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ABSTRACT

Predicting cross-shore profile shape is critical for understanding and managing dynamic
coastal change. This study presents a novel empirical method to characterize and predict
variability of cross-shore beach profile shape. The method was developed using a vast amount
of synthetic cross-shore beach change data generated from the process-based coastal mor-
phodynamic model XBeach. The model was calibrated and validated using a large-scale
experimental dataset on beach profile change, ensuring accuracy and reliability of the syn-
thetic data. The dataset replicated cross-shore beach change of a wide range of beach
characteristics from a broad spectrum of wave conditions. Four cross-shore beach morphology
proxies that characterise the profile shape were extracted from those data. Then, empirical
relationships were derived to link them to the Dean’s Number. The robustness of these
relationships was tested and validated using beach profile change data from three diverse
field sites and one experimental case on a gravel beach, demonstrating strong correlations and
predictive capability. The findings highlight the significant role of physical drivers, such as
incident wave characteristics, sediment characteristics, and beach slope, in influencing beach
morphology and state transitions. This study advances the understanding of beach morpho-
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dynamics while providing a simple and practical approach for predicting profile change.

1. Introduction and background

Coastal systems are one of the most dynamic natural
systems around the world that constantly change and
evolve with waves and tides (Luijendijk et al. 2018).
These changes take place over a wide range of time
scales, from hours to decades and longer through
storms, seasonal and interannual fluctuations of
wave climate, and longer-term climate change
impacts (Reeve, Chadwick, and Fleming 2018; Stive
2004). This time variability is reflected in the evolution
of the shoreline position for most existing proxies e.g.
high water line (HWL) or mean high water (MHW)
(Boak and Turner 2005) and in detailed evolution of
the cross-shore beach-dune profile. In the hours to
seasonal timescale, it is generally believed that bea-
ches erode, and sediment is transported offshore dur-
ing energetic/storm conditions, and they undergo
natural post-storm recovery as a result of onshore
sediment transport during calmer weather conditions
(Angnuureng et al. 2017; Karunarathna et al. 2016;
Senechal et al. 2015; Stive et al. 2002; Wright and
Short 1984). Storm-driven beach erosion typically
occurs over hours to days (e.g. Harley et al. 2017;
Lerma et al. 2022). After a beach is rapidly eroded
during a storm, the post-storm recovery is a slow
process (Eichentopf et al. 2019b), typically taking
weeks to months (Angnuureng et al. 2017; Castelle
and Harley 2020; Phillips et al. 2019), while foredune

recovery can take years to decades (Lee, Nicholls, and
Birkemeier 1998; Morton, Paine, and Gibeaut 1994).
Sandy beaches in general have gentler cross-shore
slopes, and sediment size decreases from the back-
shore to the foreshore as swash intensity decreases.
When the energy dissipation is the greatest, the largest
variation in sediment sizes occurs, whereas gravel bea-
ches have a tendency for net onshore transport due to
more energetic wave uprush followed by less ener-
getic backwash (Karunarathna et al., 2012; Komar
1998; Pedrozo-Acufia et al. 2007). Smaller sediment
will be eroded rapidly than larger sediment. The com-
pound process of on-offshore sediment transport con-
tinually alters the shape of a beach profile. Provided
that the beach morphology is in equilibrium with
hydrodynamics, Wright and Short (1984) and
Masselink and Short (1993) indicated that a cross-
shore beach profile could evolve around dissipative,
intermediate, and reflective states, (Figure 1), depend-
ing on the underlying hydrodynamic and sediment
transport processes, which can be identified based on
the values of the dimensionless fall velocity parameter
(also known as the Dean’s parameter, ), given by:

Q = Hy/wiT, 1)

where H; is the wave height in meters, T, the peak
wave period in seconds, and w; the sediment settling
velocity given in m/s.

CONTACT Harshinie Karunarathna @) h.ukarunarathna@swansea.ac.uk

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting

of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-9087-3811
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21664250.2025.2520084&domain=pdf&date_stamp=2025-06-17

2 (&) B.NWANOSIKE ET AL.

6 Q
3 Reflective
0
-3
-6
-9
2 2
Intermediate with surf bar
Intermediate with low tide terrace
6

Dissipative

x (m)

Figure 1. Simplified conceptual beach state model (after
Wright and Short 1984).

Beach states can be distinguished by morpholo-
gical beach features where bar and berm are two of
the most striking features of the two-dimensional
plane of a cross-shore beach profile (Eichentopf et
al. 2019b). Beach state variability reflects either ero-
sional or accretional sequences. An increase of Q
values indicates a shift from reflective state (steeper
profiles with greater amount of sand volume) to
dissipative state (gentle slopes) with a pronounced
bar. On the other hand, decrease of Q values indi-
cates a shift from dissipative state to either inter-
mediate or reflective state. Ranasinghe et al. (2012)
and Le Cozannet et al. (2019) suggest that globally
varying wave climates could be important for wave-
dominated coastlines and subsequently to beach
state variability.

As a state of a beach at any given time is
a reflection of its incident wave energy dissipation
capacity, nearshore circulation characteristics and

sediment dynamics, understanding and the ability
to predict beach state variability will provide signif-
icant benefits to sustainable beach management
decision making. It is important to know that the
beach state displayed by a given beach at
a particular time largely depends on the incoming
wave energy and sediment settling velocity. Sandy
beaches that are exposed to large waves are typi-
cally dissipative. They are characterized by shore-
ward decay of incident waves over a wide surf
zone. This process reverses during calmer weather
when waves are smaller or less energetic and is
commonly the case in the summer. This low energy
beach state which is characterized by relatively
steep slopes is termed “Reflective.” Reflective bea-
ches are typically steep in profile with a narrow
shoaling and surf zone, composed of coarse sedi-
ment and characterized by surging breakers. When
a beach morphodynamically adjusts to either more
dissipative or more reflective states, it passes
through a variety of intermediate states. An inter-
mediate beach is a state between low energy reflec-
tive and high energy dissipative beach. They are
commonly characterized by bar-rough topographies
(Wright and Short 1984).

Several approaches can be used to predict morpho-
logical changes and beach state variability. For
instance, physics-based numerical models such as
XBeach (Roelvink et al. 2009; Roelvink et al. 2015),
Delft3D (Lesser et al. 2004) and MIKE21 (Warren and
Bach 1992) are commonly used for simulating and
predicting beach morphodynamic change (e.g.
Karunarathna et al. 2018; Kobayashi 2016;
Kombiadou, Costas, and Roelvink 2021; Luijendijk
et al., 2018; Steetzel 1993). The applications of such
numerical models include simulating waves, currents,
and sediment transport, illustrating changes in near-
shore beach morphodynamics and hence showing
beach change. These models provide a very detailed
and accurate account of beach change. Numerous con-
ceptual and empirical models have also been devel-
oped (Kriebel and Dean 1993; Larson, Erikson, and
Hanson 2004; Palmsten and Holman 2012; Simmons
and Splinter 2022). They are seen as a comparable
alternative to highly computationally intensive numer-
ical methods. Data-driven models which employ large
scale historic datasets to forecast beach change have
also been developed (e.g. Beuzen et al. 2019; Horrillo-
Caraballo and Reeve 2010; Karunarathna et al. 2012;
Karunarathna, Horrillo-Caraballo, and Reeve 2012;
Sanuy and Jiménez 2021; Van Verseveld et al. 2015).
In recent past reduced-physics and reduced-
complexity modeling approaches which can be
hybrids of process-based and data-driven models
have been developed (Horrillo-Caraballo et al. 2014;
Karunarathna, Reeve, and Spivack 2009; Reeve et al.
2019).



Utilization of numerical models, which is perhaps
the most accurate method of beach change predic-
tion, is widely known to be laborious and compu-
tationally expensive. Also, they require extensive
calibration and validation before applying to
a specific site, which thus demands field measure-
ments. Data-driven models are largely site-specific
and needs a large volume of historic measurements
which may not be widely available. Reduced phy-
sics and empirical approaches are useful alterna-
tives but may be limited to predictions at certain
timescales or certain morphodynamic features. Also,
most of them require substantial amount of historic
measurements similar to data-driven approaches,
which may not be widely available.

In this research, our goal is to develop a new simple
and efficient empirical approach that can be used to
predict beach state variability, predominantly of sandy
beaches, under a wide range of wave conditions,
thereby overcoming the limitations of computationally
expensive process-based numerical models and the
data scarcity when utilizing data-driven and other simi-
lar modeling approaches. Our method is based on gen-
erating a large quantity of synthetic beach profile
change data under a wide range of wave conditions
on generic sandy beaches with a wide range of charac-
teristics. A well-calibrated and validated process-based
coastal morphodynamic model is used to generate the
synthetic data of cross-shore profile change of different
beach types covering a range of beach slopes and sedi-
ment properties. The data is then used to develop an
empirical beach state prediction model. Although a vast
amount of process-based numerical simulations is initi-
ally required to develop our approach, once the method
is established, it will eliminate the need to build site-
specific computational models and simulate beach
change from under a large number of incident wave
conditions to investigate beach state change at
a specific site. Instead, our method can be applied to
any site to predict beach state change.

Section 2 of the paper presents the develop-
ment, calibration, and validation of the numerical
beach profile model used as the synthetic data
generator, and the numerically simulated data.
Section 3 describes the development of the empiri-
cal formulations for beach profile change and beach
states. The new formulations are validated against
the profile change at two field sites in Section 4.
Section 5 concludes the paper.

2. Numerical model and synthetic beach
profile data generation

2.1. Numerical model

The coastal morphodynamic modeling system XBeach
was used to generate synthetic data of cross-shore
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beach profile evolution. XBeach is an open-source
coastal numerical morphodynamic modeling system,
which was originally developed to simulate coastal
dune erosion (D. Roelvink et al. 2009). In this research,
1-D XBeach surfbeat model (XBeach-SB), which
resolves waves at wave group scale, is utilized. It is
assumed that waves propagate in the direction of the
cross-shore profile XBeach-SB computes the propaga-
tion of short wave averaged wave envelope and
accompanying longwave motion. The wave-action
balance equation in the wave propagation (x) direction
of (Eq. 2) is solved using a wave breaking dissipation
model to derive the wave group forcing.

OA 9cA  Dy+Dy

8t+(’)x: o

(2)

where t and x are the temporal and horizontal space
coordinates, respectively, A is the wave action calcu-
lated as A = S, (x,t)/0(x, t). Sw(x, t)denotes the wave
energy density, o(x, t) is the intrinsic wave frequency,
¢y is the wave action propagation speed in the x direc-
tional space, D, Dy, denote the wave energy attenua-
tion that induced by wave breaking and bottom
friction respectively (Ruffini et al. 2020).

In our study, wave breaking is implemented using
the Roelvink (1993) wave breaking model.

In XBeach-SB, the suspended sediment concentra-
tion in the water column is modeled using the depth-
averaged advection diffusion equation with a source-
sink term, based on equilibrium sediment concentra-
tions (Galappatti and Vreugdenhil 1985), given in
Eq. (3).

OhC OhCuf 0 [ GC] _ hCeq — hC

Dph x —
h *ax Ts

ot + ox +8x 3

In this formulation, the entrainment and deposition of
sediment is determined by the difference between the
equilibrium sediment concentration (Ce) and the
actual sediment concentration (C) which varies on
the wave group time scale. The entrainment of the
sediment is represented by an adaptation time (Ts)
given by a simple approximation based on the local
water depth (h) and sediment fall velocity (ws). Dy, is
sediment diffusion coefficient, T; is adaptation time, h
is local water depth, w; is sediment fall velocity, ufis
the Eulerian velocity in the x direction, and u, is
onshore directed velocity.

In the model, two sediment transport formulations
available, Soulsby -Van Rijn (Soulsby 1997; Van Rijn
1984) and Van Thiel-Van Rijin (van Thiel de Vries
2009). The details of these formulations can be found
in the Xbeach Manual (https://xbeach.readthedocs.io/
en/latest/xbeach_manual.html). XBeach-SB allows the
use of multiple sediment types, where each sediment
type is determined using its own grain size.

The model simulates bed level change (z,) using the
sediment transport gradients based on Eq. (4).


https://xbeach.readthedocs.io/en/latest/xbeach_manual.html
https://xbeach.readthedocs.io/en/latest/xbeach_manual.html
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where p is porosity, f,or is @ morphological accelera-
tion factor and g, is the sediment transport rate in the
x-direction.

For further details of the XBeach-SB model, the
reader is referred to the XBeach Manual (https://
xbeach.readthedocs.io/en/latest/xbeach_manual.html).

2.2. Numerical model setup

The initial 1D cross-shore numerical beach profile model
setup in XBeach-SB used in this study is shown in
Figure 2, which has a 1:10 uniform beach slope followed
by a 38 m long horizontal section, and a 3 m water
depth. XBeach-SB uses a coordinate system where the
computational x-axis is oriented perpendicular toward
the coast and y-axis is oriented alongshore. This initial
model setup replicates the laboratory experiment setup
used in the RESIST (Influence of storm sequencing and
beach REcovery on Sediment tranSporT and beach resi-
lience) project funded by EU the HYDRALAB+ (https://
hydralab.eu/about-hydralab/.) programme on cross-
shore beach profile evolution (Eichentopf et al. 2019a).
The seabed sediment has ds, value of 0.25 mm. The
rationale for using this initial setup is to directly use
the RESIST experimental data for calibration and the
validation of the numerical model. The 1D numerical
model was set up to replicate the laboratory wave
channel, sediment characteristics, and wave conditions
used in RESIST (Figure 2). A complete description of the
RESIST experimental conditions can be found in
Eichentopf et al. (2019a). A cross-shore varying model
grid was used to improve computational efficiency, with
the largest offshore grid size (Ax) of 0.75m and the
smallest nearshore grid size of 0.25 m.

Numerical simulations were first carried out under
a number of different wave conditions, using the
default values of the free model parameters of the
XBeach model, to explore the model performance

prior to calibration. p and f,o, of 0.3 and 1.0 were
used in all simulations. When started with the plane,
uniform beach profile, the profile evolution was stabi-
lized after approximately 4 hrs. Therefore, all numerical
simulations conducted in this study were of 4hr
duration.

2.3. Calibration of free model parameters and
model validation

The XBeach-SB has several free calibration parameters
that can be adjusted to achieve best model perfor-
mance. The most common approach to model cali-
bration is the use of manual adjustment of the key
model-free parameters (Callaghan, Ranasinghe, and
Roelvink 2013; Pender and Karunarathna 2013;
Simmons et al. 2019; Splinter and Palmsten 2012;
Stockdon et al. 2014). The sensitivity of the model
outputs to the free model parameters was investi-
gated by observing how the bed profile changed as
their values were altered. Keeping all other para-
meters at their default values, free parameter values
were changed one at a time and the model was used
to simulate beach profile change from the selected
wave conditions.

For modeling beach change in XBeach-SB, the influ-
ence of wave skewness (represented by the nondimen-
sional-free parameter facua) on the transport of
sediment appears is found to be the key mechanism
which gives the greatest sensitivity (Splinter and
Palmsten 2012) to model performance (Splinter and
Palmsten 2012). The choice of facua values imposes
onshore versus offshore wave-driven sediment trans-
port. When there is a storm, it is assumed that the
sediment is transported primarily offshore (facua =0),
and when there is calm (facua=1), the sediment is
transported toward the shore. To achieve the best
possible balance between onshore and offshore sedi-
ment transport in the nearshore region during storm
conditions, we calibrated XBeach for facua >0, using
the bichromatic wave conditions from the RESIST

Y (m)

60 80 100 120
X (m)

Figure 2. Numerical XBeach-SB cross-shore beach profile model set-up which replicates the RESIST experimental set-up.


https://xbeach.readthedocs.io/en/latest/xbeach_manual.html
https://xbeach.readthedocs.io/en/latest/xbeach_manual.html
https://hydralab.eu/about-hydralab/
https://hydralab.eu/about-hydralab/

experiment, given in Table 1 by comparing simulated
and experimentally measured post-wave action cross-
shore beach profiles.

The other two important free parameters are eps —
threshold of drying and flooding of computational cell
on the beach; and wetslp - critical wet slope.
A sensitivity analysis involving those two parameters
confirmed that the sensitivity of the model perfor-
mance to them is insignificant. Therefore, the default
values of eps =0.005 and wetslp =0.15 were used.

Figures 3 and 4 show model performance with two
different facua values which gave the best possible out-
comes for E2 (erosive) and A2 (accretive) experimental
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cases. Based on these results, it can be argued that the
facua parameter should be set to 0.5 for accretive wave
conditions and 0.25 for erosive wave conditions (as also
suggested by Van Thiel de Vries in 2009) for storm events.
It was found through an extensive calibration process
that the sensitivity of the model performance is not sig-
nificantly sensitive to eps and wetslp. Therefore, they were
kept at the default values of eps = 0.005 and wetslp = 0.15.
The calibrated XBeach-SB model was then validated
against two experimental cases, unseen during the
calibration, by comparing post-wave action beach pro-
files simulated by the model with those measured
during the RESIST experiments, given in Table 2.

Table 1. RESIST experiment bichromatic wave cases selected for model calibration.

Component 1

Component 2

Case Wave type Hy (m) f; (Hz) H, (m) f, (Hz)
E2 (erosive) Bichromatic 0.245 0.3041 0.245 0.2365
A2 (accretive) Bichromatic 0.085 0.2018 0.171 0.1755
1 T T T 1 - v
~—Intial profile =—Intial profile
——XBeach (facua0.25 ——XBoach (facua0.5)
——Measured profile ——Measured profile

Elevation (m)

" i i

15— - -

55 60 65 70 75 80 85
Distance (m)

0.5}

Elevation (m)
o

s
o
2

At

As5l— - - . - - -
55 60 65 70 75 80 85

Distance (m)

Figure 3. Post-wave action profiles with two different values for facua for the erosive case E2 with H; 0.32 m and T, 3.7 s. (left)

facua 0.25 (right) facua 0.5.
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0.5}
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c
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®
>
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w
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—Intla'I profile " ) ) )
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—measured profile
0.5¢ 1
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o
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2.05} 4
w
1t 4
15 2 2 2 A 2 N
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Distance (m)

Figure 4. Post-wave action profiles with two different values for facua for the accretive case A2 with H; 0.19 m and T,, 5.3 s. (left)

facua 0.25 (right) facua 0.5.
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Table 2. RESIST experiment wave cases selected for XBeach model validation.

Component 1

Component 2

Case Wave type H; (m) f; (Hz) H, (m) f, (Hz)
E1 (erosive) Bichromatic 0.320 0.3041 0.320 0.2365
A1 (accretive) Bichromatic 0.101 0.2276 0.202 0.1976

A comparison of the modeled post-wave action
beach profiles with the corresponding measured pro-
files for E1 and A1 is shown in Figure 5. It can be seen in
those figures that the selected free model parameters
captured the post-wave action erosive case well.
Although the model was able to produce the berm
and the bar of the accretive post-wave action profile,
their location is less well captured. This is expected as
XBeach-SB does not resolve individual waves.

The performance of the model was quantitatively
evaluated using the Brier Skills Score (BSS) (van Rijn
et al. 2003) and the Root Mean Square Error between
the simulated and measured post-wave action profiles:

BSS = 1-— (M)andRMSE: (Zo — Zn)?)
(Ixo = Xm|%)

in which: x;, is the predicted profile, xp, is the measured
profile, x; is the initial profile, Zp predicted profile, and
Z,, measured profile.

Table 3 shows the classification of BSS for model
performance. However, similar ranges cannot be pro-
vided for RMSE but the lower the RMSE the higher the
agreement between measured and predicted profiles.

BSS values for the erosive and the accretive cases are
0.87 and 0.56, respectively. Although some specific mor-
phodynamic features of the profile was not captured by
the model, both BSS values are above the “reasonable”
prediction range. RMSE values were 0.28 and 0.13 respec-
tively, which gives confidence to use the model for simu-
lating beach profile response from both erosive and
accretive conditions modeling erosive profiles.

[—Intial profile
——Measured profile
——XBeach

Elevation (m)

70 75 80 85
Distance (m)

60 65

55

Elevation (m)

2.4. Numerical simulations

As seenin Section 2.2, the XBeach-SB cross-shore beach
profile model satisfactorily reproduces both erosive
and accretive cross-shore beach profile morphody-
namic change. The model is then used to simulate
profile change from wave and beach conditions cover-
ing a wide range of Q values, representing dissipative,
intermediate, and reflective beach states. The beach
slopes (m) of 1:10, 1:20, 1:30, 1:50, and 1:100, and
median sediment diameters (ds,) of 0.35, 0.43, 0.34,
0.26, and 0.18 mm were systematically and appropri-
ately combined with random incident significant wave
heights (Hs) of 0.1, 0.2, 0.3, 0.4 and 0.5 m, and peak wave
period (Tp,) of 1.0, 2.0, and 3.0 s to generate in total of
300 simulation scenarios. Random waves were gener-
ated using the JONSWAP wave energy spectra. The
initial (pre-wave action) beach profile for all beach
slopes was taken as a plane, uniform beach. Tidal water-
level fluctuations were neglected at this instant.

Those simulated synthetic beach profile change will
form the basis of the development of the empirical
models to predict the beach state variability under
different wave conditions presented in Section 3.

Table 3. Classification of brier skill score (BSS) by van Rijn et al.
(2003).

Score Classification
<0 Bad
0.0-0.3 Poor
0.3-0.6 Reasonable
0.6-0.8 Good
0.8-1.0 Excellent

1 r r

—Initial profile

—Measured profile
—XBeach

60

55

70 75 80 85
Distance (m)

65

Figure 5. Comparison of the simulated profile with measured post-storm profile. Left: wave case E1 with H;=0.42 mand T, =3.7
s (erosive), and right: wave case A1 with H; = 0.23 m and T, = 4.7 s (accretive).



3. Development of the empirical model to
predict beach state variability

The development of the empirical beach state varia-
bility formulations building on the results of different
scenarios of dissipative, intermediate, and reflective
beach profiles generated in Section 2 are presented
here. Figure 6 gives a schematic diagram showing key
beach profile features which describes the beach pro-
file shape, considered in this development. The refer-
ence lines used were the still water level and the initial
plain, uniform beach profile.

The first step in developing empirical formulation and
analyzing the parameters was to generate a set of non-
dimensional parameters involving key profile features. In
most of the engineering applications, results are pre-
sented in nondimensional form to minimize measure-
ment errors (Kdmuircu et al. 2007) and clarity. Following
Buckingham’s Pi theorem (Buckingham 1914; Sonin
2004), a set of nondimensional functions given in
Equations (5-8) were derived for key beach profile vari-
ables shown in Figure 6 (sh.: shoreline change at still
water level; By,: bar crest height vertically measured from
the initial profile; B.: depth of submergence of the bar
crest; B.: bar length measured with respect to the initial
profile) using the variables H,: incident significant wave
height; h offshore water depth; L,: deepwater wave
length; and tan (3 initial beach slope.

3.1. Beach parameter Non-dimensional quantity

Bar height

05
(%) (Hs/Lo)/TanB (5)

Bar crest

(%) v (Hs/Lo)/TanB (©)

COASTAL ENGINEERING JOURNAL (&) 7

Bar length

B 0.5

(B) (t/10)rang )
Shoreline change

A

(h) (Hs/Lo)/TanB (8)

Where:

n = Derived nondimensional parameter

H./L, = Wave steepness

Tanf = initial beach slope

The nondimensional shoreline change relative to
initial shoreline against Q of all numerically simulated
dissipative, intermediate, and reflective beach change
scenarios are shown in Figure 7(a). It can be seen in this
figure that the nondimensional shoreline change
increases with increase in Q, irrespective of the beach
state. A regression analysis provides the empirical rela-
tionship between nondimensional shoreline change
and Q, given in Eq. (9) with a regression coefficient R2
of 0.9118, which shows a strong correlation between
the two quantities. Similar results for By, B, B. are
shown in Figures 7(b-d) where the relationships
between their nondimensional quantities and Q are
given in Equations (10), Equation 11 and Equation 12.
The R2 values of the trend lines are 0.7914, 0.9110, and
0.9528, respectively.
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0
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Figure 6. A schematic diagram showing key cross-shore profile parameters using in the development of the empirical model: sh:
shoreline change at still water level; By,: bar height vertically measured from the initial profile; B.: depth of submergence of the bar
crest; B,: bar length measured with respect to the initial profile. Initial profile (black line), post-wave action profile (blue line).
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Equations (9)-(12) can then be used to predict the four
key beach profile shape parameters and hence deter-
mine the beach profile shape under any given wave
condition.

As can be seen in Figure 7, although some scatter is
seen for dissipative conditions, a clear trend of varia-
bility between beach profile parameters and Q can be
seen. Scatter is expected in the dissipative cases as
a result of the limitations of the XBeach-SB model in
correctly simulating surf zone bar which is well docu-
mented in the literature.

(12)

4. Application of the empirical beach profile
change model

In this section, the empirical formulation derived in
Section 3 is applied to predict the beach profile change
at three field sites with distinctly different characteris-
tics in terms of beach slope, sediment properties, and

incident wave conditions. The model performance was
measured by comparing the predicted beach profile
parameters with those determined from the histori-
cally measured beach profiles. The selected field sites
are the Narrabeen -Collaroy beach, Australia; the
Hasaki beach, Japan; and the Duck beach, North
Caroline USA). The formulation was also tested against
the post-wave action beach profiles measured in
a laboratory on a gravel beach change by Polidoro
(2018). From the available profile measurements at
the four sites, a selection of cases where a distinct
beach state change can be clearly seen from the pre-
to post-wave action profile, is used in the preceding
analysis. The wave conditions used in the model corre-
sponding to the profile change at all field sites were
the significant wave height (H;) and the peak wave
period (T,) determined from waves measured during
the period between the pre-storm profile and post-
storm beach profile measurements. These two wave
parameters were then given as inputs to XBeach to
generate a random wave signal using the JONSWAP
Spectrum, which provided the time series of wave



conditions responsible for profile change between pre-
and post-wave profiles. Although using a random
wave input signal derived from a single set of Hs and
T, may incur some errors if the profile change between
pre- and post-wave profile occurred as a result of more
than one significantly different wave conditions, this
simple method is adopted to simplify the simulations
and to maintain uniformity of simulations between
sites.

4.1. Narrabeen-Collaroy beach, Australia

Narrabeen-Collaroy (herein referred to as Narrabeen
beach) is a 3.6 km long sandy beach situated in New
South Wales (NSW), Australia, located 20 km north of
Sydney (Karunarathna et al. 2016). It is bounded by two
headlands, Narrabeen Head in the north and Collaroy and
Long Reef point in the south. Monthly surveys of five
representative subaerial cross-shore beach profile lines
have been done since 1976. The beach profile PF4,
located at the central section of the bay, was selected
for this study (Figure 8) as it is the least impacted by
longshore sediment transport due to being the pivotal
point of inter-annual scale beach rotation (Ranasinghe
et al. 2004). Although PF4 is predominantly at intermedi-
ate state, it experiences a range of beach states depend-
ing on the antecedent wave conditions (Wright and Short
1984), tending toward more dissipative and reflective
under higher and lower wave conditions (Wright, Short,
and Green 1985).

Narrabeen beach is characterized by fine to medium
quartz and carbonate sands with dsg ~0.3-0.4 mm with
approximately 30% carbonate fragments shells and algae
detritus. The mean spring tide range at the beach is 1.6 m
(2 m maximum), and the annual average wave height of
the incident waves, classified as moderate energy waves,
is 1.6 m, with 20% of the waves exceeding 2m, 5%
exceeding 3m, 1% exceeding 4m and a very few may
reach 8 m. The peak wave period is 10 s (Short and
Trenaman 1992; Turner et al. 2016). Narrabeen beach’s
morphodynamic response is highly variable and extre-
mely rapid due to frequent storm wave incidence.
Because of the open nature of the beach, erosion, and
accretion occur any time of the year (Karunarathna et al.
2014; Ranasinghe et al. 2004). In determining the beach
morphodynamic variability, storm duration as well as the
maximum significant wave height plays an important role
(Dolan and Davis 1994; Karunarathna et al. 2014). This site
was selected due to the availability of an extensive cross-
shore beach profile dataset. Narrabeen beach has some of
the world’s best survey quality and long-time data sets
from 1976 to present which incorporates both under-
water hydrographic and above water beach profile
surveys.

A collection of pre- and post-wave action beach
profile surveys at PF4 of the Narrabeen beach shown
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in Figure 9 was used to validate the empirical beach
profile parameter model.

4.2. Hasaki beach, Japan

The Hasaki beach is a microtidal beach located in the
eastern Japan, exposed to the Pacific Ocean
(Figure 10). It is a wide sandy beach characterized by
longshore uniformity (Banno et al. 2020; Dastgheib
et al. 2022; Kuriyama, Ito, and Yanagishima 2008). The
medium grain size of the foreshore sediment is
0.18 mm (Katoh 1995). The mean high water (MHW),
mean water level (MWL) and mean low water (MLW) at
Hasaki beach are 1.25 m, 0.65 m, and —0.20 m, respec-
tively, based on the datum level at Hasaki (Tokyo Peil
—0.69 m) (Kuriyama 2002). The morphodynamics of
Hasaki beach is dominated by a nearshore bar-trough
system.

The cross-shore beach profiles measured weekly at
Hasaki Oceanographic Research Station (HORS) pier
are known for seasonal disparity during high energy
wave conditions and calmer periods, i.e. in the
autumn/winter or September to March (shoreline
moves seaward) and in the spring/summer or April to
August (shoreline moves landward). The sandbar
moves periodically seaward during winter and land-
ward during summer. The shoreline and the bar-
trough system progradation or erosion is dependent
on the season. Hasaki beach has a mean beach slope of
1/50 from —60 m to 200 m seaward and 1/20 in the
deeper region (Kuriyama 2002).

The pre- and post-wave action beach profiles at the
Hasaki beach, selected for empirical model validation is
shown in Figure 11.

4.3. Duck beach, USA

Duck Beach is located on the east coast of the
United States, in North Carolina, which has been
the home of the U.S. Army Corps of Engineers
Field Research Facility (Figure 12). Monthly ross-
shore beach profile surveys have been collected at
this site for 27 years.

The sediments at Duck beach typically include
a medium-to-fine sand mixture with the grain size
decreasing from 1 mm on the foreshore to 0.125 mm
in the offshore zone. In the offshore region (~1km
from shore), the beach is characterized by regular
shore-parallel contours, a moderate beach slope, and
bars in the surf zone. An outer shore-parallel bar is
present at about 4.5 m of depth, relative to the mean
water level, and an inner bar is present between 1.0
and 2.0 m of depth relative to the mean water level
(Horrillo-Caraballo et al. 2016).

Based on the offshore wave buoy data, it has been
found that wave energy varies with season, higher
during the autumn and the winter and lower during
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Figure 8. Narrabeen beach, New South Wales, Australia. (a) Location and view of the beach with the profile PF4 location
(Karunarathna et al. 2016), (b) a selection of cross-shore survey data at profile 4 Narrabeen beach (c) mean profile determined from

all beach profile surveys from 1976 to 2014.

the spring and the summer (Zhang et al. 2002).
According to Horrillo-Caraballo and Reeve (2010),
sand is removed from the beach face and deposited
further offshore, forming sand bars during high energy
wave conditions (winter) and shoreward during lower
energy conditions (summer). In between high energy
and milder conditions, a smoother beach profile with
relatively flattened bars can also form (Holland 1998).

Pre- and post-wave action profile selected for the
validation of the empirical model is given in Figure 13.

4.4. Laboratory experiments of Pollidoro (2018)

Although the empirical model was developed based
on beach profile change in sandy beaches, it was also
validated against Pollidoro (2019) laboratory
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Figure 9. Some selected pre- and post-wave action profiles and wave conditions of the storm at Narrabeen beach (P1) 21/
07/80-14/08/1980, hs 3.17m, tp 9.50s (P2) 27/11/1981-22/12/1981, hs 3.64m, tp 9.40s (P3) 04/08/1985-29/08/1985, hs 3.13m, tp

11.0s (P4) 05/10/1988-27/10/1988, hs 3.06m, tp 9.60s.

experiments on cross-shore profile change of a gravel
beach. The experiments were conducted in a large
wave flume 100 m long, 2.0 m deep, and 1.8 m wide
with a 30m long flat bathymetry, leading to
a composite slope of two slopes of 1:30 (31 m long)
followed by a 1:75 slope (33 m long) at HR Wallingford,
UK. In this experiment, a two-dimensional (2D) physical
model study was carried out to investigate the varia-
bility of a gravel beach profile under a range of wave
conditions covering both uni-modal and bi-modal
waves. A detailed description of this experimental
study is given in Polidoro et al. (2018). The pre- and
post-wave action beach profiles (under uni-modal
wave action) selected for empirical model validation
is shown in Figure 14.

A summary of beach characteristics of the four sites
selected for model validation is given in Table 4.

Following the selection of pre- and post-wave
action beach profiles, the mean beach profile at each
site was determined using the entire dataset at each
site. Then, the four beach parameters She, By, B and B,
were calculated from the pre- and post-wave action
profiles at all cases selected at the four test cases. Then,
those were non-dimensionalized using the incident
wave conditions, offshore water depth, and the mean
slope. Finally, the results are compared with the
empirical model as shown in Figure 15 The 95% con-
fidence intervals of the empirical formulae are shown
in red dotted line.

The empirical formulations performed well at the
Narrabeen beach where most cases represented inter-
mediate beach state where most results were within the
95% confidence interval. Predictions of B, and B;
achieved better accuracy than B and Sh.. Despite
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some deviation in shoreline change predictions, the
overall results show that the empirical formulation satis-
factorily capture the change in key beach profile shape
parameters. The results for Polidoro (reflective) experi-
ment also demonstrated that the empirical formulations
provide highly accurate predictions. All four beach para-
meters were well within the 95% confidence interval of
the empirical formulae. These findings underscore the
robustness of the models for reflective beach states,
where steep slopes and dynamic wave interactions
align well with the assumptions of the empirical formu-
lations. The empirical formulations performed less well
for dissipative conditions at the Hasaki and Duck bea-
ches. Sh. was significantly over-predicted at both bea-
ches. B, at Hasaki beach is predicted well while that at
Duck beach is over-predicted. B is mainly under-
predicted at both beaches except a few cases. The

prediction of B, at Duck beach satisfactory except for
two cases where the results were beyond the 95%
confidence interval, while that for Hasaki beach is over-
predicted except for four cases.

The differences in beach profile parameters deter-
mined from the empirical formulations and from the
measured profiles can be primarily attributed to two
factors: (i) the empirical model is less able to capture
dissipative beach dynamics due to the limitations of
the numerical model used to derive the synthetic data
used to develop them; (ii) while the antecedent pre-
wave action profile used in the empirical model was
a uniform plane beach, the actual pre-wave action
profiles at the two sites does not reflect a uniform,
plane beach. Although care was taken to determine
the four beach profile parameters which are derived
with respect to the initial profile, some disparities
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cannot be avoided. This highlights the importance of It should also be noted that the empirical model does
antecedent beach profile shape in influencing beach not include the time domain but only predict the final
profile morphodynamics (Masselink et al. 2023) and beach state following wave action. Therefore, the
suggests a limitation of the formulations when applied,  dynamic beach morphodynamic change cannot be
especially to highly dissipative beach states. predicted.



P1

Elevation (m)

Prestorm
Poststorm

Elevation (m)

200 400 600
Distance (m)

P3

800

Prestorm
Poststorm

COASTAL ENGINEERING JOURNAL (&) 15

Prestorm
Poststorm

Elevation (m)

200 400
Distance (m)

600 800

Prestorm
Poststorm

Elevation (m)

200 400 600 800 200 400 600 800
Distance (m) Distance (m)

Figure 13. Some selected pre- and post-wave action profiles and wave conditions at Duck beach (P1) 31/08/1987-28/09/1987, hs
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Table 4. Summary of beach characteristics of the four sites selected for empirical model validation.

Polidoro
Beach Characteristic Narrabeen Beach Hasaki Beach Duke Beach, NC experiment
dsg 0.35 mm 0.2 mm 0.2 mm 15 mm
Fall velocity 0.0519(m/s) 0.0257(m/s) 0.0218(m/s) 0.4487(m/s)
Profile data period 1982 — 1992 1993 - 2010 1981 - 2006 2019
Profile type Sandy, wave dominated, composite Sandy, wave dominated, Sandy, wave dominated, Gravel, steep
mean slope composite gentle mean slope composite mean slope slope
Approximate sub-tidal mean 0.053 0.015 0.013 0.14
profile gradient
Wave conditions High energy, all year-round storms Seasonal storms Seasonal storms Uni- and bi-
modal seas
Primary beach state Intermediate Dissipative Dissipative Reflective

5. Conclusions

This study introduced a novel empirical beach state pre-
diction model designed to characterize and predict
beach state variability driven by varying wave climates.
The model provides valuable insights into how beach
states evolve under different physical conditions, includ-
ing wave energy, sediment properties, and beach slopes.
By linking Dean’s parameter (Q) to key beach profile
parameters such as shoreline change, bar height, bar
crest elevation, and bar length, the study successfully
advanced the understanding of beach morphodynamics.

The comparison of our empirical formulation in pre-
dicting four key parameters that define a beach profile
shape clearly shows that the formulations are most
effective for reflective and intermediate beaches,
where they offer a reliable, cost-effective, and user-
friendly tool for predicting beach profile changes. For
dissipative beaches, however, the application of the
formulations requires a cautious approach due to their
tendency to under- or overestimate morphodynamic
parameters. The implementation of these simple empiri-
cal formulations in real-world scenarios offers shoreline
managers a practical approach to monitoring and
addressing changes in beach conditions where expert
numerical modeling skills and extensive computational
resource and time requirements can be avoided.

Nonetheless, the limitations observed on predicting
profile parameters in highly dissipative beaches high-
light the need for further research to refine the
approach, particularly through the integration of more
complex pre-wave action profile characteristics and the
use of a better numerical model to generate synthetic
data used for the development of the approach.
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