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Abstract: Headland and groyne sand bypassing greatly influences embayment dynamics at medium
to long timescales, but is often disregarded or partially included in reduced-complexity shoreline
models. This study explores how accounting for subaqueous sediment bypassing in a shoreline
model affects mean embayed beach planshape and spatial variability. We implement a generic
parametrization of sand bypassing in the LX-Shore model, with simulations on a synthetic embayment
in two configurations: “full bypassing” (FB) where the sediments bypass the obstacle in the surfzone
and beyond, and “shoreline bypassing” (SB) where bypassing occurs only when the shoreline
extends beyond the obstacle. Time-invariant wave simulations show significant differences in updrift
shoreline position between FB and SB. Simulations with time-varying wave angles and fixed wave
height and period reveal that FB significantly impacts the embayment mean planform and spatial
variability: FB reduces beach rotation by about 1/3, particularly under slightly oblique and slightly
asymmetrical wave climates, and decreases shoreline curvature, especially under highly oblique wave
climates. Downdrift shoreline erosion may be overestimated by up to 20% under SB. Our simulations
provide new insight into the influence of subaqueous sand bypassing on embayed beach dynamics
and emphasize the importance of including this process when modelling shoreline evolution in
coastal embayments.

Keywords: sand bypassing; embayed beach; reduced-complexity shoreline model; equilibrium beach
planform; rotation; curvature

1. Introduction

Sandy beaches are highly dynamic coastal environments [1,2] that are under increasing
demographic pressure. As an increase in beach erosion and shoreline retreat is expected in the
next decades [3], a critical task for coastal scientists is to accurately predict medium- (months,
years) to long-term (decades and beyond) coastal changes in order to contribute to sustainable
coastal management. Embayed beaches, which are ubiquitous along the coasts worldwide
[4,5], are sandy beaches delimited by physical boundaries that can be either natural rocky
headlands or artificial coastal defenses. Beach morphodynamics and shoreline variability are
deeply affected by these obstacles, which act both as partial or total barriers to alongshore
sediment transport and are a primary control on incident wave exposure [6–13]. Therefore,
embayment shorelines can exhibit a dramatic variability in their orientation and curvature
from one beach to another (Figure 1) depending on wave forcing [14–17], sediment availabil-
ity [18], grain size [19], obstacle size and morphology [20–22], and embayment width [5,23],
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which make their evolution challenging to understand, model, and further predict. A key
factor influencing embayed beach dynamics at medium to long timescales is rocky obstacle
sand bypassing [24], defined as the transport of sediment around the rocky structures delimit-
ing the embayment [5,25]. Recently, a headland bypassing classification has been proposed
according to the main processes responsible for sediment transport around a headland [25].
This classification includes a differentiation between “headland bypassing swash-surfzone”
(HBS), occurring when the shoreline extends up to and/or beyond the tip of the headland due
to longshore transport in the swash-surfzone, and “headland bypassing surfzone/nearshore”
(HBN), occurring in and seaward of the surfzone, up to the closure depth, due to nearshore
subaqueous longshore transport.

Figure 1. Examples of embayed beach planforms. (a,b) Asymmetric curved beach showing large
change in shoreline orientation between (a) November 2021 and (b) February 2024 due to embayment
rotation at Balapitiya beach, Sri Lanka; (c) straight shoreline between natural headlands at Porto-
Vecchio, France; (d) straight shoreline between artificial groynes at Palavas-les-flots, France. Images
adapted from Google Earth.

Over the past few years, a new generation of reduced-complexity (also referred to as
hybrid) shoreline evolution models has emerged [26–30], including models designed ex-
clusively for embayed beaches [31,32]. Reduced-complexity shoreline models can predict
wave-dominated sandy shoreline evolution on timescales ranging from hours (storms) to
decades with reasonable computational cost and fairly good skill [33]. However, on embayed
beaches where sand bypassing occurs, these models fail, as sand bypassing is often disre-
garded or only occurs when the shoreline reaches the tip of the obstacle (hereafter referred to
as “shoreline bypassing” or SB), such as in LX-Shore [27]. If we refer to the classification of
headland bypassing presented in [25], the initial version of the LX-Shore model considering
SB was thus able to reproduce bypassing occurring in the swash zone (HBS) only, and not in
the surf and nearshore zones (HBN). In [21], LX-Shore is used considering SB only and it is
shown that headland length controls both the equilibrium beach planform and the spatial
and temporal modes of shoreline variability at embayed beaches. However, there is field
and process-based modelling evidence of subaqueous sediment bypassing (HBN in [25])
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occurring within the surfzone and also further offshore [17,34–36]. There was therefore a need
to improve the implementation of headland bypassing in LX-Shore, so that the model can
reproduce a wider variety of headland bypassing processes (HBS and HBN). This improved
implementation of bypassing in LX-Shore is hereafter referred to as “full bypassing” (FB),
as opposed to the former “shoreline bypassing” (SB). ShorelineS [29] and IH-LANS [37] are
some of the rare reduced-complexity shoreline model exceptions where FB is addressed,
with the treatment of sand bypassing around rocky obstacles based on a bypassing factor
linearly increasing and ranging from 0 to 1. In ShorelineS, this factor increases as the ratio
between the depth at the tip of the structure (DS) and the so-called depth of active longshore
transport (DLT) decreases, and reaches its maximum value when the shoreline reaches the
tip of the obstacle [38]. In IH-LANS, this factor increases as the ratio between the headland
cross-shore extent (XH) and the surfzone width (XS) decreases. To the best of our knowledge,
the influence of these first approaches on embayed beach mean planshape and dynamics has
never been explored.

Recently, improved sediment bypassing parametrizations have been proposed [17,22],
which are compatible with the reduced-complexity shoreline modelling framework. Im-
plementing these expressions in a reduced-complexity shoreline model such as LX-Shore
can thus help to address the impact of obstacle sand bypassing on mean beach planform
and shoreline variability at embayed coasts and provide new insight into embayed beach
shoreline dynamics. In the present work, we implement the parametrization developed
by McCarroll et al. (2021) [22] in the reduced-complexity shoreline model LX-Shore [27].
We investigate the sensitivity of the response of embayed beaches to the type of bypassing
process implemented by comparing simulations performed considering HBS and HBN
(FB configuration) versus only HBS (SB configuration). We consider an idealised coastal
embayment with rectangular rocky obstacles, exposed to a range of synthetic wave climate
characterised by time-invariant or time-varying angle of wave incidence.

2. Numerical Model
2.1. LX-Shore

The LX-Shore model [27] is a reduced-complexity shoreline evolution model, based
on the one-line approach [39–41]. The model computes the time evolution of the sediment
fraction F ranging from 0 (water) to 1 (land) within square cells (width dxy) composing of
a 2D planview grid (Figure 2). Shoreline cells are those with sediment fraction F > 0 and
an edge contact with a water cell. Partially or fully non-erodible zones are also included,
such as rocky headlands where the total sediment fraction is decomposed into a fixed
non-erodible fraction (rock) and a variable erodible fraction (sand). The local shoreline
orientation in each shoreline cell is determined by the shore normal vector. It is assumed
that the shoreline crosses this vector at a distance from the centre of the cell that depends
on the sediment fraction value. The complete shoreline is then computed by interpolation
of all the estimated shoreline positions. Such a 2D planview cellular-based modelling
approach can thus handle complex shoreline shapes. For a detailed description of the
numerical implementation and the physics involved in the model, the reader is referred
to [27].

LX-Shore can account for both longshore and cross-shore sediment processes [11],
which are computed using breaking wave parameters. Breaking wave conditions can be
estimated either by coupling with the spectral wave model SWAN [42], or with a direct
analytical formula [43], whereby the latter is used herein.

Longshore sediment transport is computed using a similar approach as in CEM and
CEMSWAN models [44–47] with the empirical formula of Kamphuis (1991) [48]. Cross-shore
transport is computed using an adaptation of the equilibrium-based ShoreFor model [49,50],
which predicts that a translation of the beach profile in the cross-shore direction occurs
when there is a disequilibrium in wave energy as the incident wave energy changes in time.
Here, given that we focus on shoreline change driven by longshore processes, we consider
a time-invariant offshore wave height and period in our simulations. Consequently, there
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is only little temporal change in wave energy (related to time-varying wave direction in
areas adjacent to the groynes and wave refraction), so cross-shore transport-driven shoreline
change is assumed negligible [2] along most of the embayment, and was switched off in this
study. This is further discussed in Section 4. At each time step, the sediment fraction in each
shoreline grid cell (0 < F < 1) is thus updated based on incoming and outgoing sediment
fraction caused by alongshore sediment transport.

Figure 2. Schematic planview coastal area with the primary features and processes included in
LX-Shore. Cross-shore transport is switched off in this study. The striped areas represent the wave
shadow zones.

The main advantage of the LX-Shore model is that it enables the modelling of wave-
dominated sandy shoreline evolution on large spatio-temporal scales with low computing
times and good skill [11,33]. It usually takes a few minutes to a few days, depending on
site complexity and computational resources, to simulate shoreline change over domains
of hundreds of meters to several tens of kilometers and a duration of several decades.

2.2. Obstacle Sand Bypassing Implementation

McCarroll et al. (2021) [22] developed a parametrization of the wave-forced bypassing
sediment flux around an isolated idealised headland. This expression, which has never
been implemented in a reduced-complexity shoreline model before, is based on more
than 1000 simulations performed with the process-based model XBeach [51] with varying
waves, sediment size, or headland morphology. McCarroll et al. (2021) [22] showed that
the bypassing flux QB (m3/s) can be expressed as a function of the beach-scale-averaged
updrift alongshore sediment flux Q0 and the ratio between headland cross-shore extent XH
and surfzone width XS (Figure 3):

QB = sign(A)p1 A2 + p2 A, (1)

where
A = Q0 exp(−b1(XH/XS)

b2) (2)

and p1, p2, b1, and b2 are coefficients adjusted by calibration.
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Figure 3. (a–c) Bypassing flux expression used depending on the ratio between the headland extent
XH and the surfzone width XS. Adapted from [22]. (d) Schematic of the shoreline bypassing process
included in the initial version of LX-Shore. (e) Schematic of the full bypassing implemented in the
code. Sediment bypassing is transported between the two shoreline cells adjacent to each side of the
obstacle (blue-framed cells) and is computed through QB at the updrift boundary of the updrift cell
(red dot). In all panels, the dotted white line denotes the offshore limit of the surfzone.

This expression of the bypassing flux is valid for 0.5 < XH/XS < 3 [22]. If XH/XS < 0.5,
the obstacle is smaller than half of the surfzone and does not impact the longshore transport,
and thus, QB = Q0 (Figure 3a).

On the contrary, if XH/XS > 3, the longshore sand transport is fully blocked by the
obstacle and QB = 0 (Figure 3c).

The parametrization proposed by McCarroll et al. (2021) [22] uses four free parameters
calibrated on a limited range of Q0. The parametrization is therefore well suited for a
longshore flux Q0 ≈ 1.2 m3/s, but results in a discontinuous distribution of the bypass-
ing sediment flux QB if applied under wave conditions where Q0 ̸= 1.2 m3/s without
further calibration of the coefficients b1, b2, p1, and p2. In order to apply the sand by-
passing parametrization to any incident wave conditions, we developed the following
generic formula:

QB = αQ0


α = 1 if XH/XS < 0.5
α = exp(ax + b)− c if 0.5 < XH/XS < 3
α = 0 if XH/XS > 3

(3)

with x = XH/XS.
This new expression has only one free parameter, a (since b is deduced from a and

c is deduced from a and b), which has the advantage of being dimensionless. Setting
a = −2.9 (corresponding to b = 1.45 and c = 7.1 · 10−4) showed the best agreement with the
expression developed by McCarroll et al. (2021) [22] for Q0 ≈ 1.2 m3/s (Figure 4).
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Figure 4. Bypassing flux evolution predicted with the expression given in [22] (blue) and with the
new generic expression (red).

This parametrization was implemented in LX-Shore on a simple configuration consist-
ing of an idealised straight beach with one or two rectangular rocky obstacles. In order to
adapt the global approach of headland sand bypassing described in [22] to a cellular model,
updrift and downdrift sandy shoreline cells adjacent to the obstacle (blue-framed cells
on Figure 3e) were identified so that sediment transport could take place between these
two cells even if they were not in contact spatially. The sediment bypassing flux was then
computed at the updrift boundary of the updrift cell (red dot on Figure 3e) to avoid the
effect of high shoreline angles at the interface between sand and rock. An automatic check
was made to ensure that the tip of a rocky structure was found on the way before finding
the downdrift blue cell, and the sand was finally sent to this bypassing sand receptor cell.

2.3. Stability Test of Sand Bypassing Numerical Implementation

In order to verify that the numerical implementation of the bypass works as intended,
a 20-year simulation was carried out on an initially straight 10 km long beach with a
rectangular 350 m long rocky headland in the centre (Figure 5a), under periodic lateral
boundary conditions. The simulation was performed with a 2-hour constant time step
and a grid cell size dxy of 100 m, under time-invariant wave conditions characterised by
HS = 2 m, TP = 10 s, and θP = 10°, allowing for a successive observation of the different
ratios XH/XS involved in the parametrization of the bypassing flux (Figures 3a–c and 4),
without high-angle wave instabilities. At the beginning of the simulation, Q0 is positive
while the XH/XS ratio is high (Figure 5b), resulting in QB = 0 and a rapid accretion updrift
of the obstacle and erosion downdrift. When XH/XS < 3 after approximately 2 years, QB
starts to increase. As QB increases, there is less updrift accretion and downdrift erosion
around the obstacle. A small accretion zone forms downdrift. Finally, when XH/XS = 0.5,
the QB curve joins that of Q0, meaning that all the sediment bypasses the obstacle. The
shoreline position then gradually readjusts until it reaches an equilibrium after about
20 years. This confirms that the numerical implementation of full bypassing in LX-Shore
works properly and can be further used to assess the impact of the bypass process on
embayed beach planform and shoreline dynamics.
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Figure 5. (a) Evolution of shoreline position at different time steps for a 20-year simulation.
(b) Evolution of the bypassing (QB) and alongshore (Q0) sediment fluxes superimposed onto the
evolution of XH/XS during the simulation. The two peaks of the XH/XS curve at the early stage
of the simulation are numerical artefacts that do not affect the overall simulation results (the curve
follows its asymptote represented by the grey dashed line) caused by sand redistribution, inducing
small, abrupt variations in surfzone width.

2.4. Simulation Set-Up

LX-Shore was run on an idealised 500 m long straight embayed beach with a rect-
angular 20 m wide and 35 m long rocky obstacle on both sides of the domain (Figure 6).
The embayment dimensions were chosen so that the length of the beach met the criteria
mentioned in [22]. The effect of beach length on embayment planshape and shoreline vari-
ability is further discussed in Section 4. The simulations were performed over a one-year
period (simulations with stationary wave forcing), and a 5-year period (simulations with
non-stationary wave forcing), with a 2-hour constant time step and a grid cell size dxy of
10 m. Periodic lateral boundary conditions were implemented, i.e., the sediment fraction
leaving the simulation domain from the left boundary re-enters the domain from the right,
and vice versa. We thus consider a circular system with a net-zero sediment budget.

For each shoreline cell, the water depth h distribution in the cross-shore direction was
estimated at each time step using an equilibrium Dean profile [52] given by h = ndm, where
d is the offshore distance from the shoreline, n = 0.25 and m = 0.67 for the sandy profile,
and n = 0.2 and m = 1 for the rocky profile. Grain size was set to D50 = 0.22 mm, and
depth of closure to DC = 5 m. These values correspond to orders of magnitude that are
fairly common on wave-dominated sandy beaches [53,54].
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Figure 6. Schematic of embayed beach model set-up with variables used for the analysis. The black
dotted line represents the mean shoreline trend-line.

In this study, breaking wave parameters were computed with the direct formula of
Larson et al. (2010) [43] combined with a wave shadowing procedure. This shadowing
procedure is such that cells located in areas fully protected from waves by the headland
when using the direct analytical formula of Larson et al. (2010) [43] for the waves (Figure 2)
can receive some sediment via longshore transport but cannot send it downdrift. This
implies that, under a stationary wave climate, sand accumulates in the shadow zone without
leaving it, such that the first sand cell downdrift of the shadow zone is eroding. The beach
orientation readjusts in the wave-exposed zone and there is a clear breakpoint in shoreline
orientation at the transition between the shadow zone and the wave-exposed zone. Under
time-varying wave climates, this transition zone moves in time along the beach, leading to
smooth sediment redistribution along the beach. Offshore waves were characterised by a
time-invariant significant wave height HS of 1 m and a time-invariant peak wave period TP
of 10 s, which are representative values of average swell conditions [55]. Two different sets
of simulations were run: simulations with stationary wave climates (Section 3.1) with an
angle of wave incidence θP of 10°, 20°, or 30°, and the other simulations with time-varying
wave directions (Section 3.2). Following [9,15,45], for the time-varying forcing simulations,
θP was defined by a probability distribution function (Figure 7) based on two parameters: A
for the asymmetry, i.e., the fraction of waves coming from the right, and U for the obliquity,
i.e., the fraction of waves approaching with high angles (θP > 45° or θP < −45°).
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Figure 7. Frequency of occurrence of wave directions for (a) an asymmetric slightly oblique wave
climate (A = 0.60, U = 0.20) and (b) a symmetric highly oblique wave climate (A = 0.50, U = 0.65).

More than 800 simulations were performed with A and U covering the entire possible
range (i.e., 0 to 1) at 0.05 intervals, either considering shoreline bypassing only or full
bypassing. Table 1 provides a summary of all simulation scenarios.

Table 1. Summary of the model set-up. n is the number of simulations performed for each configura-
tion. For all simulations, we consider a constant wave height and period (HS = 1 m and TP = 10 s), the
grid cell size is dxy = 10 m and the time step dt = 2 h. The initial rocky obstacle cross-shore extension
is XH = 35 m. Simulations shown in grey are commented in Section 4 and presented in Appendix A.

Period Beach Length DP Simulation ID n

SB_St_10 110° FB_St_10 1
SB_St_20 120° FB_St_20 1
SB_St_30 1

Stationary
wave incidence 1 year 500 m

30° FB_St_30 1
SB_TV_500 441500 m FB_TV_500 441
SB_TV_250 441250 m FB_TV_250 441
SB_TV_750 441

Time-varying
wave incidence 5 years

750 m

f (A, U)
0<A<1
0<U<1

FB_TV_750 441

Simulations leading to shoreline morphodynamic instabilities [44,45], such as cuspate
shorelines (Figure 8a) or flying sand spits (Figure 8b,c), that bypass the obstacles and
dominate shoreline variability were disregarded in order to focus on the impact of obstacle
bypassing on embayed beach rotation and curvature. In practice, it corresponds to simu-
lations with wave climates characterised by high obliquity (U ≥ 0.60), or to simulations
where the shoreline position at the centre of the beach (x = 250 m) shows drastic changes
(∆y > 20 m) within less than a week, as a sand spit or a sand wave crosses the domain.

For simulations performed with non-stationary wave climates, the first year of simula-
tion was disregarded to avoid the effect of model spin-up from the initial shoreline that
typically lasts a few months, and to focus on a shoreline variability that occurs around a
true dynamic equilibrium. The mean embayed beach planform S̄(x) was computed over
the last 4 years and shoreline variability was analysed using three different variables shown
in Figure 6: mean shoreline rotation, defined as the slope of the mean shoreline trend-line
(β); minimum cross-shore position of the mean shoreline (min(S̄(x)); and standard deviation
of the mean shoreline relative to its trend-line (σ(dS̄)). The latter is further used to estimate
the degree of beach curvature.
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Figure 8. Beach planforms resulting from simulations performed with full bypassing (FB) under
highly oblique wave climates (U = 0.65) with asymmetry increasing from (a–c): (a) A = 0.55,
(b) A = 0.85, (c) A = 1. Panels (d–f) show the respective frequency of occurrence of wave direction
θP for each simulation of the upper panels.

3. Results
3.1. Stationary Wave Forcing Simulations

Figure 9 shows snapshots of the embayed beach planforms after one year of simula-
tions under time-invariant angle of wave incidence of 10◦ (Figure 9a,b), 20◦ (Figure 9c,d),
and 30◦ (Figure 9e,f). For simulations performed only with shoreline bypassing (SB) (top
panels), the shoreline reaches the updrift tip of the obstacle and passes around the obstacle,
resulting in a small accumulation of sand downdrift, with shoreline bulge size increasing
with increasing wave angle.

Figure 9. Embayed beach planforms after one year for stationary wave angles of 10◦, 20◦, and 30◦

with (a,c,e) shoreline bypassing only (SB_St_10, SB_St_20, and SB_St_30) and (b,d,f) full bypassing
(FB_St_10, FB_St_20, and FB_St_30).

For simulations performed with full bypassing (FB), the shoreline saturates approxi-
mately 10 m before the tip of the structure because it reaches the point where XH/XS ≈ 0.5.
At this point, QB = Q0 and all the sand transported by the longshore drift bypasses the
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obstacle and reaches the downdrift coast. A similar bulge as the one observed in SB mode
forms a downdrift of the obstacle as the bypassing sand accumulates behind it. The pres-
ence of this bulge is further discussed in Section 4. Our results indicate that considering
subaqueous sand bypassing (FB) has a substantial influence on the shoreline morphology
updrift of headlands. The shoreline cross-shore position updrift of the obstacle under
FB can be reduced by approximately 30% compared to shoreline position obtained in
SB simulations.

3.2. Time-Varying Wave Forcing Simulations

Figure 10 shows the time-averaged shoreline position (black line) and envelope (grey
area) for all time-varying wave simulations performed considering shoreline bypassing
only (Figure 10a) and full bypassing (Figure 10b). Simulations under the red dotted line
were further excluded from the analysis due to shoreline morphodynamic instabilities as
explained in Section 2. Overall, mean shorelines under full bypassing readily show less
rotation, milder curvature and a less extreme maximum of erosion. This indicates that
improving the description of sand bypassing substantially affects the mean coastal embay-
ment planform, whatever the obliquity and asymmetry of the wave climate. This is further
quantified in Figure 11, which also provides more insight into the wave climate conditions
under which the impact of the newly implemented full bypassing is the strongest.

Figure 10. Overview of mean shoreline planform (black line) and envelope (grey area) for each
simulation with varying obliquity, U, and asymmetry, A, of wave incidence, with (a) only shoreline
bypassing (SB_TV_500) and (b) full bypassing (FB_TV_500). The vertical black lines at both sides of
the shoreline represent the two rocky obstacles. Simulations under the red dotted line are disregarded
in the analysis (see Section 2).
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Under shoreline bypassing (SB), shoreline rotation β ranges approximately between
−7◦ and +7◦ (Figure 11a), while it ranges from −5◦ to +5◦ under full bypassing (FB,
Figure 11b). In both cases, β is higher for wave climates characterised by high asymmetry
and low obliquity (top left and top right areas on Figure 11a,b). Indeed, as wave obliquity
increases, more sand bypasses (both SB and FB) and is distributed along the beach through
alongshore drift, resulting in less embayment rotation. The most significant impact of
full bypassing is observed under slightly asymmetric and slightly oblique wave climates
(most colorful squares near the top centre of Figure 11c), with a difference of about 2.5◦

for β, showing a reduction in shoreline rotation by approximately 33% under FB. These
simulations are those for which shoreline bypassing (SB) does not occur, but full bypassing
(FB) does. On the contrary, the implementation of FB shows the least impact for simulations
characterised by symmetric wave climates, or by high asymmetry and high obliquity (white
squares in Figure 11c). In the first case, waves coming alternately from left and right may
lead to a compensation between sand bypassing in both directions under FB, resulting in a
similar shoreline shape as when no sand is bypassing under SB. In the second case, a lot of
sand already bypasses the obstacle under SB as the shoreline often reaches the tip of the
structure, and thus, FB implementation shows only little effect on the embayment planform.

Figure 11. (a–c) Mean shoreline rotation β for (a) shoreline bypassing (SB_TV_500) and (b) full
bypassing (FB_TV_500); (c) difference in β values between FB and SB. (d–f) Standard deviation of dS̄
for (d) SB and (e) FB; (f) difference in σ(dS̄) values between FB and SB. (g–i) Minimum y position of
mean shoreline for (g) SB and (h) FB; (i) difference in minimum shoreline position values between FB
and SB.

Maximum values of the standard deviation of the mean shoreline relative to its trend-
line σ(dS̄), used to estimate beach curvature, are observed for simulations performed
with highly asymmetrical and highly oblique wave climates. These values reach about
17 m for shoreline bypassing (SB) (Figure 11d), compared to 14 m for full bypassing (FB,
Figure 11e). Maximum differences in σ(dS̄) between FB and SB reach 3 to 4 m, showing a
reduction in beach curvature by approximately 20% under FB, and occur for simulations
characterised by moderately to highly asymmetrical wave incidence (sharp blue squares
on Figure 11f). In such a situation, a lot of sand bypasses the obstacle under SB, resulting in
sand accumulations against the rocky structures on both sides of the beach, which are not
observed with FB. For the other simulations, (0.3 < A < 0.7) embayed beach curvature is
reduced by approximately 1 to 2 m with full bypassing.
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With shoreline bypassing only (SB), minimum shoreline values (min(S̄(x))) range
from −20 m to −35 m (Figure 11g), while the major part of the values ranges between
−15 m and −25 m for full bypassing (FB) (Figure 11h). Maximum differences in min(S̄(x))
between FB and SB reach 8 m, meaning a reduction in the most eroded shoreline position
by approximately 20%. Under SB only, erosion around the rocky obstacle is thus increased.
The impact of FB on maximum erosion is relatively uniform across wave climates, with a
slightly greater impact in the case of slightly oblique and moderately asymmetrical wave
climates (deeper blue areas in Figure 11i).

Figure 12 provides an overview of the magnitude of the differences between shorelines
predicted by simulations performed with SB only (dotted line) and with FB (continuous
line) for three of the simulations, leading to the most significant differences between SB
and FB.

Figure 12. Mean embayed beach planform for simulations showing large differences between SB
(dotted line) and FB (continuous line) in terms of (a) beach rotation (A = 0.40, U = 0), (b) curvature
(A = 0.30, U = 0.45), and (c) maximum of erosion (A = 0.20, U = 0.05).

On a 500 m long beach, mean shoreline position updrift and downdrift of the obstacle
can be about 10 m different between simulations performed with SB and FB (Figure 12a), as
well as the cross-shore position of maximum of erosion (Figure 12c) under slightly oblique
wave climates. In such a case, as there is no shoreline bypassing (SB), but subaqueous
bypassing (FB) occurs, the accretion updrift of the obstacle and the erosion downdrift are
maximised in SB mode, and so is rotation. Shoreline curvature is also strongly impacted
in the presence of FB (Figure 12b). Under highly oblique wave climates, more sand
accumulates along the obstacles under SB than under FB, leading to greater erosion at the
centre of the beach. Under FB, more sand is distributed along the beach, which is therefore
less curved than under SB only.

4. Discussion

It has long been acknowledged that natural or artificial coastal structures disturb
the longshore drift and can deeply affect the coastal embayment planshape on a wide
range of space- and timescales [18]. For instance, on timescales of months to years, coastal
engineering structures such as groynes can be used to adjust the shoreline position [56]
and protect coastal areas and associated stakes. On longer (geological) timescales, natural
headlands readily control the coastal landscapes along rugged coasts [10,24]. Thus, the
degree of sand transport bypassing the obstacle must be carefully included in shoreline
change models. Our simulations indicate that using a more comprehensive implementation
of rocky obstacle bypassing impacts both mean embayment planshape and shoreline spatial
variability. Figure 12 provides a clear illustration of the potential magnitude of the impact
of the consideration of subaqueous bypassing (FB) on shoreline rotation, curvature, and
the landward maximum cross-shore position compared to SB only. These findings are in
line with earlier work showing that sediment bypassing is critical for embayment mean
planform and dynamics [21,24,34]. In addition, while mean embayed beach planform
empirical models can represent real bay shapes found in nature [57], some of them fail to
reproduce shoreline shape downdrift of relatively short rocky obstacles, as shown in [13].
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Such a difference can be attributed to headland subaqueous sand bypassing. Further,
only one beach length was investigated in Section 3. However, the impact of subaqueous
bypassing on embayment planshape and shoreline variability can vary according to the
length of the beach. Additional simulations were performed (see Appendix A) on the
same configuration as those presented in Figure 6 but with different beach lengths. The
results indicate that the impact of FB on beach rotation increases with decreasing beach
length. On the contrary, the impact of FB on maximum localised erosion increases with
increasing beach length. The length of the beach tested was generally short, but as we also
consider a short rocky obstacle length, the criteria presented by McCarroll et al. (2021) [22]
for applying the bypassing expression are met. The ratio between the embayment length
and the cross-shore extent of the rocky obstacle exceeds 5 [58], and the ratio between the
beach length and the surfzone width exceeds 10 [5,6]. The alongshore current has thus
room to fully develop between the rocky obstacles, and the assumption of disregarding
cross-shore processes is tenable.

This work builds on recent advances on obstacle sand bypassing processes [25] and
the recent development of reduced-complexity shoreline models [26–30]. Such an ap-
proach arises as an efficient and computationally cheap alternative to process-based models
describing the evolution of embayed beaches (e.g., [8,21]), although some processes are
disregarded, such as, e.g., the coupling with the nearshore sandbars [59]. The modelling
framework proposed herein using the generic bypassing flux expression developed by
McCarroll et al. (2021) [22] can be applicable to other reduced-complexity models, e.g.,
CoSMoS-COAST [26], COCOONED [28], or the model of Tran et al. (2020) [60]. McCarroll
et al. (2021) [22] mentioned that direct observations of headland bypassing volumes for vali-
dation are rare to non-existent. However, they conducted a validation test against one of the
few observational studies of bypassing made at Start Bay, UK. The results suggest that their
QB expression provides a reasonable first-pass estimate of real-world bypassing volumes
around small idealised headlands. Further calibration, including assessments of this formu-
lation for more complex morphologies and larger-scale headlands would require additional
field observations. As it is based on a large number of process-based model runs, this
formulation may be more appropriate physically than those already implemented in other
models, where the bypassing flux linearly increases as the ratio DS/DLT (ShorelineS, [29])
or XH/XS (IH-LANS, [37]) decreases. As the formulation used in IH-LANS is based on the
same variables as the one presented in [22], further tests were carried out to compare our
approach against that used in IH-LANS. Simulations were run (not shown) on the same
configuration as the one described in Figure 6, but using the expression of the bypassing
flux used by Alvarez-Cuesta et al. (2021) [37]. The results show that both formulations
are broadly equivalent for slightly asymmetrical wave climates (0.3 < A < 0.7). However,
they show greater differences in terms of rotation, curvature, and maximum erosion for
highly asymmetrical wave climates. In case of such wave climates, rotation is maximised
(see Figure 11b), so XH is small and the situation where XH/XS < 0.5 is more frequent. In
LX-Shore, using the bypassing flux expression adapted from [22], when this threshold is
reached, QB = Q0, so the entire sediment flux bypasses the rocky obstacle. The formulation
presented in [37] does not include this threshold, and the bypassing flux continues to
increase until XH = 0. This highlights the importance of this threshold XH/XS = 0.5,
which is the primary difference with the expressions used in IH-LANS and ShorelineS. The
formulation proposed by McCarroll et al. (2021) [22] assumes an idealised headland shape,
but additional process-based simulations can be performed to derive more generic bypass-
ing formulas, such as the one presented in [17] that considers several other parameters
largely impacting the amount of sediment bypassing (e.g., headland size and shape, but
also tide or subtidal bathymetry). The development of such parametrizations should be
encouraged, going with the general objective to apply reduced-complexity models to a
wider range of environments and to further reduce model result uncertainties.

In the version of the model presented here, in FB mode, the shoreline can only extend
beyond the rocky structure in the situation of HAWI (high-angle wave instabilities; see
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Figure 8). It is not clear whether and under which conditions (excluding HAWI) the
shoreline can extend beyond the tip of the obstacle in nature, but a possible extension of
the model to allow such behaviour would be to switch to SB when the sediment fraction in
the sandy cells around the tip of the structure exceeds an arbitrary threshold (e.g., 0.95).
Such shoreline extending beyond the tip of the headland may also occur on tidal beaches
where SB can eventually occur at low tide, which may favour further shoreline accretion
and further, under certain conditions, lead to SB at all tide stages.

Most of the reduced-complexity modelling exercises focused on simulations without
sediment bypassing or shoreline bypassing only (e.g., [9,21]). Our work has the potential
to be extended to real beaches in order to better explore the impact of FB on the different
modes of shoreline variability. Such real beach applications will require using spectral
wave modelling, which is possible in the present framework as LX-Shore can be coupled
to the SWAN [42] model (see, for instance, [11]). Accounting for more complex embayed
beach configurations may also require further developments, including, for instance, more
complex headland geometries and other headland proxies, e.g., headland toe depth [22],
to compute sand bypassing fluxes. To our knowledge, there is no field evidence of a sand
bulge as large as that observed downdrift of the obstacle in Figure 9e,f. The presence of this
bulge (not observed in most of the non-stationary simulations) may be due to the use of
stationary wave climates, which does not exist in nature. Furthermore, we use the formula
of Larson et al. (2010) [43], which does not properly reproduce wave refraction along non-
parallel bathymetric iso-contours. Therefore, the use of more realistic wave climates and
a spectral wave model could also enable a more accurate prediction of shoreline position
downdrift of the headland. Moreover, in FB mode, the bypassing sand is considered to be
transported directly into the cell immediately downdrift of the obstacle. In reality, the sand
may move further downdrift depending on the incident wave conditions. Allowing the
sand to be deposited further downdrift of the obstacle could also improve the agreement of
the modelled shoreline with observations immediately downdrift of the obstacle.

5. Conclusions

A generic parametric expression for wave-forced rocky obstacle sand bypassing based
on the work of McCarroll et al. (2021) [22] was implemented for the first time in a reduced-
complexity shoreline model, LX-Shore. This new implementation enables the model to
account for a broader range of sediment bypassing processes, including bypassing occurring
seaward of the surfzone. The impact of this improved implementation (named here “full
bypassing” or FB) compared to the previous one (“shoreline bypassing” or SB) on embayed
beach planform and shoreline dynamics was investigated through simulations considering
a synthetic embayed beach under a wide variety of wave climates with constant wave
height and period and varying asymmetry and obliquity. Accounting for FB instead of only
SB has a substantial influence on embayed beach rotation, curvature, and most landward
cross-shore shoreline position. Specifically, the impact of better accounting for obstacle
sediment bypassing on beach rotation is particularly significant under slightly oblique
and slightly asymmetric wave climates, where the angle of beach rotation is reduced by
approximately 1/3 compared to SB. Concerning beach curvature, the impact of considering
FB is greater under highly asymmetrical wave forcing. The maximum shoreline erosion
downdrift of the structure can also be overestimated by up to 20% considering only SB
instead of FB. Our results provide general trends in the behaviour of embayed beaches
in the presence/absence of subaqueous headland sand bypassing. This work encourages
further quantitative local assessments by applying such reduced-complexity modelling
approaches to real sites, using headland bypassing parametrizations derived from process-
based models and field measurements.
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Appendix A. Effect of Beach Length on Differences in Shoreline Position Obtained in
SB and FB Modes

Figure A1. Distribution of the differences in β, σ(dS̄), and min(S̄) between FB and SB for (a) a 250 m
beach (FB_TV_250—SB_TV_250), (b) a 500 m beach (FB_TV_500—SB_TV_500), and (c) a 750 m beach
(FB_TV_750—SB_TV_750).
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