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Abstract

Near-horizontal shore platforms display highly irregular plan shapes, but little is known about the way in which these irregular-
ities influence the significant wave height (Hs) on the platforms and the frequency components of the nearshore wave field. We
use a nonlinear Boussinesq wave model to conduct harmonic and bispectral mode decomposition analyses, studying the control
of concave and convex platform edges over wind (WW: 0.125 - 0.33 Hz), swell (SW: 0.05 - 0.125 Hz) and infragravity (IG: 0.008
- 0.05 Hz) frequencies. For breaking and non-breaking waves, increasing the platform edge concavity intensified wave divergence
and subsequent attenuation of SW and IG across the outer platforms, reducing by up to 25%. Increasing the platform edge
convexity intensified focusing and amplification of SW and WW over the outer platforms, increasing by up to 18% and 55% for
breaking and non-breaking waves. In the presence of breaking, IG amplification depended on the generation of wave divergence
across the inner platform, a condition determined by a critical convex curvature threshold (K=1.8) balancing wave focusing
from refraction and defocusing from breaking. We find that convex curvature can determine the relative dominance of WW,
SW and IG across platforms. Alongshore, coherent wave interactions governed IG stationary patterns defined by a node near
the platform centreline and two antinodes on either side of concave edges. A node was generated at the platform centreline,

and two antinodes were observed on either side of the convex edges for K>1.8, with the opposite pattern observed for K<1.8.
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Key Points:

e Through refraction, concave and convex near-horizontal shore platforms can
separate the frequency components of the wavefield.

e Refraction patterns controlled by platform edge convexity affect the
dominance of wind, swell and infragravity waves across platforms.

e Coherent amplification from the intersection of refracted infragravity waves

controls the nodal state of alongshore stationary waves.

Abstract

Near-horizontal shore platforms display highly irregular plan shapes, but little is
known about the way in which these irregularities influence the significant wave height (ITI;)
on the platforms and the frequency components of the nearshore wavefield. We use a non-
linear Boussinesq wave model to conduct harmonic and bispectral mode decomposition
analyses, studying the control of concave and convex platform edges over wind (WW: 0.125
- 0.33 Hz), swell (SW: 0.05 - 0.125 Hz) and infragravity (IG: 0.008 - 0.05 Hz) frequencies. For
breaking and non-breaking waves, increasing the platform edge concavity intensified wave
divergence and subsequent attenuation of SW and IG across the outer platforms, reducing I/-I\S
by up to 25%. Increasing the platform edge convexity intensified focusing and amplification
of SW and WW over the outer platforms, increasing I/J\S by up to 18% and 55% for breaking
and non-breaking waves. In the presence of breaking, |G amplification depended on the
generation of wave divergence across the inner platform, a condition determined by a critical
convex curvature threshold (|K|=1.8) balancing wave focusing from refraction and
defocusing from breaking. We find that convex curvature can determine the relative
dominance of WW, SW and IG across platforms. Alongshore, coherent wave interactions
governed |G stationary patterns defined by a node near the platform centreline and two
antinodes on either side of concave edges. A node was generated at the platform centreline,
and two antinodes were observed on either side of the convex edges for |KX|>1.8, with the

opposite pattern observed for | K |<1.8.
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Plain Language Summary

Near-horizontal shore platforms fronting coastal cliffs act as wave energy buffers,
regulating wave-induced erosion in rock coast environments. Genuine research endeavours
have permitted establishing the link between near-horizontal platform morphology and wave
transformation across-shore. However, the effects of alongshore variations in near-horizontal
platform morphology on the properties of nearshore wavefields remain sparsely
documented. As ocean waves share akin refractive properties to light rays, it can be assumed
that, similarly to optical lenses, shore platforms can separate waves according to their
frequency depending on their geometry. Subsequently, the convergence and divergence of
refracted wave trains of similar phases and frequencies could affect the properties of the
nearshore wavefield. The present research investigates this phenomenon over concave and
convex edge platforms and its impact on the nearshore wavefield characteristics. Our results
show that wave refraction over near-horizontal platforms with concave and convex edges
affects the relative dominance of short, medium and long-period waves across shore and
results in alongshore stationary wave patterns near the shoreline with nodal states varying in
relation to platform edge geometry. Such patterns likely result in alongshore variations in
wave erosion and the generation of wave-generated currents shaping rock coasts in the

planform.

1 Introduction

Near-horizontal shore platforms, defined by a low gradient (tanf < 0.0175) and a
steep seaward edge, are prevailing coastal landforms in rock coast environments (Sunamura,
1992; Trenhaile, 1999). These landforms have an essential role in wave transformation
processes, regulating wave erosive forces at the shoreline (Stephenson and Kirk, 2000;
Matsumoto et al., 2016a,b). Thus, an accurate description of the geomorphic control exerted
by shore platforms on nearshore wave transformation patterns is necessary for improving

rock coast geomorphological models.
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Studies have investigated the control of near-horizontal shore platform morphology on
the cross-shore evolution of the wavefield (e.g. Beetham and Kench, 2011; Marshall and
Stephenson, 2011; Ogawa et al., 2016). Wave breaking induced by the sharp depth transition
at the seaward edge of a platform results in the dissipation of incident swell waves (SW: 0.05
Hz < f < 0.125 Hz) and the generation of low-frequency infragravity waves (IG: f < 0.05 Hz)
over the platform (Poate et al., 2020). Across the platform surface, 1G gradually amplify due
to shoaling and energy is transferred from high to lower frequencies, becoming the dominant
frequency component over the inner platform (Beetham and Kench, 2011; Marshall and
Stephenson, 2011; Ogawa et al., 2011). Wind waves (WW: 0.125 < f < 0.33 Hz) can propagate
onto platforms from offshore and, in some cases, be locally generated over the outer platform
to become the dominant frequency component in this area (Marshall and Stephenson, 2011;
Ogawa et al., 2011). These observations were summarised in the conceptual model of Ogawa
et al. (2011), indicating that it is common for the outer platform, platform centre, and inner
platform to be dominated by WW, SW and IG, respectively. Ogawa et al. (2011) suggested
that these zones shift across-shore with tidal elevation and showed that the relative
submergence of shore platforms (depth at the seaward edge/incident wave height) is a critical
factor controlling the relative dominance of SW and IG. Collectively, understanding the
behaviour of each frequency band of the wavefield helps to depict the variation of significant
wave height (Hy) across platforms affecting erosion of the platform and cliff (Trenhaile,
2000). However, the impact of shore platform morphology on two-dimensional wave
transformation processes and effect on the frequency bands composing the wavefield have

been overlooked.

Few field studies have considered the impact of the planform morphology of near-
horizontal platforms on two-dimensional wave transformation patterns (Krier-Mariani et al.
2022, 2023). Krier-Mariani et al. (2023) showed that directional patterns controlled by
irregularities in planform morphology generated localised areas of wave ray convergence and
divergence as well as alongshore variations in standing |G patterns, influencing the wave
energy distribution over the platform surfaces. Based on these observations, Krier-Mariani et
al. (2023) introduced a conceptual model in which concave and convex platform edge
geometries would control wave ray convergence and divergence patterns over the platform

surface, subsequently affecting the IG energy levels and SW decay rates. However, the
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influence of platform edge geometry on two-dimensional wave patterns could not be clearly

isolated from field observations.

In the absence of detailed field studies on the effects of platform edge geometry on
wave transformation characteristics, the literature on morphologically analogous submerged
flat structures is useful. Depending on their geometry, submerged flats can separate the
frequency components of the wavefield, refracting and reorganising the wave crests of
incident waves according to their frequency (Jarry et al., 2011; Griffiths and Porter, 2012; Li
et al., 2020). This phenomenon can result in complex refraction patterns specific to each
frequency component of the wavefield, leading to the generation of caustic rays (clusters of
caustic points generated by wave ray intersection) over submerged surfaces (e.g. Mandlier
and Kench, 2012). Patterns of wave ray convergence and divergence induced by refraction
over submerged flat structures significantly impact the wavefield characteristics. Wave ray
convergence results in a localised enhancement of wave height (e.g. Ito and Tanimoto, 1972;
Berkhoff et al., 1982), skewness and kurtosis (Janssen and Herbers, 2009; Jarry et al., 2011;

Lawrence et al., 2022) while wave ray divergence has the opposite effects.

Although relatively few studies have considered the impact of submerged flat
geometries on the cross-shore evolution of harmonic and subharmonic components of the
wavefield, harmonic components amplification has been observed in areas of wave
convergence (e.g. Lynett and Liu, 2004; Gouin et al., 2017). According to Li et al. (2020), this
phenomenon could be attributed to the non-linear effects of convergence on wave height
amplification. As the geometry of submerged flats influences the cross-shore pattern of wave
convergence (intensity and location) of each harmonic, it likely also influences the cross-shore
patterns of wave harmonics amplification, intrinsically affecting the dominance of different

wave frequencies across platforms. This hypothesis as yet to be verified.

It has proven difficult to establish causality between patterns of wave ray intersection,
increased nonlinearity and alongshore wave height amplification for random wavefields,
notably due to the limitation of wave ray tracking techniques to evaluate complex wave ray
crossing patterns in dense constellations of caustics (Ito and Tanimoto, 1972). Another way
of approaching this problem involves considering the impact of coherent wave interaction

patterns on the amplification of dominant frequency components of the wavefield. Coherent
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wave interaction refers to the non-linear process occurring at the intersection of waves with
similar frequency, waveform and phase. It has been identified as a fundamental non-linear
wave amplification process in optics (e.g. Young, 1802), quantum mechanics (e.g., Weiland
and Wihelmsson, 1977; Falk, 1979; Inouye et al., 1999; Kozuma et al., 1999) and geoscience
(e.g. Harid et al., 2014). There have been few investigations of this process in coastal wave
studies, but Dalrymple (1975) demonstrated that this process could result in the formation of
alongshore stationary wave patterns in random wavefields and the subsequent formation of
nearshore currents. More recently, Tamura et al. (2020) showed that, similar to light
refraction through a prism, ocean wave refraction over a submarine canyon could separate
waves of a random wavefield according to their frequency and phase, favouring coherent
wave interactions. Based on this theoretical grounding, it is hypothesised that by controlling
the refraction patterns of individual frequency components of the wavefield, submerged flat
(e.g. shore platforms) geometry affects coherent wave amplification over submerged flat

surfaces, leading to the generation of alongshore stationary wave patterns for SW and IG.

The impact of shore platform geometry on the behaviour of wave harmonics and
stationary wave patterns remains to be evaluated in detail on near-horizontal platform
surfaces. However, such a task was proven to be difficult during field observations due to the
variable nature of nearshore wavefields and the morphological complexity of shore platforms
(e.g. Krier-Mariani et al. 2022, 2023). Therefore, this study adopts a numerical modelling
approach to address the question: How do mesoscale variations in platform edge geometry
affect the behaviour of wave harmonics and the subsequent wave height distribution across

and along platform surfaces?

2 Method

2.1 Model set up

The phase-resolving Boussinesq wave model FUNWAVE_TVD V3.6 (Shi et al., 2012)
was used to investigate two-dimensional wave transformation over shore platforms. This
model treats wave transformation in the time domain and provides a robust representation

of non-linear processes, refraction and diffraction while retaining information on the wave
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phase (Sheremet et al., 2011; Buckley et al., 2015, Buckley et al., 2018; Thomas and
Dwarakish, 2015).

2.1.1 Domain

Idealised three-dimensional near-horizontal platform morphologies were incorporated
into a 1274 m (x-axis) to 300 m (y-axis) domain (Fig. 1a). A 0.35 m deep, 250 m wide shallow
planar surface was included at the landward extremity to absorb wave energy and minimise
resonance. The platforms were defined by a constant gradient of 0.35 degrees, a width of 300
m (at the centreline, y = 150 m) and a 3m high seaward cliff of 45 degrees. The nearshore
bathymetry profile was composed of a 480 m subtidal ramp (at the centreline) with a gradient

of 0.35 degrees followed by an 8 m deep and 635 m wide flat.

Planform geometry was represented using three generic edge geometries defined as
straight, concave and convex. The degree of curvature of the concave (X < 0) and convex
(K > 0) edge geometries was derived from the parametric ellipse equation. The semi-major
axis (a, along the x-axis) was kept constant (120 m) to avoid modifying the cross-shore profile
along the centreline, and various degrees of edge curvature were obtained from 2 m
increments along the semi-minor axis (b, along the y-axis) between 50 to 100 m, resulting in
26 cases with edge curvatures (|X| = |a/b|) ranging from 1.2 to 2.4 (Fig. 1b-f). The
bathymetry was smooth to reduce noise generated by sharp edges and interpolatedtoa 2 m
grid adopted to ensure model stability following a series of sensitivity analyses, providing a
realistic representation of model resolution used in previous research in nearshore areas (e.g.

Su et al., 2021).
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Figure 1: Boussinesq wave model configuration showing the bathymetry profile along the
centreline (y =150m) (a), the model domain for the straight, concave and convex platforms
(b-d), and the range of platform edge curvatures considered (e,f). Specifications of the
boundary conditions are annotated in the figure. The red dots mark the location of the
virtual gauges used for analysis. The yellow shaded area (between L, and Lsn) represents
the inner platform section considered for alongshore analysis.
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2.1.2 Wave conditions

The model was forced by irregular waves with a directional spread of 10 degrees. An
internal wavemaker (Wei et al., 1999) was located on the deep flat at the bottom of the
subtidal ramp, five wavelengths (A4;) away from the platform edge to avoid distortion of the
initial wave crests. Irregular waves were generated using a JONSWAP wave spectra
(Hasselmann et al., 1973) with a fixed peak enhancement factor of 3.3, a peak frequency (f,)
of 0.09 Hz and direction of 0° (shore-normal) to simplify the visualisation of the refraction

effects induced by different planform edge geometries.

Two sets of simulations were generated to investigate the transformation of: (1) waves
propagating across the platform surface without breaking (Hg= 0.5 m), as such waves can
release large amounts of erosive energy when they break against cliffs (Thompson et al.,
2019; Thompson et al., 2022); and (2) wave breaking at the seaward edge (Hs= 2 m) decaying
across the platform, which are typically used to define variation of wave erosive force across
platforms in geomorphological models (e.g. Trenhaile, 2000; Matsumoto et al., 2016a,b).
These two sets of simulations combined with the range of platform concave and convex
curvatures resulted in 106 simulations (including straight edge reference cases). The default
breaking index of FUNWAVE-TVD (y,=0.80) was used to represent wave breaking, providing
a close representation of the breaking conditions for steep submerged slopes (Blenkinsopp
and Chaplin, 2008). The effects of bottom friction were not considered (i.e. the frictional

dissipation coefficient was set to C;= 0.002, representing a smooth surface).

2.1.3 Boundary conditions

The domain boundary conditions were defined to minimise reflection. Periodic
boundaries (Chen et al., 2003) were applied to the northern and southern extremities of the
domain, allowing waves to propagate out of the domain. Following Shi et al. (2016), sponge
layers employing a direct damping coefficient as well as dissipation by friction and diffusion
were used to reduce noise and dampen wave energy at the eastern and western sides of the
domain (Fig. 1a). The width of the sponge layer at the shallow western side of the domain

was chosen to correspond to twice the peak wavelength of the IG at this location (estimated
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during trial runs using the virtual gauge Gp,; at the shoreline, Fig. 1), to avoid reflection and

the subsequent generation of standing IG waves.

2.1.4 Model Validation

Due to the lack of two-dimensional field measurements in similar near-horizontal
shore platform settings, no direct validation of our model simulations was carried out.
However, a number of studies validated FUNWAVE-TVD against field observations over coral
reefs, proving the model's ability to represent wave transformation over smooth submerged
flats with sharp seaward edges (e.g. Mendonca et al., 2008; Su et al., 2015; Zhang et al., 2019).
As the present study explores wave processes such as refraction and non-linear energy
transfer fairly well represented by the model (Griffiths and Porter, 2012; Su et al., 2015) and
does not investigate subsequent processes such as wave-driven circulation and sediment
transport, it is deemed unnecessary to validate the model with experimental data at this stage

(similar inference were made in da Silva et al., 2023).

2.2 Measurements and analysis

To determine the impact of planform geometries on wave transformation across the
platforms, the spectral evolutions of waves propagating across concave and convex platforms
(affected by two-dimensional transformation processes) were compared to the spectral
evolution of waves propagating across the straight-edge platform (only affected by on-
dimensional transformation processes). This approach permitted the identification of spectral
anomalies representing the energy variations for specific harmonics induced by refraction.
Positive and negative anomalies indicate harmonic amplifications and attenuation,
respectively. Combined, the harmonic anomalies result in anomalies of significant wave
height across platforms (AFI;). Following Baldock et al. (2020), the cross-shore patterns of
AH, were then compared to the directional patterns along the platform centrelines to identify
the effects of refraction patterns controlled by platform edge geometry on significant wave

height distribution across platforms.

In the alongshore, the effects of coherent wave interaction induced by refraction over

concave and concave platforms on the generation of stationary wave patterns were

10
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considered. For this purpose, the bispectrum (Hasselmann et al., 1963) provides a convenient
representation of the wavefield as it holds information on the wave phase, frequency and
power necessary to detect phase coupling. The bispectrum, defined from the third moment
of the free surface elevation time series, also represents a measure of skewness, which
increases in areas of wave ray intersection (Janssen and Herbers, 2009; Jarry et al., 2011;
Lawrence et al., 2022). Following Kim and Powers (1979), who investigated the impact of
coherent interactions of random electromagnetic waves on plasma density fluctuation using
bispectral properties, the frequency, phase and power information yielded by the bispectrum
were used to identify patterns of coherent wave interactions over the inner platforms. A
modal decomposition method based on bispectral properties (Appendix 2), the Bispectral
Mode Decomposition or BMD (Schmidt, 2020), was employed to identify the modal state of
coherent structures for self-interacting harmonic components within the SW and IG
frequency bands. The areas of coherent wave interactions were then compared to the wave
height distribution of SW and IG over platforms of various geometries to identify patterns of

coherent wave amplification.

2.2.1 Wave measurements

Wave records were obtained from virtual gauges recording surface elevation (1) as
well as u and v velocity components at 2 Hz (Fig. 1b-d). In the cross-shore direction, the gauge
spacing along the centreline increased seaward from the platform edge (increment based on
geometric series starting with a spacing of 4 m with an increment factor of 1.5). On the
platforms, the gauge spacing was irregular but not exceeding 6 m along the centreline,
transects C; and C,. The distance between the gauges composing the alongshore transects
(between Lo and Lshri) increased on either side of the centreline from 6 to 30 m (with an
increment factor of 1.25). Statistical analyses of the wavefield properties were based on an
observation window of 2048 seconds, starting 230 seconds after the start of the simulations,
marking the time at which SW reached the landward extremity of the domain and IG were

generated.
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2.2.2 Definition of wave height
The significant wave height (H,) was defined from the spectra moment (e.g. Thornton

and Guza, 1983):

H, = 4\/ffr;';ix5(f).df (1)

The wave spectra estimates S(f) were generated using the Welch (1967) method with
segment lengths of 512 samples, 50% overlap and a Hanning window resulting in 20 Degrees
of Freedom (Priestley, 1981). To provide a more detailed representation of the wavefield, the
gravity and infragravity waves were further divided into two frequency bands, encapsulating
the dominant harmonics observed within the WW, SW, and IG (high and low) frequency
ranges across the domain (Table 1). The wave height associated with each of these frequency

bands was determined using:

Hy, = 4J Tt S(f).df (2)
where n denotes the rank of the harmonic, f,,, and f,;4n represents the lower and higher
frequencies of the power spectral density peak associated with this harmonic, Table 1. The
reference incident wave height (H,) was defined from measurements taken at the gauge Go

located at the top of the subtidal ramp (Fig. 1) and was used to normalise the wave height on

the platform surface (H;(x) = Hy(x)/H,, Hppp(S) = Hppps(x)/Hg ). For  simplicity,

normalised wave heights are hereafter referred to as wave heights.

12
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Table 1 Frequency band analysis parameters

Conventional Frequency subclass Corresponding Frequency | Frequency range
Frequency class Harmonic (fap) (fiow — fhign )
Wind waves (WW) Second harmonic fap 0.15 — 0.20 Hz
Gravity waves
Swell waves (SW) Principal harmonic fp 0.06 — 0.12 Hz
Infragravity High Second
araviy T _ f1/2p 0.04 — 0.05 Hz
(IGH) subharmonic

Infragravity waves

Infragravity Low™*

Fifth subharmonic f1/sp 0.008 — 0.03 Hz
(IGL)

*Note that the typical cutoff frequency for the lower portion of the IG frequency band is 0.005 Hz (e.g. Pequignet et al., 2014;
Gawehn et al., 2016). However, the chosen cutoff frequency of 0.008 Hz is more appropriate to describe the low IG in the
simulated wavefield as it corresponds to a trough in the power spectra estimate across the entire domain, which provides a
better physical representation of the low IG.

2.2.3 Definition of peak direction

The angle a between the peak direction of waves propagating on either side of the
centreline (along the cross-shore transects C1 and C2, Fig. 1) was used to investigate the
evolution of wave convergence and divergence along the platform centrelines. The peak
direction of waves over the platform was estimated from the directional wave spectra
S(f,0) =S(f)G(6|f) calculated from the free surface elevation (n) and velocity
components (u and v) time series by applying the Extension of the Maximum Entropy
Principle (EMEP) method (Hashimoto et al., 1994). To this effect, segments of 512 samples
were used to estimate the frequency spectra (S(f)) and 200 iterations to define the
approximation of the spreading function (G(6|f)) resulting in 76 frequency bins and

directional bins of 5°.

2.2.4 Identification of coherent wave interaction patterns

The BMD was applied to the free surface elevation time series recorded by the two-
dimensional virtual gauge array between L, and Lswi, marking the boundaries of the spatial
domain & (Fig. 1). The welch periodograms employed in the BMD were computed using
segments of 512 samples, 50% overlap and a Hanning window resulting in 20 Degrees of

Freedom. Patterns of coherent wave interactions were identified from coherent self-
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interaction maps (Y x) which are defined by the product of cross-frequency fields ¢y.; and

the bispectral modes ¢, obtained from the BMD:

Yk (& fio i) = |Prok © Prrrl (3)

where the frequency k considered were f, and f; /5, , representing the dominant harmonics
in the SW and IG frequency bands. The cross-frequency fields ¢., are maps of phase
alignment for these frequencies, while bispectral modes ¢, represent the amplitude of
oscillations of the sea surface at frequency 2k. Conventionally, the largest values of the
normalised coherent self-interaction maps 1/)’,;k indicate areas where phase coupling has the
strongest effect on wave amplitude for the sum frequency 2k. The interaction maps for
straight wave crests with parallel wave rays are expected to be homogeneous alongshore. In
contrast, for cases where wave crests are bent and wave rays intersect, interaction maps will
be non-homogenous alongshore and display maxima in areas of wave ray intersection. In the
presence of coherent wave amplification, maxima in coherent self-interaction maps

correspond to areas of wave height amplification at frequency k.

3 Results

3.1 Impact of planform geometry on across-shore wave transformation

3.1.1 Non-breaking waves (H, = 0.5 m)

The spatial evolution of the spectral properties of non-breaking waves propagating
across the domain was examined for the three types of platform geometries (Fig. 2), for which
the power spectra density was concentrated around four distinctive frequency components
(Fig. 2a): the second and the principal harmonics (f;, and f,) within the WW and SW
frequency bands; and the second and fifth subharmonics (f; /2, and f1,s5;,) within the 1G4 and

IGL frequency bands.

The spectral anomalies observed over the concave platforms indicated an attenuation
of the principal harmonic (Fig. 2b-e). This phenomenon intensified with increasing degrees of

curvature (with minimum spectral anomalies at peak frequency reducing from -0.09 m?2 Hz !
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at |K|= 1.2 to -0.41m? Hz ! at |K|= 2.4). In contrast, an amplification of the second and
principal harmonics was observed across convex platforms (Fig. 2g-j), intensifying with
increasing edge curvature (with maximum spectral anomalies at peak frequency increasing

from0.52 m? Hz 'at K= 1.2 to 1.37 m?Hz! at K'=2.4).

The variation of spectral characteristics of each harmonic over the concave and convex

platforms can be expressed in terms of mean wave height anomalies (Aanp). The most

significant impacts of platform curvature on mean wave height anomalies were observed
within the WW and SW frequency bands. The mean wave height anomalies associated with
the second and the principal harmonics displayed a very strong linear dependency (R? > 0.9)
to the degree of platform edge curvature (Fig. 2f,k). The increase of curvature form |X|= 1.2
to 2.4 promoted the attenuation of harmonics within the WW and SW frequency bands across
concave platforms and the amplification of these waves across convex platforms. The
attenuation of the second and principal harmonics across concave platforms of high curvature
|7 |= 2.4 corresponded to 9% and 15% of H,. Across convex platforms of high curvature, |X|=
2.4, the amplification of the second and principal harmonics reached up to 11% and 29% of
H,. The mean wave height anomalies for the subharmonic in the IGH and IG. frequency bands

were negligible for nonbreaking waves.
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Figure 2: Impact of platform edge curvature on the harmonic components of the wavefield
for non-breaking waves showing: the spectral anomalies in relation to the straight edge
platform (a) for concave platform geometries (b-e) and convex platform geometries (g-j);
and the impact of curvature on the mean wave height of each harmonic across the concave

(f) and convex (k) platforms.
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AI/{; across the platform can be assumed to be impacted by refraction patterns
controlled by platform geometry. To explore this process, directional patterns and AH, across
the centrelines of each platform were compared for various edge curvatures. The cross-shore
patterns of Aﬁ; presented in Fig. 3a,b were modulated by the platform edge curvature, with
magnitude increasing with curvature for both types of platform geometries. As a result, for
high degrees of curvature (|K| = 2.4), the negative anomalies across the concave platforms
indicated a maximum of 25% attenuation in significant wave height (Fig. 3a), while the
positive anomalies across the convex platforms (Fig. 3b) indicated a 55% amplification of
significant wave height. The location of the largest AH, shifted across platforms in relation
to curvature. For concave platforms, the largest negative AH; over the outer platform shifted
landward with decreasing curvature from |K| = 2.4 to 1.9. Similarly, the largest positive AH,
across the convex platforms shifted landward, reaching the inner platform for | K| < 1.6. For
low degrees of concave curvatures (|K| < 1.9), corresponding to curvatures for which
amplification of wave energy seaward of the platform edge was observed (Fig. 2b-e), wave
transformation patterns across the platform centreline were affected by the preconditioning
of incident waves occurring off the platform edge. Therefore, the description of the following

results focuses on concave edge curvatures, | K| >1.9.

Similarly to the cross-shore evolution of AIfI;, the peak magnitude of wave ray
divergence observed across concave platforms and convergence across the convex platforms
decreased and shifted landward from the mid-platform (x = 150 m) to the outer platform
with decreasing curvature (Fig. 3c,d). A Spearman rank correlation (Fig. 3e,f) revealed that the
dependency of cross-shore AFI; on the directional patterns observed over the concave
platforms was only relevant (moderate to strong, ps > 0.4) for platform edge curvatures
exceeding 1.9. In contrast, a strong relationship (ps; > 0.6) as observed between wave height
anomaly and directional patterns over convex platforms for the majority of platform edge
curvatures, indicating that AI/-I; across the convex platforms were predominantly controlled

by the wave convergence and divergence across the centreline.
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Figure 3: Relationship between directional patterns and significant wave height anomalies
of non-breaking waves across concave (left) and convex platforms (right) at the centreline
(y =150 m) for different degrees of curvature showing: the significant wave height
anomalies (a,b) and the cross-shore directional patterns (c,d). The impact of directional
pattern on wave anomaly pattern was assessed using a spearman correlation between the
two parameters (e,f).

3.1.2 Broken waves (Hy =2.0m)

The spectral evolution of broken waves across concave platforms displayed a complex
pattern of spectral anomalies (Fig. 4b-e), with a clear amplification of the principal harmonic
corresponding to SW over the outer platform for degrees of curvature below 1.9 (at f,
positive anomalies reached 1.5 m? Hz ! at K= 2.0 and 2.4, 0 to 150 m from the edge) and a
clear attenuation of this harmonic for degrees of curvature exceeding 1.9 (at f,, negative
spectral anomaly reached -1.2 m? Hz ! at X'= 1.2 and 1.6, 0 to 150 m from the edge). These
differences were related to the amplification of the principal harmonic for edge curvatures
below 1.9, displaying anomalies reaching up to ~12 m? Hz ! in the vicinity of the concave edge
sections (0 to -120 m from the edge) before reaching the platform surface (Fig. 4d,e). Over

convex platforms, the principal harmonic presented the largest amplification (Fig. 4g-j), which

18



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

intensified over the outer platform with increasing curvature (positive anomaly at f,, reached
21 m?Hztat X=1.2 and 4.1 m? Hz ! at XK= 2.4, 0 to 150 m from edge). In contrast, the
amplification of subharmonics within the IGy and IG. frequency bands toward the shoreline
observed along the platform centreline was stronger for low convex edge curvatures than for
high convex edge curvatures (positive anomaly at f; 5, reached 0.7 m2Hztat X=1.2and 0.5

m?2 Hz ! at K= 2.4, 150 to 300 m from edge).

Relationships between edge curvature and mean wave height anomalies across both
platform types were observed (Fig. 4f,k). For anomalies in the WW and SW frequencies, the
mean wave height anomalies of the second and the principal harmonics presented a strong
linear dependence on the degree of edge curvature of concave and convex edges (R? > 0.90).
In the IGh frequency band, mean wave height anomalies associated with the second
subharmonic were linearly dependent on the curvature across concave platforms (R>=0.67).
The mean wave height anomalies associated with the fifth subharmonic in the IG_frequency

band decreased linearly (R?>=0.94) with curvature over the convex platforms.

Variations in edge curvature affected the relative importance of WW, SW, IGy and IG,
anomalies across the platforms. For concave platforms, the increase of concave edge
curvature promoted attenuation of all frequency bands, but particularly for WW and SW. For

the harmonic components within the WW and SW frequency bands, the mean wave height

attenuation across concave platforms was negligible for low curvature (AHpr and Apr and

representing less than 1% of H, at |X|=1.2) but intensified for high degrees of curvature

(AHfzp and Apr representing less than 3% and 6% of H, at |KX|=2.4). Across the convex
platforms of low curvature (1.2 < |X| < 1.75), the largest amplification of mean wave height
was observed for the principal harmonic (m representing 4% to 7% of H,), followed by the
fifth subharmonic (m representing 3% to 3.5% of H,). The amplification of the fifth
subharmonic became less important with increasing curvature, while the mean wave height
of the second harmonic was amplified. For convex curvatures exceeding 1.75, the principal
harmonic displayed the largest amplification (m representing 7% to 10% of H,), followed
by the second harmonic (szp representing 3% to 4% of H,). Thus, the reduction of convex

edge curvature promoted the amplification of 1G, while the increase of convex edge

curvature promoted the amplification of WW and SW.
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impact of curvature on the mean wave height of each harmonic across the concave (f) and
convex (k) platforms.
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The relationship between AH, (Fig. 5a,b) and directional patterns (Fig. 5¢,d) observed
across the concave and convex platform centrelines was more complex for broken than non-
breaking waves. The main difference with the non-breaking waves resided in the seaward
shift of the maximum divergence (Fig. 5¢c) and convergence (Fig.5d) locations over the outer
concave and convex platforms, respectively. This shift was particularly pronounced for convex
shore platforms with low degrees of curvature (|| < 1.8), for which the peaks of convergence

observed mid-platform (x = 175 m, Fig. 3d) were attenuated.

Concave Convex o .
a) b) Length semi-major axis |5,

< >

24

A Largest anomaly magnitude

22

18
|

16

1.2

300 200 100 0 300 200 100 0

Distance from edge (m) Distance from edge (m)
e) f)
[} 1 1 1 1
2 L] = LS s = 5
B 05 = " m® 05 05F - = = ¥ 405
) T [] - L]
< =F ] LI ] L —
< 0 L] ] - " = = & " L | ".l"]--" = - .;O Obllll-ll'.___'J_-T‘l L R B | " F = S0 ?
c S W R g
[T -
g -0.5 .0.5-05™=™, = " Moderate correlation | = Ps values 05
3 Strong correlation 95% conf. interval
ry strong correlatiol ] A
QP 4 g 4 ry or P-val 1
2.4 2.2 -2 -1.8 -1.6 -1.4 -1.2 1.2 14 16 1.8 2 22 24
Curvature () Curvature (K)

Figure 5: Relationship between directional patterns and significant wave height anomalies
of broken waves across concave (left) and convex platforms (right) at the centreline (y =
150 m) showing: the significant wave height anomalies (a,b), the cross-shore directional
patterns (c,d) and spearman correlation between these two parameters (e,f).
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For concave platforms, the seaward shift of maximum divergence zones coincided
with a seaward shift of the location of the largest negative anomalies (representing a 25%
attenuation in T-I:, Fig. 5a). As a result, the relationship between AH; and directional patterns
of broken waves remained moderate to strong (0.4 < ps< 0.6) for concave edge curvatures
exceeding 1.9 (Fig. Se), indicating that for large degrees of edge curvature, the AH, observed
across the concave platform depended on the directional patterns along the centreline. For
convex platforms, the seaward shift of the maximum convergence locations (Fig. 5d)
coincided with a seaward shift of the largest positive anomalies for curvatures over 1.8
(representing an 18% amplification in Hj, Fig. 5b). However, for curvatures lower than 1.8,
the maximum anomalies shifted landward. Thus, the correlations between AITI; and
directional patterns across the centreline were moderate to strong (0.4 < ps< 0.6) for convex
edge curvatures exceeding 1.8, and weak (ps < 0.4) for curvatures dropping below 1.8 (Fig.
5f). This phenomenon can be explained by analysing the relative influence of each harmonic

component on AIfI; observed across the platforms (Fig. 6).

For convex curvatures exceeding 1.8, the decrease of wave convergence over the
outer platform and wave ray divergence over the inner platforms (Fig. 5¢) coincided with a
reduction of wave height anomalies for all harmonic components over the inner platform (Fig.
6). This reduction was particularly important for the fifth subharmonic, AH/fl/\Sp, representing
5% of the observed amplification of significant wave height at x = 190 m against 10% at x =
130 m for |K'|=2.4. In contrast, convex edge curvature below 1.8 inhibited the formation of a
divergence zone, ensuring the sustainability of wave ray convergence across the entire
platform. Under these conditions, the wave height anomalies within the WW and SW
frequency bands were sustained across the entire platform, and anomalies within the 1G.
frequency band were amplified over the inner platform (AI—EI/\SP representing 15% of the
observed amplification of normalised significant wave height at x = 190 m for |X|=1.2) to
become the dominant type of anomaly at this location. Thus, AH, became predominantly
controlled by the behaviour of IG, as curvature decreased (1.4 < K < 1.8). For very low degrees

of curvature (X < 1.4), the amplification of 1G. was of such importance that AH, were
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amplified over the inner platform despite the decrease in wave convergence, resulting in a

negative correlation (- 0.6 < pg< - 0.4) between AH, and directional patterns (Fig. 5c).
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Figure 6: Percentage of significant wave height variations across the centreline (y = 150 m)
convex platforms associated with anomalies of the second higher harmonics (a), the
principal harmonic (b), the second subharmonic (c) and the fifth subharmonic (d)

components (HS=HsStml.ght + AH). The dashed line represents a curvature of 1.8, marking

the threshold for the formation of a divergence zone over the inner platforms.

3.2 Effects of platform edge geometry on alongshore wave height patterns

3.2.1 Non-breaking waves

Coherent self-interaction maps were plotted to investigate the impact of platform edge
geometry on alongshore wave height variation over the inner platform for non-breaking
waves (Fig. 7). Maxima in these maps () = 1) correspond to areas of strongest coherent
interaction for the dominant frequency components within the SW and IG, frequency bands
(fp and f1/sp). Over the concave platforms, zones of coherent self-interaction for the principal
harmonic (f,) shifted alongshore from the platform centrelines to become concentrated near
the northern and southern extremities of the platform as the edge curvature increased (Fig.
7a-d). These alongshore variations were predominantly observed between x = 130 and 175

m, where divergence along the centreline was the strongest (Fig. 3c). In contrast, coherent
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self-interaction maps for the fifth subharmonic (f;/5,) were more homogenous alongshore
(Fig. 7e-h), except near the shoreline, where coherent self-interactions were predominantly
observed at the platform centreline. Over the convex platform, coherent self-interactions of
the principal harmonic (Fig. 7i-I) were concentrated toward the platform centreline for edge
curvatures between |X|=1.2 to 1.6 (Fig. 7k,l), but as edge curvature increased, coherent wave
interaction for this harmonic predominantly occurred at the northern and southern
extremities of the platforms (Fig. 7i,j). For the fifth subharmonic, coherent self-interactions
were focussed near the platform centreline for low edge curvature and spread alongshore
toward the shoreline |X|=1.2 (Fig. 7p). As curvature increased, the areas of fifth subharmonic
coherent self-interactions near the shoreline split into two peaks on either side of the
platform centreline (Fig. 7m,n). This phenomenon was observed at curvatures for which a

mild divergence was observed over the inner platform (Fig. 3d).

The wave height distribution over the inner sections of concave and convex platforms
is shown in Fig. 8 and 9. The spatial distribution of the significant wave height (Hs) presented
the strongest similitudes (R? > 0.9) with the wave height patterns of the principal harmonic

(fl}p) regardless of the platform geometry and curvature. This Indicates a strong control of

SW on the patterns of significant wave height variations over the inner platform. In contrast,
the correlation between the wave height patterns of the fifth subharmonic and the significant
wave height patterns over the inner platforms of concave and convex geometries was weak
(R? < 0.4), indicating that IG, had little impact on the variations of significant wave height at

this location.
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Figure 7: Coherent self-interaction maps defined from the bispectral modal state of self-
interacting components for the principal harmonic (f,) and the fifth subharmonic (f; 5p) of
non-breaking waves over the inner platform (Fig. 1) at different concave (a-h) and convex
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alongshore transect L, 20 m from the shoreline (Fig. 1). The centreline is located at y =
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A strong relationship, R? > 0.8, was observed between modal coherent self-interaction
patterns and wave height patterns of the principal harmonic and fifth subharmonics over the
inner sections of concave (Fig. 10a) and convex platforms (Fig. 10b). This observation indicates
that the alongshore variations of the principal harmonic (SW) were predominantly controlled
by coherent wave interaction, which in turn drove the alongshore variations in significant
wave height over the inner section of both concave and convex platforms. The resulting
stationary patterns in significant wave height along the shoreline were characterised by a
decrease of significant wave height toward the centreline of concave platforms (Fig. 11a),
which became more pronounced with increasing curvature (maximum alongshore difference
in H;=0.05 at |%|=1.2, increasing to 0.06 at |K|=2.4, Fig. 10a). Over convex platforms,
stationary patterns for normalised significant wave height were characterised by an increase
of significant wave height toward the platform centreline at low degrees of curvature (Fig.
11b), resulting in an alongshore difference in FI\S ~0.15 for |K|<1.8 near the shoreline. A
progressive amplification of the lobes on either side of the centreline was observed as
curvature increased, resulting in a more homogenous alongshore distribution of significant

wave height for high degrees of curvature (H; ~0.06 for |X|>2, Fig. 11b).

Concave Convex

(T

o) a) o b)

c | - - = ——— L —— = -

5 _ o

209 0.9f W -
< =~ \/\/

« 08 1 0.8

| .

S b= T o === —Tugp

25 2 15 -1 1 15 2 25

Curvature () Curvature (X)

Figure 10: Correlation between interaction maps (Fig. 7) and wave height patterns (Fig. 8,
9) for the principal harmonic (f,) and the fifth subharmonic (f; /s,) of non-breaking waves
over the inner platform of concave (a) and convex (b) edges.
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Figure 11: Alongshore variations in significant wave height patterns 20 m from the
shoreline for non-breaking waves (transect L, Fig. 1) in relation to concave (a) and convex
(d) edge curvatures

3.2.2 Broken waves

Coherent self-interaction patterns of the principal harmonic and fifth subharmonic of
broken waves displayed alongshore variabilities over both concave and convex platforms (Fig.
12). Over the concave platforms, the coherent self-interaction zone of the principal harmonic
was concentrated toward the centreline for low degrees of curvature (| |=1.2), spreading
alongshore as the degree of curvature increased (Fig. 12a-d). Zones of coherent self-
interactions for the fifth subharmonic were predominantly observed on the northern and
southern extremities of the platforms and became more distinct as the edge curvature
increased (Fig. 12e-h). Over the convex platforms, coherent self-interactions of the principal
harmonic were the strongest on the northern and southern extremities of the platforms at
x = 190 m. For the fifth subharmonic (Fig. 12m-p), areas of coherent self-interaction were
concentrated along the platform centrelines for low degrees of curvature (|X|=1.2 and 1.6),
but spread either side of the platform centrelines for high degrees of curvature (| |=2.0 and
2.4). The differences in coherent self-interaction patterns between low and high degrees of
curvature were characterised by a mild divergence over the inner section of convex platforms

for curvatures greater than 1.8 (Fig. 7d).
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Figure 12: Coherent self-interaction maps defined from the bispectral modal state of self-
interacting components for the principal harmonics (f,) and the fifth subharmonic (f; /sp)
of broken waves over the inner platform (Fig. 1) at different concave (a-h) and convex (i-p)
edge curvatures. The centreline is located at y = 150 m. Values of 1 of 1 indicate areas of
strong coherent wave interactions. The white ellipses highlight the zones of strong coherent
wave interactions.
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For broken waves, the influence of 1G, on significant wave height distribution over the
inner sections of concave and convex platforms was greater than for non-breaking waves (Fig.
13, Fig. 14). Over the inner section of the concave platforms (Fig. 13), the fifth subharmonic
had greater wave height than the principal harmonic. Thus, the wave height patterns of the
fifth subharmonic had a greater impact on the significant wave height patterns (0.85 < R2<
0.91 for 1.2< |K|< 2.4) than the principal harmonic (0.74 < R?< 0.86 for 1.2< |X|< 2.4) in this
region. The wave height of the principal harmonic and fifth subharmonic decreased from the
northern and southern extremities of the platforms to the platform centrelines. The
combined effect of these patterns was a net alongshore decrease of significant wave height
toward the platform centrelines. Over the inner section of convex platforms (Fig. 14), the

principal harmonic displayed the greatest wave height (maximum ﬁ;p ~ 0.5) on the northern

and southern sides of the platform between x = 130-190 m. The wave height of the fifth
subharmonic was relatively smaller, reaching a maximum at the platform centreline

(maximum ﬁ;p =~ 0.22-0.27), regardless of the curvature. As a result, the wave height

distribution of the principal harmonic exerted a strong control on the significant wave height
pattern over the inner platforms (0.9 < R2< 0.95) in comparison to the control exerted by the
fifth subharmonic (0.4 < R? < 0.58). However, the wave height of the principal harmonic
significantly decreased past x = 190 m, becoming comparable to the wave height of the fifth
subharmonic. Thus, alongshore variations in significant wave height were controlled by
alongshore patterns of both principal harmonic and fifth subharmonic for x = 190 m. For low
degrees of edge curvature (|X|=1.2), the maximum wave height of the fifth subharmonic was
observed at the platforms’ centreline and evolved with increasing curvature to form two
maxima on either side of the centreline for large degrees of edge curvature (|X|= 2.2 and
2.4). This evolution was clearly observed in the significant wave height pattern between x =
190 and 300 m, underlining the influence of the fifth subharmonic (IG.) on the alongshore

variation of significant wave height at the shoreline.
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Wave height distribution for the entire frequency range (H,), the principal

harmonic (I-/I;p) and the fifth subharmonic (Hfl/sp) of broken waves over the inner platform

(Fig. 1) for various concave (a-d) edge curvatures. The white line represents the alongshore
transect L, 20 m from the shoreline. The centreline is located at y = 150 m. The R? values
indicate the correlation between wave height patterns of the principal harmonic and fifth
subharmonic with the significant wave height pattern for the same degree of curvature.
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Figure 14: Wave height distribution for the entire frequency range (I/-I\S), the principal
harmonic (I-/IE,) and the fifth subharmonic (I-E/\sp) of broken waves over the inner platform
(Fig. 1) for various convex (a-d) edge curvatures. The white line represents the alongshore
transect L, 20 m from the shoreline. The centreline is located at y =150 m. The R? values
indicate the correlation between wave height patterns of the principal harmonic and fifth
subharmonic with the significant wave height pattern for the same degree of curvature.
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Strong (R? > 0.8) and moderate to strong (0.5 < R? < 0.7) relationships were observed
over the inner sections of concave (Fig. 15a) and convex platforms (Fig. 15b) between modal
coherent self-interaction patterns and wave height patterns for the fifth subharmonics and
principal harmonics, respectively. The implication is that coherent wave amplification
influenced the longshore patterns of wave height for the principal harmonic and fifth
subharmonic over the inner platform, although this process had a smaller impact on the
principal harmonic. Thus, coherent wave amplification at IG frequencies was the principal
process controlling alongshore variations of significant wave height along the shoreline. The
resulting stationary patterns in significant wave height along the shoreline were marked by a
decrease of significant wave height toward the centreline of concave platforms, which
became more pronounced with increasing curvature (maximum alongshore difference in
H,=0.04 at | %|=1.2, increasing to 0.02 at | X'|=2.4, Fig. 16a). For convex platforms, an increase
of significant wave height toward the platform centreline was observed at low degrees of
curvature, resulting in maximum alongshore variations of significant wave height I/-I\S ~ 0.08
for |K|<1.8. A progressive amplification of the lobes on either side of the centreline
generated two wave height maxima for high degrees of curvature, for which maximum

alongshore variations of significant wave height H; ~ 0.06 for |%|>2 (Fig. 16b).
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Figure 15: Correlation between interaction maps and wave height patterns for the principal
harmonic (f,) and the fifth subharmonic (f; 5,,) of broken waves over the inner platform of
concave (a) and convex (b) edges.
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Figure 16: Alongshore variations in normalised significant wave height patterns 20 m from
the shoreline (transect L) for broken waves in relation to concave (a) and convex (d)
curvature.

4 Discussion

4.1 Impact of platform edge geometry on wave transformation across shore platforms

Modelling studies generally investigate the impact of refraction on wave energy
distribution over a fixed curvature (e.g. Berkhoff et al., 1982; Li et al., 2020), whereas in this
work, we varied the degree of edge curvature and analysed its effect on the transformation
of harmonic components. Increasing concave edge curvature decreased the wave energy of
harmonic components in WW, SW, |Gy and IG. frequency bands (Fig. 2b-e, 4b-e), accounting
for up to 25% reduction in FI; (Fig. 3a, 5a). In contrast, increasing convex edge curvature
amplified both the second and principal harmonics in the WW and SW frequency bands over
the outer platforms, increasing H, by up to 55% and 18% for non-breaking and broken waves
(Fig. 3b, 5b) while minimizing the amplification of the fifth subharmonic within the IG,
frequency band over the inner platforms (Fig. 2g-j, 4g-j). Thus, it is clear that morphological
variability in platform edge curvature influences significant wave height on shore platforms,
and this has potential implications for backwear and downwear erosion processes on rock

coasts (e.g. Trenhaile, 1987, Matsumoto et al., 2016a,b).
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Amplification of higher harmonics associated with wave refraction has previously been
associated with wave focusing (Gouin et al., 2017), but the impact of edge curvature on
amplification has not been considered. Our modelling results show that increasing convex
edge curvature enhances wave focussing over the outer platform (Fig. 3, 5), promoting the
generation of higher harmonic from non-linear triadic (sum) interactions (Janssen and
Herbers, 2009; Jarry et al., 2011; Lawrence et al., 2022). Shore platform studies have linked
the generation and dominance of high-frequency waves over the outer section of near-
horizontal platforms to locally generated wind waves (e.g. Ogawa et al., 2011; 2016). Though
this process cannot be ruled out, the nearshore wind speed required for locally produced WW
energy is substantial (Hasselmann et al., 1973), and the generation of higher harmonics from
non-linear triadic interaction caused by wave refraction appears to be a more plausible
physical interpretation for high-frequency wave generation on the outer sections of shore

platforms.

Research has demonstrated that wave amplification in the IG frequency band over near-
horizontal platforms is influenced by the ratio of water depth at the cliff toe to the platform
width, and relative submergence (Beetham and Kench, 2011; Ogawa et al., 2015). We show
that edge curvature exerts an additional morphological control on IG amplification across
convex platforms by affecting the balance between focusing intensity from refraction and
defocusing effects from wave breaking controlled by convex edges (Fig. 4, 5). Although a
decrease in convex edge curvature should theoretically result in a landward shift of the focal
point over submerged flats (e.g. Mandlier and Kench, 2012), a seaward shift of the focal point
was observed in this study for broken waves (Fig. 5d). This phenomenon can be attributed to
the defocussing effects resulting from the enhancement of radiation stress and wave-
generated current by wave breaking (Yoon et al., 2004; Choi et al., 2009). A critical curvature
was found for which the intensity of wave focusing by wave refraction is not strong enough
to overcome the defocusing effects of wave breaking, identified here as |K|=1.8 (Fig. 5d).
When the critical curvature is exceeded, wave rays intersect across the platform centreline,
in which cases, IG amplification is minimised by wave ray divergence over the inner platform
(Fig. 6d). In contrast, for convex edge curvatures lower than the critical curvature, wave rays
do not intersect across the platform centreline, sustaining wave convergence across the

entire platform. In this case, IG amplification is promoted over the inner platform,
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representing up to 15% of the increase in significant wave height at this position (Fig. 6d).
Thus, the present research identifies convergence as a key mechanism acting on the growth
of IG across shore platform, working in conjunction with other processes such as to
breakpoint forcing (Poate et al.,, 2020) and energy transfer from higher frequencies and

shoaling (Beetham and Kench, 2011).

In a conceptual model, Ogawa et al. (2011) described spatial zones on a shore platform
that are dominated by different wave types and pointed out that the spatial characteristics
change according to the tidal stage. Here, we show that shifts in dominant wave types across
shore platforms are also controlled by convex edge curvature (certainly at high tide). High
convex curvature amplifies harmonics within the WW and SW frequency bands over the outer
platform and inhibits the amplification of IG over the inner platform (Fig. 4g). Low degrees of
convex curvature have the opposite effect (Fig. 4j), resulting in the seaward shift of the zones
dominated by WW and SW frequency bands. The influence of refraction patterns generated
by convex edge geometries on the collective behaviour of harmonics affected the significant
wave height patterns across convex platforms. Baldock et al. (2020) hypothesised that the
significant wave height across convex platforms is defined by a specific balance between
cross-shore energy loss from dissipation and energy gain from oblique refracted SW, resulting
in a correlation between significant wave height anomalies and refraction patterns. The
strong relationship (p; > 0.6) observed between directional patterns and significant wave
height anomalies of non-breaking waves (Fig. 3f) suggest that, for this wave state, energy is
effectively gained across the platform from refracted SW. However, for broken waves, the
correlation between directional patterns and significant wave height anomalies (AH)
decreased with curvature to become weak (p; < 0.4) below the critical curvature threshold
(Fig. 5f). These differences are attributed to the influence of IG growth on significant wave
height over the inner platform due to the amplification of IG from post-breaking energy
transfer from high to low frequency (Poate et al., 2020), and low sustained convergence
across the platform (Fig. 5b, 6d). These results underline the importance of considering the
refraction patterns of both SW and IG when investigating significant wave height patterns

across convex submerged flats.
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4.2 Impact of platform edge geometry on along shore wave transformation

Coherent wave amplification is identified here as a crucial process affecting SW and IG,
height distribution in the inner section of near-horizontal platforms. For non-breaking waves,
the dominant frequencies within both SW and IG. frequency bands presented strong
correlations between patterns of coherent wave interaction and wave height distribution
over concave and convex platforms (Fig. 10). However, this correlation decreased for the
principal harmonic in the SW frequency bands in the presence of wave breaking (Fig. 15),
perhaps due to the combination of defocussing (Yoon et al., 2004) and dissipation effects

(Farrell et al., 2009) associated with wave breaking.

The present observations validate the hypothesis of Winter et al. (2017) on the
formation of alongshore stationary |G patterns from wave refraction over convex platforms.
However, our results suggest that such patterns are generated by coherent wave interaction
following the generation of caustic rays in the |G, frequency band (Fig. 7m-p, 12m-p) rather
than alongshore standing waves, as Winter et al. (2017) suggested. In fact, the latter would
require interacting IG to propagate alongshore in opposite directions. The directional analysis
presented here precludes such a possibility (&« =0° near the shoreline, Fig. 3, 5). As the
present paper demonstrates the coherent wave interaction plays crucial role in alongshore I1G
wave patterns, a coherent wave class should be added to the resonant, progressive-
dissipative, standing and progressive-growing low-frequency wave classes previously

identified over submerged flats (Gawehn et al., 2016).

The combined modes of SW and IG coherent wave amplification exerted a crucial
control on the stationary patterns of significant wave heights over the inner platform. For
non-breaking waves, significant wave height variations over the inner platform are
predominantly controlled by coherent wave amplification of SW (Fig. 7, 8). In contrast, for
breaking waves, the distribution of significant wave height over the inner platform became
controlled by coherent wave amplification occurring within both SW and I1G, frequency
components as IG. became a prominent wave type in this region (Ogawa et al. 2011) (Fig. 13,
14). The present results support the conceptual model presented by Krier-Mariani et al.
(2022), suggesting that patterns of wave ray intersection on either side of concave edge

sections result in stationary SW and IG amplification patterns. The control exerted by the
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critical curvature on the alongshore distribution of SW and IG over convex platforms can be
attributed to the generation of a terminal point (marking the transition from wave ray
convergence to divergence) at the platform centreline for convex curvatures exceeding the
critical curvature. In such cases, caustic rays are formed on either side of the centreline
(Mandlier and Kench, 2012), promoting coherent wave interactions in these regions (Fig. 12a,

14a).

It follows that the control exerted by platform curvature on coherent wave
amplification plays an essential role in the nodal state of significant wave height along the
shoreline (Fig. 11, 16). For concave platforms, a node near the centreline and antinodes on
the northern and southern extremities of the platform were observed. For convex edge
curvature under the critical curvature threshold, an antinode was observed along the
platform centreline where waves converged, while for curvature exceeding the critical
curvature threshold, two antinodes were observed on either side of the platform centreline.
While such patterns could wrongly be associated with edge waves, the present results
support the observations of Dalrymple (1975), who first associated nodal and anti-nodal

points in alongshore wave height patterns with coherent wave interaction.

It has previously been established that by controlling the nodal state of significant wave
height along the shoreline of open coasts, coherent wave amplification could lead to the
formation of rip currents (Dalrymple, 1975; Wei and Dalrymple, 2017). This mechanism is
expected to impact circulation patterns over near-horizontal platforms equally. da Silva et al.
(2023) identified alongshore pressure gradient as the dominant driver of circulation patterns
in the lee of submerged flats, resulting in two or four-cell circulation systems. A two-cell
system is typically characterised by an alongshore diverging flow from the lee of the
submerged flat edge to the shoreline, while a four-cell system is characterised by an
alongshore diverging flow at the lee of the submerged flat and a converging flow at the
shoreline. Considering the present results, it can be hypothesised that stationary wave
patterns and the subsequent alongshore pressure gradient generated by coherent wave
amplification drive the formation of circulation cells over convex platforms. Theoretically, the
formation of two antinodes over the inner platform would result in a four-cell circulation

system (Fig. 14a,b, Fig. 16b), while an antinode across the entire platform would result in a
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two-cell circulation system (Fig. 14c,d, Fig.16b). These differences depend on whether or not
the submerged flat geometry allows for the formation of a terminal point. Previous studies
established that this condition was predominantly controlled by the distance between the
seaward edge of submerged flats and the shoreline (da Silva et al., 2022, 2023; Ranasinghe et
al., 2006, 2010), while we show that the degree of edge curvature is equally important (Fig.
11, 16).

5 Conclusions

This study employed an exploratory numerical modelling approach to investigate the
impact of concave and convex platform edge geometries on the behaviour of wave harmonics
and the subsequent wave height distribution patterns over near-horizontal shore platforms.
Harmonic analyses show that refraction patterns controlled by concave and convex platform
edge curvatures result in wave height variation for the principal and second higher harmonics
over the outer platform, and for the subharmonics over the inner platform. Wave divergence
across concave edge platforms decreased the height of harmonics within both SW and IG
frequency bands, resulting in the attenuation of significant wave height for high degrees of
curvature. Over the outer section of convex platforms, increasing curvature intensified wave
focusing and amplified the principal and second harmonics within the SW frequency band. A
critical curvature value of 1.8 demarcates the formation of a wave ray divergence zone over
the inner platform, conditioned by the balance between wave focusing from wave refraction
and wave defocusing from wave breaking. Below this threshold, wave convergence amplified
IG over the inner platform, but over this threshold, wave divergence reduced the
amplification of IG over the inner platform. Through these mechanisms, it is apparent that
edge curvature can influence both the relative dominance of SW and IG frequencies, and the
pattern of significant wave height transformation across near-horizontal platforms. Using a
high-order spectral decomposition method, this study further demonstrated that coherent
wave amplification influences stationary IG and SW patterns over the inner platform,
affecting the alongshore distribution of significant wave height. We found that platform
geometry controls the nodal state of the stationary patterns along the shoreline, possibly
resulting in alongshore variation of wave erosive force and the generation of wave-generated

currents shaping rock coasts.
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Key Points:

e Through refraction, concave and convex near-horizontal shore platforms can
separate the frequency components of the wavefield.

e Refraction patterns controlled by platform edge convexity affect the
dominance of wind, swell and infragravity waves across platforms.

e Coherent amplification from the intersection of refracted infragravity waves

controls the nodal state of alongshore stationary waves.

Abstract

Near-horizontal shore platforms display highly irregular plan shapes, but little is
known about the way in which these irregularities influence the significant wave height (ITI;)
on the platforms and the frequency components of the nearshore wavefield. We use a non-
linear Boussinesq wave model to conduct harmonic and bispectral mode decomposition
analyses, studying the control of concave and convex platform edges over wind (WW: 0.125
- 0.33 Hz), swell (SW: 0.05 - 0.125 Hz) and infragravity (IG: 0.008 - 0.05 Hz) frequencies. For
breaking and non-breaking waves, increasing the platform edge concavity intensified wave
divergence and subsequent attenuation of SW and IG across the outer platforms, reducing I/-I\S
by up to 25%. Increasing the platform edge convexity intensified focusing and amplification
of SW and WW over the outer platforms, increasing I/J\S by up to 18% and 55% for breaking
and non-breaking waves. In the presence of breaking, |G amplification depended on the
generation of wave divergence across the inner platform, a condition determined by a critical
convex curvature threshold (|K|=1.8) balancing wave focusing from refraction and
defocusing from breaking. We find that convex curvature can determine the relative
dominance of WW, SW and IG across platforms. Alongshore, coherent wave interactions
governed |G stationary patterns defined by a node near the platform centreline and two
antinodes on either side of concave edges. A node was generated at the platform centreline,
and two antinodes were observed on either side of the convex edges for |KX|>1.8, with the

opposite pattern observed for | K |<1.8.
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Plain Language Summary

Near-horizontal shore platforms fronting coastal cliffs act as wave energy buffers,
regulating wave-induced erosion in rock coast environments. Genuine research endeavours
have permitted establishing the link between near-horizontal platform morphology and wave
transformation across-shore. However, the effects of alongshore variations in near-horizontal
platform morphology on the properties of nearshore wavefields remain sparsely
documented. As ocean waves share akin refractive properties to light rays, it can be assumed
that, similarly to optical lenses, shore platforms can separate waves according to their
frequency depending on their geometry. Subsequently, the convergence and divergence of
refracted wave trains of similar phases and frequencies could affect the properties of the
nearshore wavefield. The present research investigates this phenomenon over concave and
convex edge platforms and its impact on the nearshore wavefield characteristics. Our results
show that wave refraction over near-horizontal platforms with concave and convex edges
affects the relative dominance of short, medium and long-period waves across shore and
results in alongshore stationary wave patterns near the shoreline with nodal states varying in
relation to platform edge geometry. Such patterns likely result in alongshore variations in
wave erosion and the generation of wave-generated currents shaping rock coasts in the

planform.

1 Introduction

Near-horizontal shore platforms, defined by a low gradient (tanf < 0.0175) and a
steep seaward edge, are prevailing coastal landforms in rock coast environments (Sunamura,
1992; Trenhaile, 1999). These landforms have an essential role in wave transformation
processes, regulating wave erosive forces at the shoreline (Stephenson and Kirk, 2000;
Matsumoto et al., 2016a,b). Thus, an accurate description of the geomorphic control exerted
by shore platforms on nearshore wave transformation patterns is necessary for improving

rock coast geomorphological models.
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Studies have investigated the control of near-horizontal shore platform morphology on
the cross-shore evolution of the wavefield (e.g. Beetham and Kench, 2011; Marshall and
Stephenson, 2011; Ogawa et al., 2016). Wave breaking induced by the sharp depth transition
at the seaward edge of a platform results in the dissipation of incident swell waves (SW: 0.05
Hz < f < 0.125 Hz) and the generation of low-frequency infragravity waves (IG: f < 0.05 Hz)
over the platform (Poate et al., 2020). Across the platform surface, 1G gradually amplify due
to shoaling and energy is transferred from high to lower frequencies, becoming the dominant
frequency component over the inner platform (Beetham and Kench, 2011; Marshall and
Stephenson, 2011; Ogawa et al., 2011). Wind waves (WW: 0.125 < f < 0.33 Hz) can propagate
onto platforms from offshore and, in some cases, be locally generated over the outer platform
to become the dominant frequency component in this area (Marshall and Stephenson, 2011;
Ogawa et al., 2011). These observations were summarised in the conceptual model of Ogawa
et al. (2011), indicating that it is common for the outer platform, platform centre, and inner
platform to be dominated by WW, SW and IG, respectively. Ogawa et al. (2011) suggested
that these zones shift across-shore with tidal elevation and showed that the relative
submergence of shore platforms (depth at the seaward edge/incident wave height) is a critical
factor controlling the relative dominance of SW and IG. Collectively, understanding the
behaviour of each frequency band of the wavefield helps to depict the variation of significant
wave height (Hy) across platforms affecting erosion of the platform and cliff (Trenhaile,
2000). However, the impact of shore platform morphology on two-dimensional wave
transformation processes and effect on the frequency bands composing the wavefield have

been overlooked.

Few field studies have considered the impact of the planform morphology of near-
horizontal platforms on two-dimensional wave transformation patterns (Krier-Mariani et al.
2022, 2023). Krier-Mariani et al. (2023) showed that directional patterns controlled by
irregularities in planform morphology generated localised areas of wave ray convergence and
divergence as well as alongshore variations in standing |G patterns, influencing the wave
energy distribution over the platform surfaces. Based on these observations, Krier-Mariani et
al. (2023) introduced a conceptual model in which concave and convex platform edge
geometries would control wave ray convergence and divergence patterns over the platform

surface, subsequently affecting the IG energy levels and SW decay rates. However, the
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influence of platform edge geometry on two-dimensional wave patterns could not be clearly

isolated from field observations.

In the absence of detailed field studies on the effects of platform edge geometry on
wave transformation characteristics, the literature on morphologically analogous submerged
flat structures is useful. Depending on their geometry, submerged flats can separate the
frequency components of the wavefield, refracting and reorganising the wave crests of
incident waves according to their frequency (Jarry et al., 2011; Griffiths and Porter, 2012; Li
et al., 2020). This phenomenon can result in complex refraction patterns specific to each
frequency component of the wavefield, leading to the generation of caustic rays (clusters of
caustic points generated by wave ray intersection) over submerged surfaces (e.g. Mandlier
and Kench, 2012). Patterns of wave ray convergence and divergence induced by refraction
over submerged flat structures significantly impact the wavefield characteristics. Wave ray
convergence results in a localised enhancement of wave height (e.g. Ito and Tanimoto, 1972;
Berkhoff et al., 1982), skewness and kurtosis (Janssen and Herbers, 2009; Jarry et al., 2011;

Lawrence et al., 2022) while wave ray divergence has the opposite effects.

Although relatively few studies have considered the impact of submerged flat
geometries on the cross-shore evolution of harmonic and subharmonic components of the
wavefield, harmonic components amplification has been observed in areas of wave
convergence (e.g. Lynett and Liu, 2004; Gouin et al., 2017). According to Li et al. (2020), this
phenomenon could be attributed to the non-linear effects of convergence on wave height
amplification. As the geometry of submerged flats influences the cross-shore pattern of wave
convergence (intensity and location) of each harmonic, it likely also influences the cross-shore
patterns of wave harmonics amplification, intrinsically affecting the dominance of different

wave frequencies across platforms. This hypothesis as yet to be verified.

It has proven difficult to establish causality between patterns of wave ray intersection,
increased nonlinearity and alongshore wave height amplification for random wavefields,
notably due to the limitation of wave ray tracking techniques to evaluate complex wave ray
crossing patterns in dense constellations of caustics (Ito and Tanimoto, 1972). Another way
of approaching this problem involves considering the impact of coherent wave interaction

patterns on the amplification of dominant frequency components of the wavefield. Coherent
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wave interaction refers to the non-linear process occurring at the intersection of waves with
similar frequency, waveform and phase. It has been identified as a fundamental non-linear
wave amplification process in optics (e.g. Young, 1802), quantum mechanics (e.g., Weiland
and Wihelmsson, 1977; Falk, 1979; Inouye et al., 1999; Kozuma et al., 1999) and geoscience
(e.g. Harid et al., 2014). There have been few investigations of this process in coastal wave
studies, but Dalrymple (1975) demonstrated that this process could result in the formation of
alongshore stationary wave patterns in random wavefields and the subsequent formation of
nearshore currents. More recently, Tamura et al. (2020) showed that, similar to light
refraction through a prism, ocean wave refraction over a submarine canyon could separate
waves of a random wavefield according to their frequency and phase, favouring coherent
wave interactions. Based on this theoretical grounding, it is hypothesised that by controlling
the refraction patterns of individual frequency components of the wavefield, submerged flat
(e.g. shore platforms) geometry affects coherent wave amplification over submerged flat

surfaces, leading to the generation of alongshore stationary wave patterns for SW and IG.

The impact of shore platform geometry on the behaviour of wave harmonics and
stationary wave patterns remains to be evaluated in detail on near-horizontal platform
surfaces. However, such a task was proven to be difficult during field observations due to the
variable nature of nearshore wavefields and the morphological complexity of shore platforms
(e.g. Krier-Mariani et al. 2022, 2023). Therefore, this study adopts a numerical modelling
approach to address the question: How do mesoscale variations in platform edge geometry
affect the behaviour of wave harmonics and the subsequent wave height distribution across

and along platform surfaces?

2 Method

2.1 Model set up

The phase-resolving Boussinesq wave model FUNWAVE_TVD V3.6 (Shi et al., 2012)
was used to investigate two-dimensional wave transformation over shore platforms. This
model treats wave transformation in the time domain and provides a robust representation

of non-linear processes, refraction and diffraction while retaining information on the wave
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phase (Sheremet et al., 2011; Buckley et al., 2015, Buckley et al., 2018; Thomas and
Dwarakish, 2015).

2.1.1 Domain

Idealised three-dimensional near-horizontal platform morphologies were incorporated
into a 1274 m (x-axis) to 300 m (y-axis) domain (Fig. 1a). A 0.35 m deep, 250 m wide shallow
planar surface was included at the landward extremity to absorb wave energy and minimise
resonance. The platforms were defined by a constant gradient of 0.35 degrees, a width of 300
m (at the centreline, y = 150 m) and a 3m high seaward cliff of 45 degrees. The nearshore
bathymetry profile was composed of a 480 m subtidal ramp (at the centreline) with a gradient

of 0.35 degrees followed by an 8 m deep and 635 m wide flat.

Planform geometry was represented using three generic edge geometries defined as
straight, concave and convex. The degree of curvature of the concave (X < 0) and convex
(K > 0) edge geometries was derived from the parametric ellipse equation. The semi-major
axis (a, along the x-axis) was kept constant (120 m) to avoid modifying the cross-shore profile
along the centreline, and various degrees of edge curvature were obtained from 2 m
increments along the semi-minor axis (b, along the y-axis) between 50 to 100 m, resulting in
26 cases with edge curvatures (|X| = |a/b|) ranging from 1.2 to 2.4 (Fig. 1b-f). The
bathymetry was smooth to reduce noise generated by sharp edges and interpolatedtoa 2 m
grid adopted to ensure model stability following a series of sensitivity analyses, providing a
realistic representation of model resolution used in previous research in nearshore areas (e.g.

Su et al., 2021).




a) 0 Sponge> 2 Ay(g) I I I W \ Sponge=3),
: |
—D Ai=98m E
c g
e
a4 g
O] >
0 ®
i =
\
-8 ! 1 1 1 1 L ! |
450 300 150 0 -150 -300 —450 -600 -750
L 2 Boundary conditions
[ j i Wave Maker:
- Peak frequency: 0.09 Hz
b) w0 m wn - Target wave height: 2m,0.5m
250 Yol | — - Dir. spread : 10°
N : - Incident wave angle: normal
200 I - Freq. spread parameter: 3.3
150 P o W Cross-shore boundaries:
000 000300030003 000605 - Periodic
100 "’ u ‘ , E Longshore boundaries:
,,,,,,,,, - Direct attenuation: coef. 0.88
50 . . - Frictional dissipation: coef 2.0
’é‘ - Diffusive dissipation: coef. 5.0
@ Edge geometries
G ©) e)
4% 250 226
© S
o 200 2 2
3 <
S 150 ] 1.85
S 100 1.6g
C
9 50¢ 1.4
1
> 0 -120
d) f)
250 22 cgd
200 H {eec oo o é
150 F= 1.8 &
S
100 1.6 by
50 148
1.2
300 150 0 -150 -300 -450 120 0

= Reference gadges Gl  _ Cross-shore distance relative to edge at Centreline (m)

Figure 1: Boussinesq wave model configuration showing the bathymetry profile along the
centreline (y =150m) (a), the model domain for the straight, concave and convex platforms
(b-d), and the range of platform edge curvatures considered (e,f). Specifications of the
boundary conditions are annotated in the figure. The red dots mark the location of the
virtual gauges used for analysis. The yellow shaded area (between L, and Lsn) represents
the inner platform section considered for alongshore analysis.
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2.1.2 Wave conditions

The model was forced by irregular waves with a directional spread of 10 degrees. An
internal wavemaker (Wei et al., 1999) was located on the deep flat at the bottom of the
subtidal ramp, five wavelengths (A4;) away from the platform edge to avoid distortion of the
initial wave crests. Irregular waves were generated using a JONSWAP wave spectra
(Hasselmann et al., 1973) with a fixed peak enhancement factor of 3.3, a peak frequency (f,)
of 0.09 Hz and direction of 0° (shore-normal) to simplify the visualisation of the refraction

effects induced by different planform edge geometries.

Two sets of simulations were generated to investigate the transformation of: (1) waves
propagating across the platform surface without breaking (Hg= 0.5 m), as such waves can
release large amounts of erosive energy when they break against cliffs (Thompson et al.,
2019; Thompson et al., 2022); and (2) wave breaking at the seaward edge (Hs= 2 m) decaying
across the platform, which are typically used to define variation of wave erosive force across
platforms in geomorphological models (e.g. Trenhaile, 2000; Matsumoto et al., 2016a,b).
These two sets of simulations combined with the range of platform concave and convex
curvatures resulted in 106 simulations (including straight edge reference cases). The default
breaking index of FUNWAVE-TVD (y,=0.80) was used to represent wave breaking, providing
a close representation of the breaking conditions for steep submerged slopes (Blenkinsopp
and Chaplin, 2008). The effects of bottom friction were not considered (i.e. the frictional

dissipation coefficient was set to C;= 0.002, representing a smooth surface).

2.1.3 Boundary conditions

The domain boundary conditions were defined to minimise reflection. Periodic
boundaries (Chen et al., 2003) were applied to the northern and southern extremities of the
domain, allowing waves to propagate out of the domain. Following Shi et al. (2016), sponge
layers employing a direct damping coefficient as well as dissipation by friction and diffusion
were used to reduce noise and dampen wave energy at the eastern and western sides of the
domain (Fig. 1a). The width of the sponge layer at the shallow western side of the domain

was chosen to correspond to twice the peak wavelength of the IG at this location (estimated
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during trial runs using the virtual gauge Gp,; at the shoreline, Fig. 1), to avoid reflection and

the subsequent generation of standing IG waves.

2.1.4 Model Validation

Due to the lack of two-dimensional field measurements in similar near-horizontal
shore platform settings, no direct validation of our model simulations was carried out.
However, a number of studies validated FUNWAVE-TVD against field observations over coral
reefs, proving the model's ability to represent wave transformation over smooth submerged
flats with sharp seaward edges (e.g. Mendonca et al., 2008; Su et al., 2015; Zhang et al., 2019).
As the present study explores wave processes such as refraction and non-linear energy
transfer fairly well represented by the model (Griffiths and Porter, 2012; Su et al., 2015) and
does not investigate subsequent processes such as wave-driven circulation and sediment
transport, it is deemed unnecessary to validate the model with experimental data at this stage

(similar inference were made in da Silva et al., 2023).

2.2 Measurements and analysis

To determine the impact of planform geometries on wave transformation across the
platforms, the spectral evolutions of waves propagating across concave and convex platforms
(affected by two-dimensional transformation processes) were compared to the spectral
evolution of waves propagating across the straight-edge platform (only affected by on-
dimensional transformation processes). This approach permitted the identification of spectral
anomalies representing the energy variations for specific harmonics induced by refraction.
Positive and negative anomalies indicate harmonic amplifications and attenuation,
respectively. Combined, the harmonic anomalies result in anomalies of significant wave
height across platforms (AFI;). Following Baldock et al. (2020), the cross-shore patterns of
AH, were then compared to the directional patterns along the platform centrelines to identify
the effects of refraction patterns controlled by platform edge geometry on significant wave

height distribution across platforms.

In the alongshore, the effects of coherent wave interaction induced by refraction over

concave and concave platforms on the generation of stationary wave patterns were
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considered. For this purpose, the bispectrum (Hasselmann et al., 1963) provides a convenient
representation of the wavefield as it holds information on the wave phase, frequency and
power necessary to detect phase coupling. The bispectrum, defined from the third moment
of the free surface elevation time series, also represents a measure of skewness, which
increases in areas of wave ray intersection (Janssen and Herbers, 2009; Jarry et al., 2011;
Lawrence et al., 2022). Following Kim and Powers (1979), who investigated the impact of
coherent interactions of random electromagnetic waves on plasma density fluctuation using
bispectral properties, the frequency, phase and power information yielded by the bispectrum
were used to identify patterns of coherent wave interactions over the inner platforms. A
modal decomposition method based on bispectral properties (Appendix 2), the Bispectral
Mode Decomposition or BMD (Schmidt, 2020), was employed to identify the modal state of
coherent structures for self-interacting harmonic components within the SW and IG
frequency bands. The areas of coherent wave interactions were then compared to the wave
height distribution of SW and IG over platforms of various geometries to identify patterns of

coherent wave amplification.

2.2.1 Wave measurements

Wave records were obtained from virtual gauges recording surface elevation (1) as
well as u and v velocity components at 2 Hz (Fig. 1b-d). In the cross-shore direction, the gauge
spacing along the centreline increased seaward from the platform edge (increment based on
geometric series starting with a spacing of 4 m with an increment factor of 1.5). On the
platforms, the gauge spacing was irregular but not exceeding 6 m along the centreline,
transects C; and C,. The distance between the gauges composing the alongshore transects
(between Lo and Lshri) increased on either side of the centreline from 6 to 30 m (with an
increment factor of 1.25). Statistical analyses of the wavefield properties were based on an
observation window of 2048 seconds, starting 230 seconds after the start of the simulations,
marking the time at which SW reached the landward extremity of the domain and IG were

generated.
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2.2.2 Definition of wave height
The significant wave height (H,) was defined from the spectra moment (e.g. Thornton

and Guza, 1983):

H, = 4\/ffr;';ix5(f).df (1)

The wave spectra estimates S(f) were generated using the Welch (1967) method with
segment lengths of 512 samples, 50% overlap and a Hanning window resulting in 20 Degrees
of Freedom (Priestley, 1981). To provide a more detailed representation of the wavefield, the
gravity and infragravity waves were further divided into two frequency bands, encapsulating
the dominant harmonics observed within the WW, SW, and IG (high and low) frequency
ranges across the domain (Table 1). The wave height associated with each of these frequency

bands was determined using:

Hy, = 4J Tt S(f).df (2)
where n denotes the rank of the harmonic, f,,, and f,;4n represents the lower and higher
frequencies of the power spectral density peak associated with this harmonic, Table 1. The
reference incident wave height (H,) was defined from measurements taken at the gauge Go

located at the top of the subtidal ramp (Fig. 1) and was used to normalise the wave height on

the platform surface (H;(x) = Hy(x)/H,, Hppp(S) = Hppps(x)/Hg ). For  simplicity,

normalised wave heights are hereafter referred to as wave heights.
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Table 1 Frequency band analysis parameters

Conventional Frequency subclass Corresponding Frequency | Frequency range
Frequency class Harmonic (fap) (fiow — fhign )
Wind waves (WW) Second harmonic fap 0.15 — 0.20 Hz
Gravity waves
Swell waves (SW) Principal harmonic fp 0.06 — 0.12 Hz
Infragravity High Second
araviy T _ f1/2p 0.04 — 0.05 Hz
(IGH) subharmonic

Infragravity waves

Infragravity Low™*

Fifth subharmonic f1/sp 0.008 — 0.03 Hz
(IGL)

*Note that the typical cutoff frequency for the lower portion of the IG frequency band is 0.005 Hz (e.g. Pequignet et al., 2014;
Gawehn et al., 2016). However, the chosen cutoff frequency of 0.008 Hz is more appropriate to describe the low IG in the
simulated wavefield as it corresponds to a trough in the power spectra estimate across the entire domain, which provides a
better physical representation of the low IG.

2.2.3 Definition of peak direction

The angle a between the peak direction of waves propagating on either side of the
centreline (along the cross-shore transects C1 and C2, Fig. 1) was used to investigate the
evolution of wave convergence and divergence along the platform centrelines. The peak
direction of waves over the platform was estimated from the directional wave spectra
S(f,0) =S(f)G(6|f) calculated from the free surface elevation (n) and velocity
components (u and v) time series by applying the Extension of the Maximum Entropy
Principle (EMEP) method (Hashimoto et al., 1994). To this effect, segments of 512 samples
were used to estimate the frequency spectra (S(f)) and 200 iterations to define the
approximation of the spreading function (G(6|f)) resulting in 76 frequency bins and

directional bins of 5°.

2.2.4 Identification of coherent wave interaction patterns

The BMD was applied to the free surface elevation time series recorded by the two-
dimensional virtual gauge array between L, and Lswi, marking the boundaries of the spatial
domain & (Fig. 1). The welch periodograms employed in the BMD were computed using
segments of 512 samples, 50% overlap and a Hanning window resulting in 20 Degrees of

Freedom. Patterns of coherent wave interactions were identified from coherent self-
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interaction maps (Y x) which are defined by the product of cross-frequency fields ¢y.; and

the bispectral modes ¢, obtained from the BMD:

Yk (& fio i) = |Prok © Prrrl (3)

where the frequency k considered were f, and f; /5, , representing the dominant harmonics
in the SW and IG frequency bands. The cross-frequency fields ¢., are maps of phase
alignment for these frequencies, while bispectral modes ¢, represent the amplitude of
oscillations of the sea surface at frequency 2k. Conventionally, the largest values of the
normalised coherent self-interaction maps 1/)’,;k indicate areas where phase coupling has the
strongest effect on wave amplitude for the sum frequency 2k. The interaction maps for
straight wave crests with parallel wave rays are expected to be homogeneous alongshore. In
contrast, for cases where wave crests are bent and wave rays intersect, interaction maps will
be non-homogenous alongshore and display maxima in areas of wave ray intersection. In the
presence of coherent wave amplification, maxima in coherent self-interaction maps

correspond to areas of wave height amplification at frequency k.

3 Results

3.1 Impact of planform geometry on across-shore wave transformation

3.1.1 Non-breaking waves (H, = 0.5 m)

The spatial evolution of the spectral properties of non-breaking waves propagating
across the domain was examined for the three types of platform geometries (Fig. 2), for which
the power spectra density was concentrated around four distinctive frequency components
(Fig. 2a): the second and the principal harmonics (f;, and f,) within the WW and SW
frequency bands; and the second and fifth subharmonics (f; /2, and f1,s5;,) within the 1G4 and

IGL frequency bands.

The spectral anomalies observed over the concave platforms indicated an attenuation
of the principal harmonic (Fig. 2b-e). This phenomenon intensified with increasing degrees of

curvature (with minimum spectral anomalies at peak frequency reducing from -0.09 m?2 Hz !
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at |K|= 1.2 to -0.41m? Hz ! at |K|= 2.4). In contrast, an amplification of the second and
principal harmonics was observed across convex platforms (Fig. 2g-j), intensifying with
increasing edge curvature (with maximum spectral anomalies at peak frequency increasing

from0.52 m? Hz 'at K= 1.2 to 1.37 m?Hz! at K'=2.4).

The variation of spectral characteristics of each harmonic over the concave and convex

platforms can be expressed in terms of mean wave height anomalies (Aanp). The most

significant impacts of platform curvature on mean wave height anomalies were observed
within the WW and SW frequency bands. The mean wave height anomalies associated with
the second and the principal harmonics displayed a very strong linear dependency (R? > 0.9)
to the degree of platform edge curvature (Fig. 2f,k). The increase of curvature form |X|= 1.2
to 2.4 promoted the attenuation of harmonics within the WW and SW frequency bands across
concave platforms and the amplification of these waves across convex platforms. The
attenuation of the second and principal harmonics across concave platforms of high curvature
|7 |= 2.4 corresponded to 9% and 15% of H,. Across convex platforms of high curvature, |X|=
2.4, the amplification of the second and principal harmonics reached up to 11% and 29% of
H,. The mean wave height anomalies for the subharmonic in the IGH and IG. frequency bands

were negligible for nonbreaking waves.
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Figure 2: Impact of platform edge curvature on the harmonic components of the wavefield
for non-breaking waves showing: the spectral anomalies in relation to the straight edge
platform (a) for concave platform geometries (b-e) and convex platform geometries (g-j);
and the impact of curvature on the mean wave height of each harmonic across the concave

(f) and convex (k) platforms.
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AI/{; across the platform can be assumed to be impacted by refraction patterns
controlled by platform geometry. To explore this process, directional patterns and AH, across
the centrelines of each platform were compared for various edge curvatures. The cross-shore
patterns of Aﬁ; presented in Fig. 3a,b were modulated by the platform edge curvature, with
magnitude increasing with curvature for both types of platform geometries. As a result, for
high degrees of curvature (|K| = 2.4), the negative anomalies across the concave platforms
indicated a maximum of 25% attenuation in significant wave height (Fig. 3a), while the
positive anomalies across the convex platforms (Fig. 3b) indicated a 55% amplification of
significant wave height. The location of the largest AH, shifted across platforms in relation
to curvature. For concave platforms, the largest negative AH; over the outer platform shifted
landward with decreasing curvature from |K| = 2.4 to 1.9. Similarly, the largest positive AH,
across the convex platforms shifted landward, reaching the inner platform for | K| < 1.6. For
low degrees of concave curvatures (|K| < 1.9), corresponding to curvatures for which
amplification of wave energy seaward of the platform edge was observed (Fig. 2b-e), wave
transformation patterns across the platform centreline were affected by the preconditioning
of incident waves occurring off the platform edge. Therefore, the description of the following

results focuses on concave edge curvatures, | K| >1.9.

Similarly to the cross-shore evolution of AIfI;, the peak magnitude of wave ray
divergence observed across concave platforms and convergence across the convex platforms
decreased and shifted landward from the mid-platform (x = 150 m) to the outer platform
with decreasing curvature (Fig. 3c,d). A Spearman rank correlation (Fig. 3e,f) revealed that the
dependency of cross-shore AFI; on the directional patterns observed over the concave
platforms was only relevant (moderate to strong, ps > 0.4) for platform edge curvatures
exceeding 1.9. In contrast, a strong relationship (ps; > 0.6) as observed between wave height
anomaly and directional patterns over convex platforms for the majority of platform edge
curvatures, indicating that AI/-I; across the convex platforms were predominantly controlled

by the wave convergence and divergence across the centreline.
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Figure 3: Relationship between directional patterns and significant wave height anomalies
of non-breaking waves across concave (left) and convex platforms (right) at the centreline
(y =150 m) for different degrees of curvature showing: the significant wave height
anomalies (a,b) and the cross-shore directional patterns (c,d). The impact of directional
pattern on wave anomaly pattern was assessed using a spearman correlation between the
two parameters (e,f).

3.1.2 Broken waves (Hy =2.0m)

The spectral evolution of broken waves across concave platforms displayed a complex
pattern of spectral anomalies (Fig. 4b-e), with a clear amplification of the principal harmonic
corresponding to SW over the outer platform for degrees of curvature below 1.9 (at f,
positive anomalies reached 1.5 m? Hz ! at K= 2.0 and 2.4, 0 to 150 m from the edge) and a
clear attenuation of this harmonic for degrees of curvature exceeding 1.9 (at f,, negative
spectral anomaly reached -1.2 m? Hz ! at X'= 1.2 and 1.6, 0 to 150 m from the edge). These
differences were related to the amplification of the principal harmonic for edge curvatures
below 1.9, displaying anomalies reaching up to ~12 m? Hz ! in the vicinity of the concave edge
sections (0 to -120 m from the edge) before reaching the platform surface (Fig. 4d,e). Over

convex platforms, the principal harmonic presented the largest amplification (Fig. 4g-j), which
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intensified over the outer platform with increasing curvature (positive anomaly at f,, reached
21 m?Hztat X=1.2 and 4.1 m? Hz ! at XK= 2.4, 0 to 150 m from edge). In contrast, the
amplification of subharmonics within the IGy and IG. frequency bands toward the shoreline
observed along the platform centreline was stronger for low convex edge curvatures than for
high convex edge curvatures (positive anomaly at f; 5, reached 0.7 m2Hztat X=1.2and 0.5

m?2 Hz ! at K= 2.4, 150 to 300 m from edge).

Relationships between edge curvature and mean wave height anomalies across both
platform types were observed (Fig. 4f,k). For anomalies in the WW and SW frequencies, the
mean wave height anomalies of the second and the principal harmonics presented a strong
linear dependence on the degree of edge curvature of concave and convex edges (R? > 0.90).
In the IGh frequency band, mean wave height anomalies associated with the second
subharmonic were linearly dependent on the curvature across concave platforms (R>=0.67).
The mean wave height anomalies associated with the fifth subharmonic in the IG_frequency

band decreased linearly (R?>=0.94) with curvature over the convex platforms.

Variations in edge curvature affected the relative importance of WW, SW, IGy and IG,
anomalies across the platforms. For concave platforms, the increase of concave edge
curvature promoted attenuation of all frequency bands, but particularly for WW and SW. For

the harmonic components within the WW and SW frequency bands, the mean wave height

attenuation across concave platforms was negligible for low curvature (AHpr and Apr and

representing less than 1% of H, at |X|=1.2) but intensified for high degrees of curvature

(AHfzp and Apr representing less than 3% and 6% of H, at |KX|=2.4). Across the convex
platforms of low curvature (1.2 < |X| < 1.75), the largest amplification of mean wave height
was observed for the principal harmonic (m representing 4% to 7% of H,), followed by the
fifth subharmonic (m representing 3% to 3.5% of H,). The amplification of the fifth
subharmonic became less important with increasing curvature, while the mean wave height
of the second harmonic was amplified. For convex curvatures exceeding 1.75, the principal
harmonic displayed the largest amplification (m representing 7% to 10% of H,), followed
by the second harmonic (szp representing 3% to 4% of H,). Thus, the reduction of convex

edge curvature promoted the amplification of 1G, while the increase of convex edge

curvature promoted the amplification of WW and SW.
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Figure 4: Impact of platform edge curvature on the harmonic components of the wavefield
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impact of curvature on the mean wave height of each harmonic across the concave (f) and
convex (k) platforms.
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The relationship between AH, (Fig. 5a,b) and directional patterns (Fig. 5¢,d) observed
across the concave and convex platform centrelines was more complex for broken than non-
breaking waves. The main difference with the non-breaking waves resided in the seaward
shift of the maximum divergence (Fig. 5¢c) and convergence (Fig.5d) locations over the outer
concave and convex platforms, respectively. This shift was particularly pronounced for convex
shore platforms with low degrees of curvature (|| < 1.8), for which the peaks of convergence

observed mid-platform (x = 175 m, Fig. 3d) were attenuated.
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Figure 5: Relationship between directional patterns and significant wave height anomalies
of broken waves across concave (left) and convex platforms (right) at the centreline (y =
150 m) showing: the significant wave height anomalies (a,b), the cross-shore directional
patterns (c,d) and spearman correlation between these two parameters (e,f).
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For concave platforms, the seaward shift of maximum divergence zones coincided
with a seaward shift of the location of the largest negative anomalies (representing a 25%
attenuation in T-I:, Fig. 5a). As a result, the relationship between AH; and directional patterns
of broken waves remained moderate to strong (0.4 < ps< 0.6) for concave edge curvatures
exceeding 1.9 (Fig. Se), indicating that for large degrees of edge curvature, the AH, observed
across the concave platform depended on the directional patterns along the centreline. For
convex platforms, the seaward shift of the maximum convergence locations (Fig. 5d)
coincided with a seaward shift of the largest positive anomalies for curvatures over 1.8
(representing an 18% amplification in Hj, Fig. 5b). However, for curvatures lower than 1.8,
the maximum anomalies shifted landward. Thus, the correlations between AITI; and
directional patterns across the centreline were moderate to strong (0.4 < ps< 0.6) for convex
edge curvatures exceeding 1.8, and weak (ps < 0.4) for curvatures dropping below 1.8 (Fig.
5f). This phenomenon can be explained by analysing the relative influence of each harmonic

component on AIfI; observed across the platforms (Fig. 6).

For convex curvatures exceeding 1.8, the decrease of wave convergence over the
outer platform and wave ray divergence over the inner platforms (Fig. 5¢) coincided with a
reduction of wave height anomalies for all harmonic components over the inner platform (Fig.
6). This reduction was particularly important for the fifth subharmonic, AH/fl/\Sp, representing
5% of the observed amplification of significant wave height at x = 190 m against 10% at x =
130 m for |K'|=2.4. In contrast, convex edge curvature below 1.8 inhibited the formation of a
divergence zone, ensuring the sustainability of wave ray convergence across the entire
platform. Under these conditions, the wave height anomalies within the WW and SW
frequency bands were sustained across the entire platform, and anomalies within the 1G.
frequency band were amplified over the inner platform (AI—EI/\SP representing 15% of the
observed amplification of normalised significant wave height at x = 190 m for |X|=1.2) to
become the dominant type of anomaly at this location. Thus, AH, became predominantly
controlled by the behaviour of IG, as curvature decreased (1.4 < K < 1.8). For very low degrees

of curvature (X < 1.4), the amplification of 1G. was of such importance that AH, were
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amplified over the inner platform despite the decrease in wave convergence, resulting in a

negative correlation (- 0.6 < pg< - 0.4) between AH, and directional patterns (Fig. 5c).
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Figure 6: Percentage of significant wave height variations across the centreline (y = 150 m)
convex platforms associated with anomalies of the second higher harmonics (a), the
principal harmonic (b), the second subharmonic (c) and the fifth subharmonic (d)

components (HS=HsStml.ght + AH). The dashed line represents a curvature of 1.8, marking

the threshold for the formation of a divergence zone over the inner platforms.

3.2 Effects of platform edge geometry on alongshore wave height patterns

3.2.1 Non-breaking waves

Coherent self-interaction maps were plotted to investigate the impact of platform edge
geometry on alongshore wave height variation over the inner platform for non-breaking
waves (Fig. 7). Maxima in these maps () = 1) correspond to areas of strongest coherent
interaction for the dominant frequency components within the SW and IG, frequency bands
(fp and f1/sp). Over the concave platforms, zones of coherent self-interaction for the principal
harmonic (f,) shifted alongshore from the platform centrelines to become concentrated near
the northern and southern extremities of the platform as the edge curvature increased (Fig.
7a-d). These alongshore variations were predominantly observed between x = 130 and 175

m, where divergence along the centreline was the strongest (Fig. 3c). In contrast, coherent
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self-interaction maps for the fifth subharmonic (f;/5,) were more homogenous alongshore
(Fig. 7e-h), except near the shoreline, where coherent self-interactions were predominantly
observed at the platform centreline. Over the convex platform, coherent self-interactions of
the principal harmonic (Fig. 7i-I) were concentrated toward the platform centreline for edge
curvatures between |X|=1.2 to 1.6 (Fig. 7k,l), but as edge curvature increased, coherent wave
interaction for this harmonic predominantly occurred at the northern and southern
extremities of the platforms (Fig. 7i,j). For the fifth subharmonic, coherent self-interactions
were focussed near the platform centreline for low edge curvature and spread alongshore
toward the shoreline |X|=1.2 (Fig. 7p). As curvature increased, the areas of fifth subharmonic
coherent self-interactions near the shoreline split into two peaks on either side of the
platform centreline (Fig. 7m,n). This phenomenon was observed at curvatures for which a

mild divergence was observed over the inner platform (Fig. 3d).

The wave height distribution over the inner sections of concave and convex platforms
is shown in Fig. 8 and 9. The spatial distribution of the significant wave height (Hs) presented
the strongest similitudes (R? > 0.9) with the wave height patterns of the principal harmonic

(fl}p) regardless of the platform geometry and curvature. This Indicates a strong control of

SW on the patterns of significant wave height variations over the inner platform. In contrast,
the correlation between the wave height patterns of the fifth subharmonic and the significant
wave height patterns over the inner platforms of concave and convex geometries was weak
(R? < 0.4), indicating that IG, had little impact on the variations of significant wave height at

this location.
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Figure 7: Coherent self-interaction maps defined from the bispectral modal state of self-
interacting components for the principal harmonic (f,) and the fifth subharmonic (f; 5p) of
non-breaking waves over the inner platform (Fig. 1) at different concave (a-h) and convex
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coherent wave interactions.

25



537

538
Hs Hf
1/5p

02 04 06 016 018 02
£ I .
a);300 300 A
O
C —~
@© <
@ o
T 150 150 W
5 g
S =3
[72]
(o)) |
S ol 0
< 290 0 290 210 130
b
E 300 300
0]

S

N

150

o
|l||||||||llllll
(17

Increasing absolute curvature

(IK1=1.6)

N
©
o

Alongshore distanc
) 3

290 210

N
w
o

=300

0
e (M)

Alongshore distanc
o 3

290 210 210
d

€ 300 : 300
[0]
g :
c —
S N
® -
4 . . 150 ”
° n
5 3
S S
(]
[®)]
< 0
2 290 210 130 290 210 130 290 210 130

Distance from edge (m) Distance from edge (m) Distance from edge (m)

Figure 8: Wave height distribution for the entire frequency range (7—1:), the principal
harmonic (FI};) and the fifth subharmonic (Hfl/Sp) of non-breaking waves over the inner

platform (Fig. 1) for various concave (a-d) edge curvatures. The white line represents the
alongshore transect L, 20 m from the shoreline (Fig. 1). The centreline is located at y =
150 m. The R? values indicate the correlation between wave height patterns of the
principal harmonic and fifth subharmonic with the significant wave height pattern for the
same degree of curvature (only R? > 0.4 is shown, representing moderate to very strong
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A strong relationship, R? > 0.8, was observed between modal coherent self-interaction
patterns and wave height patterns of the principal harmonic and fifth subharmonics over the
inner sections of concave (Fig. 10a) and convex platforms (Fig. 10b). This observation indicates
that the alongshore variations of the principal harmonic (SW) were predominantly controlled
by coherent wave interaction, which in turn drove the alongshore variations in significant
wave height over the inner section of both concave and convex platforms. The resulting
stationary patterns in significant wave height along the shoreline were characterised by a
decrease of significant wave height toward the centreline of concave platforms (Fig. 11a),
which became more pronounced with increasing curvature (maximum alongshore difference
in H;=0.05 at |%|=1.2, increasing to 0.06 at |K|=2.4, Fig. 10a). Over convex platforms,
stationary patterns for normalised significant wave height were characterised by an increase
of significant wave height toward the platform centreline at low degrees of curvature (Fig.
11b), resulting in an alongshore difference in FI\S ~0.15 for |K|<1.8 near the shoreline. A
progressive amplification of the lobes on either side of the centreline was observed as
curvature increased, resulting in a more homogenous alongshore distribution of significant

wave height for high degrees of curvature (H; ~0.06 for |X|>2, Fig. 11b).
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Figure 10: Correlation between interaction maps (Fig. 7) and wave height patterns (Fig. 8,
9) for the principal harmonic (f,) and the fifth subharmonic (f; /s,) of non-breaking waves
over the inner platform of concave (a) and convex (b) edges.
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shoreline for non-breaking waves (transect L, Fig. 1) in relation to concave (a) and convex
(d) edge curvatures

3.2.2 Broken waves

Coherent self-interaction patterns of the principal harmonic and fifth subharmonic of
broken waves displayed alongshore variabilities over both concave and convex platforms (Fig.
12). Over the concave platforms, the coherent self-interaction zone of the principal harmonic
was concentrated toward the centreline for low degrees of curvature (| |=1.2), spreading
alongshore as the degree of curvature increased (Fig. 12a-d). Zones of coherent self-
interactions for the fifth subharmonic were predominantly observed on the northern and
southern extremities of the platforms and became more distinct as the edge curvature
increased (Fig. 12e-h). Over the convex platforms, coherent self-interactions of the principal
harmonic were the strongest on the northern and southern extremities of the platforms at
x = 190 m. For the fifth subharmonic (Fig. 12m-p), areas of coherent self-interaction were
concentrated along the platform centrelines for low degrees of curvature (|X|=1.2 and 1.6),
but spread either side of the platform centrelines for high degrees of curvature (| |=2.0 and
2.4). The differences in coherent self-interaction patterns between low and high degrees of
curvature were characterised by a mild divergence over the inner section of convex platforms

for curvatures greater than 1.8 (Fig. 7d).
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For broken waves, the influence of 1G, on significant wave height distribution over the
inner sections of concave and convex platforms was greater than for non-breaking waves (Fig.
13, Fig. 14). Over the inner section of the concave platforms (Fig. 13), the fifth subharmonic
had greater wave height than the principal harmonic. Thus, the wave height patterns of the
fifth subharmonic had a greater impact on the significant wave height patterns (0.85 < R2<
0.91 for 1.2< |K|< 2.4) than the principal harmonic (0.74 < R?< 0.86 for 1.2< |X|< 2.4) in this
region. The wave height of the principal harmonic and fifth subharmonic decreased from the
northern and southern extremities of the platforms to the platform centrelines. The
combined effect of these patterns was a net alongshore decrease of significant wave height
toward the platform centrelines. Over the inner section of convex platforms (Fig. 14), the

principal harmonic displayed the greatest wave height (maximum ﬁ;p ~ 0.5) on the northern

and southern sides of the platform between x = 130-190 m. The wave height of the fifth
subharmonic was relatively smaller, reaching a maximum at the platform centreline

(maximum ﬁ;p =~ 0.22-0.27), regardless of the curvature. As a result, the wave height

distribution of the principal harmonic exerted a strong control on the significant wave height
pattern over the inner platforms (0.9 < R2< 0.95) in comparison to the control exerted by the
fifth subharmonic (0.4 < R? < 0.58). However, the wave height of the principal harmonic
significantly decreased past x = 190 m, becoming comparable to the wave height of the fifth
subharmonic. Thus, alongshore variations in significant wave height were controlled by
alongshore patterns of both principal harmonic and fifth subharmonic for x = 190 m. For low
degrees of edge curvature (|X|=1.2), the maximum wave height of the fifth subharmonic was
observed at the platforms’ centreline and evolved with increasing curvature to form two
maxima on either side of the centreline for large degrees of edge curvature (|X|= 2.2 and
2.4). This evolution was clearly observed in the significant wave height pattern between x =
190 and 300 m, underlining the influence of the fifth subharmonic (IG.) on the alongshore

variation of significant wave height at the shoreline.
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Wave height distribution for the entire frequency range (H,), the principal

harmonic (I-/I;p) and the fifth subharmonic (Hfl/sp) of broken waves over the inner platform

(Fig. 1) for various concave (a-d) edge curvatures. The white line represents the alongshore
transect L, 20 m from the shoreline. The centreline is located at y = 150 m. The R? values
indicate the correlation between wave height patterns of the principal harmonic and fifth
subharmonic with the significant wave height pattern for the same degree of curvature.
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Figure 14: Wave height distribution for the entire frequency range (I/-I\S), the principal
harmonic (I-/IE,) and the fifth subharmonic (I-E/\sp) of broken waves over the inner platform
(Fig. 1) for various convex (a-d) edge curvatures. The white line represents the alongshore
transect L, 20 m from the shoreline. The centreline is located at y =150 m. The R? values
indicate the correlation between wave height patterns of the principal harmonic and fifth
subharmonic with the significant wave height pattern for the same degree of curvature.
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Strong (R? > 0.8) and moderate to strong (0.5 < R? < 0.7) relationships were observed
over the inner sections of concave (Fig. 15a) and convex platforms (Fig. 15b) between modal
coherent self-interaction patterns and wave height patterns for the fifth subharmonics and
principal harmonics, respectively. The implication is that coherent wave amplification
influenced the longshore patterns of wave height for the principal harmonic and fifth
subharmonic over the inner platform, although this process had a smaller impact on the
principal harmonic. Thus, coherent wave amplification at IG frequencies was the principal
process controlling alongshore variations of significant wave height along the shoreline. The
resulting stationary patterns in significant wave height along the shoreline were marked by a
decrease of significant wave height toward the centreline of concave platforms, which
became more pronounced with increasing curvature (maximum alongshore difference in
H,=0.04 at | %|=1.2, increasing to 0.02 at | X'|=2.4, Fig. 16a). For convex platforms, an increase
of significant wave height toward the platform centreline was observed at low degrees of
curvature, resulting in maximum alongshore variations of significant wave height I/-I\S ~ 0.08
for |K|<1.8. A progressive amplification of the lobes on either side of the centreline
generated two wave height maxima for high degrees of curvature, for which maximum

alongshore variations of significant wave height H; ~ 0.06 for |%|>2 (Fig. 16b).
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Figure 15: Correlation between interaction maps and wave height patterns for the principal
harmonic (f,) and the fifth subharmonic (f; 5,,) of broken waves over the inner platform of
concave (a) and convex (b) edges.
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4 Discussion

4.1 Impact of platform edge geometry on wave transformation across shore platforms

Modelling studies generally investigate the impact of refraction on wave energy
distribution over a fixed curvature (e.g. Berkhoff et al., 1982; Li et al., 2020), whereas in this
work, we varied the degree of edge curvature and analysed its effect on the transformation
of harmonic components. Increasing concave edge curvature decreased the wave energy of
harmonic components in WW, SW, |Gy and IG. frequency bands (Fig. 2b-e, 4b-e), accounting
for up to 25% reduction in FI; (Fig. 3a, 5a). In contrast, increasing convex edge curvature
amplified both the second and principal harmonics in the WW and SW frequency bands over
the outer platforms, increasing H, by up to 55% and 18% for non-breaking and broken waves
(Fig. 3b, 5b) while minimizing the amplification of the fifth subharmonic within the IG,
frequency band over the inner platforms (Fig. 2g-j, 4g-j). Thus, it is clear that morphological
variability in platform edge curvature influences significant wave height on shore platforms,
and this has potential implications for backwear and downwear erosion processes on rock

coasts (e.g. Trenhaile, 1987, Matsumoto et al., 2016a,b).
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Amplification of higher harmonics associated with wave refraction has previously been
associated with wave focusing (Gouin et al., 2017), but the impact of edge curvature on
amplification has not been considered. Our modelling results show that increasing convex
edge curvature enhances wave focussing over the outer platform (Fig. 3, 5), promoting the
generation of higher harmonic from non-linear triadic (sum) interactions (Janssen and
Herbers, 2009; Jarry et al., 2011; Lawrence et al., 2022). Shore platform studies have linked
the generation and dominance of high-frequency waves over the outer section of near-
horizontal platforms to locally generated wind waves (e.g. Ogawa et al., 2011; 2016). Though
this process cannot be ruled out, the nearshore wind speed required for locally produced WW
energy is substantial (Hasselmann et al., 1973), and the generation of higher harmonics from
non-linear triadic interaction caused by wave refraction appears to be a more plausible
physical interpretation for high-frequency wave generation on the outer sections of shore

platforms.

Research has demonstrated that wave amplification in the IG frequency band over near-
horizontal platforms is influenced by the ratio of water depth at the cliff toe to the platform
width, and relative submergence (Beetham and Kench, 2011; Ogawa et al., 2015). We show
that edge curvature exerts an additional morphological control on IG amplification across
convex platforms by affecting the balance between focusing intensity from refraction and
defocusing effects from wave breaking controlled by convex edges (Fig. 4, 5). Although a
decrease in convex edge curvature should theoretically result in a landward shift of the focal
point over submerged flats (e.g. Mandlier and Kench, 2012), a seaward shift of the focal point
was observed in this study for broken waves (Fig. 5d). This phenomenon can be attributed to
the defocussing effects resulting from the enhancement of radiation stress and wave-
generated current by wave breaking (Yoon et al., 2004; Choi et al., 2009). A critical curvature
was found for which the intensity of wave focusing by wave refraction is not strong enough
to overcome the defocusing effects of wave breaking, identified here as |K|=1.8 (Fig. 5d).
When the critical curvature is exceeded, wave rays intersect across the platform centreline,
in which cases, IG amplification is minimised by wave ray divergence over the inner platform
(Fig. 6d). In contrast, for convex edge curvatures lower than the critical curvature, wave rays
do not intersect across the platform centreline, sustaining wave convergence across the

entire platform. In this case, IG amplification is promoted over the inner platform,
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representing up to 15% of the increase in significant wave height at this position (Fig. 6d).
Thus, the present research identifies convergence as a key mechanism acting on the growth
of IG across shore platform, working in conjunction with other processes such as to
breakpoint forcing (Poate et al.,, 2020) and energy transfer from higher frequencies and

shoaling (Beetham and Kench, 2011).

In a conceptual model, Ogawa et al. (2011) described spatial zones on a shore platform
that are dominated by different wave types and pointed out that the spatial characteristics
change according to the tidal stage. Here, we show that shifts in dominant wave types across
shore platforms are also controlled by convex edge curvature (certainly at high tide). High
convex curvature amplifies harmonics within the WW and SW frequency bands over the outer
platform and inhibits the amplification of IG over the inner platform (Fig. 4g). Low degrees of
convex curvature have the opposite effect (Fig. 4j), resulting in the seaward shift of the zones
dominated by WW and SW frequency bands. The influence of refraction patterns generated
by convex edge geometries on the collective behaviour of harmonics affected the significant
wave height patterns across convex platforms. Baldock et al. (2020) hypothesised that the
significant wave height across convex platforms is defined by a specific balance between
cross-shore energy loss from dissipation and energy gain from oblique refracted SW, resulting
in a correlation between significant wave height anomalies and refraction patterns. The
strong relationship (p; > 0.6) observed between directional patterns and significant wave
height anomalies of non-breaking waves (Fig. 3f) suggest that, for this wave state, energy is
effectively gained across the platform from refracted SW. However, for broken waves, the
correlation between directional patterns and significant wave height anomalies (AH)
decreased with curvature to become weak (p; < 0.4) below the critical curvature threshold
(Fig. 5f). These differences are attributed to the influence of IG growth on significant wave
height over the inner platform due to the amplification of IG from post-breaking energy
transfer from high to low frequency (Poate et al., 2020), and low sustained convergence
across the platform (Fig. 5b, 6d). These results underline the importance of considering the
refraction patterns of both SW and IG when investigating significant wave height patterns

across convex submerged flats.
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4.2 Impact of platform edge geometry on along shore wave transformation

Coherent wave amplification is identified here as a crucial process affecting SW and IG,
height distribution in the inner section of near-horizontal platforms. For non-breaking waves,
the dominant frequencies within both SW and IG. frequency bands presented strong
correlations between patterns of coherent wave interaction and wave height distribution
over concave and convex platforms (Fig. 10). However, this correlation decreased for the
principal harmonic in the SW frequency bands in the presence of wave breaking (Fig. 15),
perhaps due to the combination of defocussing (Yoon et al., 2004) and dissipation effects

(Farrell et al., 2009) associated with wave breaking.

The present observations validate the hypothesis of Winter et al. (2017) on the
formation of alongshore stationary |G patterns from wave refraction over convex platforms.
However, our results suggest that such patterns are generated by coherent wave interaction
following the generation of caustic rays in the |G, frequency band (Fig. 7m-p, 12m-p) rather
than alongshore standing waves, as Winter et al. (2017) suggested. In fact, the latter would
require interacting IG to propagate alongshore in opposite directions. The directional analysis
presented here precludes such a possibility (&« =0° near the shoreline, Fig. 3, 5). As the
present paper demonstrates the coherent wave interaction plays crucial role in alongshore I1G
wave patterns, a coherent wave class should be added to the resonant, progressive-
dissipative, standing and progressive-growing low-frequency wave classes previously

identified over submerged flats (Gawehn et al., 2016).

The combined modes of SW and IG coherent wave amplification exerted a crucial
control on the stationary patterns of significant wave heights over the inner platform. For
non-breaking waves, significant wave height variations over the inner platform are
predominantly controlled by coherent wave amplification of SW (Fig. 7, 8). In contrast, for
breaking waves, the distribution of significant wave height over the inner platform became
controlled by coherent wave amplification occurring within both SW and I1G, frequency
components as IG. became a prominent wave type in this region (Ogawa et al. 2011) (Fig. 13,
14). The present results support the conceptual model presented by Krier-Mariani et al.
(2022), suggesting that patterns of wave ray intersection on either side of concave edge

sections result in stationary SW and IG amplification patterns. The control exerted by the

38



743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

critical curvature on the alongshore distribution of SW and IG over convex platforms can be
attributed to the generation of a terminal point (marking the transition from wave ray
convergence to divergence) at the platform centreline for convex curvatures exceeding the
critical curvature. In such cases, caustic rays are formed on either side of the centreline
(Mandlier and Kench, 2012), promoting coherent wave interactions in these regions (Fig. 12a,

14a).

It follows that the control exerted by platform curvature on coherent wave
amplification plays an essential role in the nodal state of significant wave height along the
shoreline (Fig. 11, 16). For concave platforms, a node near the centreline and antinodes on
the northern and southern extremities of the platform were observed. For convex edge
curvature under the critical curvature threshold, an antinode was observed along the
platform centreline where waves converged, while for curvature exceeding the critical
curvature threshold, two antinodes were observed on either side of the platform centreline.
While such patterns could wrongly be associated with edge waves, the present results
support the observations of Dalrymple (1975), who first associated nodal and anti-nodal

points in alongshore wave height patterns with coherent wave interaction.

It has previously been established that by controlling the nodal state of significant wave
height along the shoreline of open coasts, coherent wave amplification could lead to the
formation of rip currents (Dalrymple, 1975; Wei and Dalrymple, 2017). This mechanism is
expected to impact circulation patterns over near-horizontal platforms equally. da Silva et al.
(2023) identified alongshore pressure gradient as the dominant driver of circulation patterns
in the lee of submerged flats, resulting in two or four-cell circulation systems. A two-cell
system is typically characterised by an alongshore diverging flow from the lee of the
submerged flat edge to the shoreline, while a four-cell system is characterised by an
alongshore diverging flow at the lee of the submerged flat and a converging flow at the
shoreline. Considering the present results, it can be hypothesised that stationary wave
patterns and the subsequent alongshore pressure gradient generated by coherent wave
amplification drive the formation of circulation cells over convex platforms. Theoretically, the
formation of two antinodes over the inner platform would result in a four-cell circulation

system (Fig. 14a,b, Fig. 16b), while an antinode across the entire platform would result in a
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two-cell circulation system (Fig. 14c,d, Fig.16b). These differences depend on whether or not
the submerged flat geometry allows for the formation of a terminal point. Previous studies
established that this condition was predominantly controlled by the distance between the
seaward edge of submerged flats and the shoreline (da Silva et al., 2022, 2023; Ranasinghe et
al., 2006, 2010), while we show that the degree of edge curvature is equally important (Fig.
11, 16).

5 Conclusions

This study employed an exploratory numerical modelling approach to investigate the
impact of concave and convex platform edge geometries on the behaviour of wave harmonics
and the subsequent wave height distribution patterns over near-horizontal shore platforms.
Harmonic analyses show that refraction patterns controlled by concave and convex platform
edge curvatures result in wave height variation for the principal and second higher harmonics
over the outer platform, and for the subharmonics over the inner platform. Wave divergence
across concave edge platforms decreased the height of harmonics within both SW and IG
frequency bands, resulting in the attenuation of significant wave height for high degrees of
curvature. Over the outer section of convex platforms, increasing curvature intensified wave
focusing and amplified the principal and second harmonics within the SW frequency band. A
critical curvature value of 1.8 demarcates the formation of a wave ray divergence zone over
the inner platform, conditioned by the balance between wave focusing from wave refraction
and wave defocusing from wave breaking. Below this threshold, wave convergence amplified
IG over the inner platform, but over this threshold, wave divergence reduced the
amplification of IG over the inner platform. Through these mechanisms, it is apparent that
edge curvature can influence both the relative dominance of SW and IG frequencies, and the
pattern of significant wave height transformation across near-horizontal platforms. Using a
high-order spectral decomposition method, this study further demonstrated that coherent
wave amplification influences stationary IG and SW patterns over the inner platform,
affecting the alongshore distribution of significant wave height. We found that platform
geometry controls the nodal state of the stationary patterns along the shoreline, possibly
resulting in alongshore variation of wave erosive force and the generation of wave-generated

currents shaping rock coasts.
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