based on the previous correlation between the beachface slope and
the swash Dean number from the physical model (see Fig. 8), we
propose a quadratic law of 𝛽𝑒𝑞(𝛺𝑠𝑤) as

tan 𝛽𝑒𝑞 = 𝛼(𝛺𝑠𝑤 −𝛺𝑇 )2 + tan 𝛽0 with 𝛼 = 0.0394;

𝛺𝑇 = 2.08; tan 𝛽0 = 0.184 (4)

The fitting coefficients of this equation are 𝛼, 𝛺𝑇 and tan 𝛽0. 𝛺𝑇
corresponds to a Dean transition from a swash-dominated to a surf-
dominated beach system and 𝛽0 is the associated beach face angle. A
combination with Eqs. (1) and (3) leads to a simple model that allows to
predict the rapid beach slope equilibrium induced by local wave action.
This model reads :

tan 𝛽𝑒𝑞 = 𝛼
(

(

𝛾∞ + exp
[

𝜎(𝑥 − 𝑥0)∕𝐻𝑡
]) 𝐻𝑡

𝑇0𝑊𝑠
−𝛺𝑇

)2
+ tan 𝛽0. (5)

To make the model suitable for use with field data, a few simplifica-
tions and approximations are required. First, the transition (𝛺𝑇 , tan 𝛽0)
is likely to be system and scale dependent. However, a transition
between swash-dominated and surf-dominated has been found in field
situations around a similar value of Dean number, 𝛺0 ≈ 2.5, as recalled
in Section 1. Then 𝛺𝑇 = 2.08 can be expected to remain relevant
for field application. On the other hand, 𝑡𝑎𝑛𝛽0, which corresponds to
the minimum value of the beach slope obtained at the transition, is
likely to be different between laboratory and field observations. This
10
value depends strongly on the hydraulic regime of each system (wave
sediment transport capacity). Adjustment of this parameter is therefore
necessary for field data. In addition, the exact break location and
dissipation law must be simplified to be useful for field application. It
is suggested to simply combine 𝑥𝑠𝑙 − 𝑥0 = 𝐿𝑡 regardless of the detailed
role of 𝑥0 in relation to (5). If the terrace length 𝐿𝑡(𝑡) is not available
from field data, the relation 𝐿𝑡 ∼ 0.4𝜆0(𝑡) suggested by Mingo et al.
(2021) can be used instead. This approach leads to the derivation of a
simplified model that can be tested on field data to predict the rapid
evolution of beach slope. This can be written as :

tan 𝛽𝑒𝑞 = 𝛼
(

(

𝛾∞ + exp
[

𝜎𝐿𝑡∕𝐻𝑡
]) 𝐻𝑡

𝑇0𝑊𝑠
−𝛺𝑇

)2
+ 𝑡𝑎𝑛𝛽0, (6a)

tan 𝛽𝑒𝑞 = 𝛼
(

(

𝛾∞ + exp
[

0.4𝜆0𝜎∕𝐻𝑡
]) 𝐻𝑡

𝑇0𝑊𝑠
−𝛺𝑇

)2
+ 𝑡𝑎𝑛𝛽0, (6b)

with 𝛼 = 0.0394, 𝜎 = 0.1318, 𝛾∞ = 0.3422 and 𝛺𝑇 = 2.08, all
fixed from the best fit of the physical model. The inputs from field
measurements are thus the offshore wavelength and period (𝜆0, 𝑇0) and
the sediment fall velocity 𝑊𝑠. For the model (6a), 𝐿𝑡 is also an input
from field measurements. Finally, two parameters remain adjustable for
the (6a) and (6b) models. The first is the slope at the transition tan 𝛽0 as
explained above. The second is the water depth above the terrace 𝐻𝑡.
The latter parameter could be measured in the field. However, it mostly
implies the dissipation law over the terrace, which could be strongly
case dependent. Since this is the couple (𝜎,𝐻𝑡), we propose here to
adjust 𝐻𝑡, which varies strongly in the field due to tidal evolution and
seasonal variations. Its evaluation can then be discussed with respect
to the expected range of values from the field.

In the following, the models (6a) and (6b) are tested using the field
data from Nha Trang and Grand Popo discussed in Section 1 and Mingo
et al. (2021). These data include monthly mean measurements of beach
slope 𝛽, terrace length 𝐿𝑡, and wave parameters (𝐻0, 𝑇0, 𝜆0) over a
period of 3.5 years. It was observed that for NT and GP the minimum
slope is about 1∕10. We therefore suggest 𝑡𝑎𝑛𝛽0 = 0.10 as a first
guess for the slope value at the transition. 𝛾 and 𝜎 correspond to the
coefficients obtained from dissipation law on a flat platform (1). It
should also be noted that several levels of 𝐻𝑡 were tested to identify
the optimal value of 𝐻𝑡 that best described the field observations,
as explained earlier. For Nha Trang, this value is 𝐻𝑡 = 1.1𝑚, which
corresponds to the tidal range. For Grand Popo, the optimal mean water
level on the terrace is 𝐻𝑡 = 3𝑚, which is almost twice as high as
the maximum water depth during high tide. This difference could be
attributed to the attenuation law used in the model, which is probably
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Fig. 9. Figure (a) depicts the winter and summer mean cross-shore beach profile at Nha Trang, while Figure (b) illustrates the annual cross-shore beach profile at Grand Popo.
Both figures display the tidal levels, the LTT, and the beach face slope.
Fig. 10. (a) beach slope evolution at Nha Trang. The thick solid violet line corresponds to field observations, solid black line corresponds to the model results using the terrace
length as in an input and dotted line corresponds to the model results using the relation 0.4𝜆 instead of the terrace length as input. b) Same comparison than figure a but for
Grand Popo, where field observation are represented with a thick solid blue line.
case-dependent, as the dissipation mechanism could be more complex
than that obtained in the physical laboratory model.

The comparison of field data with the results obtained from the
simplified models (6a)) and (6b) are shown in Fig. 10(a) for NT and
in Fig. 10(b) for GP. In particular, field measurements are shown with
blue and violet solid lines, black solid lines and black dashed lines
corresponding to model (6a) and model (6b) respectively. The models
show good agreement with both data sets (NT and GP). Although,
the model performance may vary its ability to accurately predict the
11
beach slope dynamics within each scenario, surf or swash control
cases. In swash control cases, the model reproduces most of the beach
slope changes to offshore wave forcing through significant and rapid
fluctuations of the slope, as observed at GPP on the whole data set and
at NT mostly during the summer seasons. In these cases, the role of the
terrace remains small. However, the ability of the models to predict
the evolution of the beach surface slope from a swash dominated to a
surf dominated situation is quite good (see for example the decrease of
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Fig. 11. (a) Beach slope evolution at Nha Trang. The thick solid violet line corresponds to field observations, solid black line corresponds to the model results using the Swash
Dean number and the red dashed line corresponds to the model results using the off-shore Dean number instead of the Swash Dean number. (b) Same comparison than figure a
but for Grand Popo, where field observation are represented with a thick solid blue line.
the slope from July 2015 to January 2016 at NT, for which the beach
system evolves towards a terrace dominated regime).

Fig. 10 also highlights an important result regarding the influence
of the distance from the breaking point to the beachface, as modelled
by either the terrace length 𝐿𝑡(𝑡) (black solid line) or the relation
𝐿𝑡 ∼ 0.4𝜆(𝑡) (dotted line). Only a small difference between the models
used for NT and GP is obtained, regardless of whether the distance is
represented using 𝐿𝑡(𝑡) or 𝐿𝑡 ∼ 0.4𝜆(𝑡).

Note that for 𝐻𝑡 additional studies are needed to fully evaluate the
behaviour of the attenuation law under different water level conditions.
However, as it was concluded that for swash control cases the beach
slope responds directly to the offshore wave forcing, the wave height
attenuation on the terrace could be neglected and the model could be
tested directly with the offshore Dean number evolution 𝛺0. This is
shown in Fig. 11, where the dashed red line represents the evolution
of the beach slope using the off-shore Dean number (𝛺0) instead of the
swash Dean number (𝛺𝑠𝑤). This is advantageous because it simplifies
the model and allows the evolution of the beach slope to be predicted
using only offshore parameters such as wave height and period. How-
ever, it can be seen that some of the beach slope dynamics are lost
when terrace dissipation is not taken into account. As an example of
this, one can observe the difference in the prediction from July 2015
to January 2016 at NT (mentioned above). Obviously, the role of the
terrace dissipation in the evolution of the beach slope at this stage of
the morphological evolution, i.e. the increase of the terrace influence, is
necessary to recover the observed decrease of the beach slope. A more
accurate and dedicated evaluation of the models with field observations
would deserve specific studies in the future.

4. Discussion

The laboratory-scale physical model described in this paper had
three main objectives: (i) to highlight the rapid adjustment of the beach
slope under wave action by quantifying the relationship between the
offshore Dean number 𝛺0 and the beach slope equilibrium 𝛽𝑒𝑞 on a
short time scale, (ii) to understand and model the influence of inner-
surf zone dissipation on this short time scale equilibrium state, using
an idealized flat platform as a model of a terrace beach, an inner-surf
zone influences the beach slope dynamics, and (iii) to compare obtained
laboratory scale models with field data from two LTT environments. To
12
this end, the inner-surf physical model was designed to highlight the
specific influence of (𝐿𝑖𝑠𝑙&𝛽𝑖) to mimic either reflective, dissipative, or
LTT environments. Depending on this initial geometry (𝐿𝑖𝑠𝑙&𝛽𝑖) and on
the offshore wave forcing, it has been shown that the beach slope can
either converge to an equilibrium value 𝛽𝑒𝑞 , referred to as the short
time scale equilibrium state, or remain inactive. This rapid response
must be seen as the beach slope equilibrium depending on both 𝐿𝑖𝑠𝑙 and
𝛺0, i.e. 𝛽𝑒𝑞(𝐿𝑖𝑠𝑙 , 𝛺0). Such an approach therefore allows to evaluate the
slope of the beach face independent of the global erosion or accretion
of the system.

4.1. Dean number interpretation

Our results from the inner-shore physical model show a relationship
between 𝛽𝑒𝑞 , 𝐿𝑖𝑠𝑙, and 𝛺0 that distinguishes two contrasting behaviours:

• For 𝛺0 < 2.7, 𝛽𝑒𝑞 is only weakly dependent on 𝐿𝑖𝑠𝑙, i.e. 𝛽𝑒𝑞(𝛺0).
This is referred to as an active swash system for which 𝛽𝑒𝑞
decreases for increasing 𝛺0.

• For 𝛺0 > 2.7, the systems becomes surf-dominated,
i.e. 𝛽𝑒𝑞(𝛺0, 𝐿𝑖𝑠𝑙), and the inner-surf length can not be disregarded.

The results allow to distinguish swash dynamics in a swash control
or surf control environment, based either on offshore or swash zone
wave conditions (𝛺0 < 2.7∕𝛺𝑠𝑤 < 2.08 and 𝛺0 > 2.7∕𝛺𝑠𝑤 > 2.08
respectively). For the swash control beach (𝛺0 < 2.7), the observed
pattern of beach slope evolution suggests an inshore sediment flux,
while for the surf control cases (𝛺0 > 2.7) a constant beach face
erosion was observed with constant sediment transport in offshore
directions beyond the breaking point. This behaviour of the hydro-
sedimentary systems is consistent with the Dean number interpretation,
where small 𝛺0 facilitates accretion while large 𝛺0 leads to erosive
morphodynamics.

The classification of swash and surf control beaches using the off-
shore Dean number was proposed by Mingo et al. (2021) for two LTT
beaches. Laboratory results support this classification, as the transition
between these two states was found to be 𝛺0 ≈ 2.5 in the field and 𝛺0 ≈
2.7 in the laboratory, suggesting a similar order of magnitude. However,
it is worth mentioning an important limitation of this laboratory work
and the field study conducted by Mingo et al. (2021) on the Dean
number interpretation. In both laboratory and field, 𝛺 varies due to
0
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the steepness of the wave type 𝐻0∕𝜆0 and not due to the variation in
ediment fall velocity. Therefore, further laboratory scale investigations
re needed to clarify the role of 𝛺0 and its interpretation as a control
arameter of the swash dynamics.

.2. Influence of a flat platform on beach slope dynamics

Low tide terrace environments are known to be tide-modified
eaches that exhibit characteristics of both dissipative and reflective
ites (Miles and Russell, 2004; Almar et al., 2016). At low tide, the
errace can be exposed to the surface and therefore there is no wave
ction on the upper beach face. As the water level on the terrace
ises, lower levels favour wave breaking on the terrace, creating very
issipative conditions of the surf zone. On the contrary, it is suggested
hat during high tide, waves can pass unbroken over the terrace and act
irectly on the beach face, creating very reflective conditions (Lemos
t al., 2018; Miles and Russell, 2004). Consequently, the water depth
n the terrace, and consequently the wave dissipation along the inner
urf, is a key parameter in LTT environments.

The innovative aspect of the inner-beach physical model used in
his study is that it allows the simplification of these very complex
ydro-sedimentary systems to a few key parameters. In particular, it
llows to isolate and distinguish processes that are mostly coupled,
uch as 𝛽 and 𝐿𝑖𝑠𝑙, and both with the offshore forcing. Here, the initial
onditions (𝛽𝑖, 𝐿𝑖𝑠𝑙) are varied independently of the off-shore forcing,
eading to several states of the beach, from reflective to dissipative,
ith or without a significant influence of wave dissipation in the inner

urf.
In order to quantify the influence of the terrace on the slope

ynamics of the beach face, wave dissipation was modelled using the
aboratory model. A dissipation law was found to be an exponential
ecay depending on the distance to the breaking point and the water
epth above the terrace (see model (1)). Interestingly, it has been
hown that the maximum bore amplitude along the terrace is only con-
rolled by the water depth. This dissipation law has been incorporated
nto the definition of the Dean number to extract a local swash Dean
umber 𝛺 (see Eq. (3)). This new definition allowed to rationalize the

obtained beach slope equilibrium 𝛽𝑒𝑞 , which was thus shown to be a
nique function of 𝛺𝑠𝑤 in the range of experimental parameters con-
idered here. In particular, it shows a quadratic relationship between
𝑒𝑞 and 𝛺𝑠𝑤, where 𝛺𝑠𝑤 = 2.08 corresponds to a minimum slope. This
ritical value of 𝛺𝑠𝑤 = 2.08 distinguishes the two different mechanisms
f beach slope response, i.e., swash-controlled and surf-controlled.

• For 𝛺𝑠𝑤 < 2.08, i.e. in the swash control case, 𝛽𝑒𝑞(𝛺0 ≈ 𝛺𝑠𝑤)
decreases with increasing 𝛺0, i.e. 𝛺𝑠𝑤.

• For 𝛺𝑠𝑤 > 2.08, i.e. in the surf control situation, 𝛽𝑒𝑞(𝛺0, 𝐿𝑖𝑠𝑙 →
𝛺𝑠𝑤) increases with increasing 𝛺𝑠𝑤.

.3. Comparison of field observations of two LTT environments with phys-
cal model results

Finally, the results obtained from the physical model were com-
ared with those obtained from field experiments carried out at two
TT beaches, Nha Trang and Grand Popo (Almeida et al., 2020; Thuan
t al., 2019).

Grand Popo was classified as a swash control beach, with a good
orrelation between the monthly mean offshore Dean number 𝛺0 and
he monthly mean upper beach slope 𝛽. The Dean number at Grand
opo varied between 1.5 and 2.5 and the slope between 𝑡𝑎𝑛𝛽 = 0.1−0.3,
here was an inverse correlation between these two parameters (see
igure 6 in paper Mingo et al., 2021). These field results agree well
ith the laboratory results for swash control cases, which have similar
rders of magnitude as well as an inverse correlation between 𝛺0 and
𝑒𝑞 . The physical laboratory experiments and GP show comparable
13

orphodynamics, characterized by local morphological changes with i
o cross-shore sediment exchange beyond the inner-shore zone. This
inding emphasizes the importance of individual wave action in regu-
ating the dynamics of the upper beach slope over short time scales for
wash control scenarios.

On the other hand, Nha Trang has been classified as a surf control
each by Mingo et al. (2021). Nha Trang shows a strong seasonal
luctuation where the beach continuously adapts to summer and winter
ave conditions, distinguishing two clear phases: a LTT environment

n winter and a more reflective state in summer. A robust correlation
as found between the dynamics of the terrace length 𝐿𝑡 (which

appears and disappears according to the seasonal fluctuation) and the
mean monthly Offshore Dean number 𝛺0. However, the mean monthly
dynamics of the beach surface slope 𝛽 did not follow the monthly
fluctuations of the offshore Dean number 𝛺0. This suggests that the
flat terrace acted as a filter to dissipate gravity waves, so that the beach
slope did not respond directly to offshore wave action. The beach slope
at Nha Trang varied around 𝑡𝑎𝑛𝛽 = 0.1. In the laboratory, the lowest
value of active beach slope generated by single waves on a short time
scale was 𝑡𝑎𝑛𝛽 = 0.15. This minimum value was reached when 𝛺0 = 8.58
(surf control) and a significant initial terrace length 𝐿𝑖𝑠𝑙∕𝐻𝑡 = 28.

However, despite the quantitative differences between the results
f the physical model and the field experiments at NT, two similar
ehaviours are observed. One is that the terrace acts as a low-pass filter.
his has important consequences for the shortest waves (e.g. during
torms) that might dissipate over the terrace, resulting in limited ac-
ion on the beach face. The other similarity has to do with sediment
ransport, it is observed from the physical model that for surf control
ases (high Dean numbers) the sediment was transported beyond the
reaking zone in offshore directions, highlighting a strong cross-shore
ediment exchange. While at NT, the morphological changes were ob-
erved mainly due to cross-shore sediment exchange transport beyond
he inner-shore zones (Almeida et al., 2020).

The local Dean number, defined as the swash Dean number 𝛺𝑠𝑤, is
hown to be a relevant dimensionless parameter to refine the quantita-
ive situation of the equilibrium beach slope 𝛽𝑒𝑞 . A parabolic relation
etween 𝛽𝑒𝑞 and 𝛺𝑠𝑤 (see Eq. (1)) allows to describe swash and surf
ontrol cases with a unique law (see Eq. (4)). From this laboratory
elationship between 𝛽𝑒𝑞 and 𝛺𝑠𝑤, a model is proposed to predict the
volution of the beach slope as a function of simple parameters, such as
ffshore wave period and wavelength (𝑇0 and 𝜆0), water depth on the
errace (𝐻𝑡), and sediment fall velocity 𝑊𝑠 (see Eqs. (6a) and (6b)).
his beach slope model was tested using data from Nha Trang (NT)
nd Grand Popo (GP) beaches. The 3.5 year evolution of the monthly
each slope was reconstructed for both beaches using the model, and
he results were compared with beach slope values obtained from field
xperiments (see Figs. 10 and 11). Although the comparison shows
ood agreement between the modelled and observed beach slope,
ndicating that the model is able to capture the dynamics of beach slope
volution at both NT and GP and to distinguish between surf and swash
ontrol situations, further testing is necessary to validate the model in
ther LTT micro-tidal environments.

. Conclusion

This study presents a physical model for understanding the dynam-
cs of beach slope evolution in reflective and LTT environments using

simplified approach of inner-shore hydro-sedimentary systems. The
hysical model is designed to capture an equilibrium beach slope 𝛽𝑒𝑞
n a short recovery time scale (individual wave action) for different
onochromatic wave forcings. This is done by imposing a variety of

nitial beach morphology conditions, characterized by the inner surf
one length or terrace length 𝐿𝑡𝑖 and the initial upper beach slope 𝛽𝑖.
he results of this physical model allowed to classify the equilibrium
each slope as a function of the Dean number, based on either the
ffshore wave forcing (𝛺𝑠𝑤) or the local swash resulting flow character-

stics (𝛺0). The results show that two situations can be distinguished:
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𝛺
f

a surf control or a swash control morphodynamics for 𝛺0 > 2.7 and
0 < 2.7, respectively. This definition is shown to be in agreement with

ield experiments carried out at two LTT beaches (Mingo et al., 2021).
The distinction between the off-shore and swash dean 𝛺0 and 𝛺𝑠𝑤

was possible thanks to a hydrodynamic study carried out to eximine
the transformation of the waves on the flat platform, i.e. the modelled
terrace, in order to quantify the wave energy dissipation. The main
objective was to study the influence of the flat platform on the mor-
phodynamics of the beach slope. In particular, it was observed that
the wave breaking process when approaching the platform is depth
controlled, i.e. the water level in the inner surf controls the maximum
wave height and the dissipation after the breaking point. This process
can be modelled by an exponential attenuation of the wave height away
from the breaking point (see Eq. (1)). Such an evaluation allowed to
propose a simple definition of the local swash Dean number, 𝛺𝑠𝑤. It
was shown to be a more relevant dimensionless number to characterize
the morphodynamics in the surf control situation, i.e. 𝛺0 > 2.7,
than the offshore Dean 𝛺0. Thus, a simplified model is introduced to
predict the rapid evolution of the beach slope as a function of the
swash Dean number 𝛺𝑠𝑤. The proposed model effectively describes
the overall evolution of the beach slope on a short time scale, and
highlights the distinction between swash and surf control scenarios.
Further investigation is needed to improve our understanding of this
phenomenon, including exploring the interpretation of the Dean num-
ber and investigating transient states that could lead to more refined
out-of-equilibrium modelling.

Finally, the beach slope model together with the wave dissipation
law into the inner-surf have proven relevance in describing swash and
surf control for two LTT field situations, Gran-Popo and Nha Trang,
given some parameter adjustments from physical models as explained
along the paper. However, it remains unclear whether the law can be
applied to other LTT environments. In particular, since water level is a
critical parameter in the system, it is essential to investigate how the
attenuation coefficients from the dissipation law change with varying
water levels. Further studies are needed to clarify this aspect and to
improve our understanding of wave dissipation on a flat platform.
Nevertheless, this work is a starting point for explaining the variability
of beach slopes observed in the field and has the potential to help
improve our understanding of coastal morphodynamics.

The following abbreviations are used in this manuscript:

LTT Low tide terrace
NT Nha Trang
GP Grand Popo
SRB Surf regulated beach
SwRB Swash regulated beach
Wr Wave regime
s Wave steepness
𝑅𝑜 Rouse number
𝛺0 Dean number, calculated with off-shore wave

parameters
𝛺𝑠𝑢𝑟𝑓 Surf Dean number, calculated with surf wave

parameters
𝛺𝑠𝑤 Swash Dean number, calculated with local

swash wave parameters
𝛺𝑇 Transition Dean from swash-dominated to

surf-dominated
𝐻0 Offshore wave height
𝑇𝑜 Offshore wave period
𝜆0 Offshore water wavelength
𝑊𝑠 Sediment fall velocity
𝐿𝑡𝑠𝑙 Distance from the breaking point to the

shoreline
14
𝐿𝑡 Distance from the breaking point to the bottom
of the beach face

𝑥 Position on the channel aligned with wave
propagation

𝑋0 shoreline retreat
𝛽 beach slope
𝛽𝑒𝑞 Equilibrium beach slope
𝐻𝑏 Maximal wave amplitude after the breaking

processes
𝐻𝑡 water depth on the terrace
𝐷50 mean sediment size
𝛾𝑏𝑟 Breaker index
𝛾0 Breaker index at the beginning of the flat

platform
𝛾∞ Breaker index far away from the breaking point
𝜎 Fit coefficient (Spatial damping rate of the bore

height due to friction)
𝛼 fit coefficient
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