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Hybrid shoreline evolution models are being increasingly used to inform the management of sandy coastal
systems. These models generally apply a two-dimensional physics-driven approach to calculate littoral drift and
the one-line theory to update the shoreline morphology. As per the one-line theory, the calculated littoral drift is
uniformly distributed over the active coastal profile. A key challenge facing the application of hybrid models is
that they fail to consider complex morphologies when updating the shoreline morphology. Complex morphol-
ogies are defined herein by non-parallel depth contours to the shoreline, a characteristic feature of many
vulnerable sandy coastal systems. This study illustrates the deficiency of the current hybrid 2D/one-line
approach when applied to hindcast shoreline change from 2014 to 2016 along a sandy coast with fringing
reefs in Puerto Rico. Results show that the hybrid approach is unable to predict observed shoreline change
(Brier Skill Score = 0) as a result of the one-line theory assumption of a spatially constant closure depth, which
defines the offshore extent of significant cross-shore sediment transport. To address this, a new hybrid approach
is developed for application in complex morphologies that accounts for alongshore variations in the closure
depth. In the new hybrid approach, the coast is divided into segments according to the alongshore distribution of
fringing reef substrate with each segment having a different closure depth specified based on their underlying
bed morphology. Results show that this new hybrid approach enables a more realistic simulation
(Brier Skill Score = 0.4) of observed shoreline change. This finding explicitly demonstrates that the closure
depth is an important variable in shoreline evolution models. It also implicitly indicates that we are likely to
better simulate shoreline evolution in complex morphologies over timescales of concern in coastal management
by allowing the closure depth to vary alongshore in hybrid models.

1. Introduction

Hybrid 2D/one-line models, hereafter hybrid models, are being
increasingly applied to simulate 10 to 100-year shoreline evolution to
inform the management of sandy shorelines (Ashton and Murray, 2006;
Kaergaard and Fredsoe, 2013; Van Maanen et al., 2016; Roelvink et al.,
2020), which characterise 31% of the world’s ice-free coastal zone
(Luijendijk et al., 2018). These models apply a two-dimensional phys-
ics-driven approach to simulate littoral drift in response to the combined
interactions of external forcings (e.g., tides, waves, morphology), which
they then uniformly distribute over the active coastal profile (i.e., beach
berm to closure depth) to update the shoreline morphology in line with
the one-line theory. In hybrid models, sediment aggradation (degrada-
tion) over the active coastal profile shifts the profile seaward (land-
ward). The closure depth marks the offshore extent of significant
cross-shore sediment transport, identifiable as the point on the beach
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profile beyond which we can see no significant change in bed elevation
(Kraus et al., 1998; Nicholls et al., 1999).

Hybrid models have been developed to address the limitations of
two-dimensional coastal area and behaviour-oriented models, both of
which are traditionally used to simulate shoreline change for informing
coastal management (De Vriend et al., 1993; Hanson et al., 2003;
Pontee, 2017; Seenath, 2022b). The shoreline morphology update in
two-dimensional coastal area models typically becomes unstable in
simulations longer than 10" years because the coastal profile gradually
evolves to an erroneous shape as a result of these models not being able
to account for undertow currents, which drive the evolution of coastal
profiles (Franz et al., 2017). Behaviour-oriented models, on the other
hand, assume the active coastal profile responds to changes in wave
climate (one-line theory) or sea-level (Bruun Rule) by adjusting its form
to an equilibrium shape (Gonzalez et al., 1999; French et al., 2016;
Pontee, 2017). This assumption stabilises the shoreline morphology
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update, allowing 10 to 100-year simulations, but prevents
behaviour-oriented models from considering the various external forc-
ings that interact with each other and influence shoreline morphology
(Cooper and Pilkey, 2004; Roelvink et al., 2016; Pontee, 2017). The
usefulness of hybrid models is that the one-line theory constrains the
shoreline morphology update, allowing 10 to 100-year two-dimensional
simulations of littoral drift, which is often the primary driver of shore-
line change. However, a key issue facing the widespread application of
these models is that they cannot account for depth contours that are
non-parallel to the shoreline (i.e., complex morphologies), which char-
acterise many vulnerable sandy coastal systems globally, in the shore-
line morphology update (Seenath, 2022b). This issue is directly linked to
the assumptions of the one-line theory, which form the basis of the
shoreline morphology update in hybrid models.

The one-line theory is based on the premise that depth contours are
parallel to the shoreline, therefore: (a) the shore-normal movement of
one contour line is considered to be a proxy of overall coastal change; (b)
the vertical limits of the active coastal profile (i.e., beach berm and
closure depth) are considered to be constant in time and space (Pel-
nard-Considere, 1956; Hoang, 2022). In complex morphologies, wave
propagation and transformation over non-parallel depth contours tend
to generate considerable spatial variations in wave heights reaching the
shoreline, causing some coastal segments to have a shallower closure
depth than others (Eversole and Fletcher, 2003; Sabatier et al., 2004;
Keshtpoor et al., 2015; Yao et al., 2019). Hybrid models may conse-
quently fail to simulate physically realistic trends and patterns of
shoreline change alongshore in these morphologies as the assumption of
a spatially constant closure depth will erroneously expand or reduce the
cross-shore width of the active coastal profile, as illustrated by Seenath
(2022a, b). An overly deep closure depth, for example, will incorrectly
push the active coastal profile further seaward, forcing the distribution
of littoral drift in areas that would normally be morphologically inactive
(Kristensen, 2013). As a result, overly deep closure depths in hybrid
models may inaccurately reduce the volume of sediment available for
distribution onshore, which can cause an overprediction (under-
prediction) of shoreline erosion (accretion) (De Figueiredo et al., 2020).
Seenath (2022b) hypothesised that varying the closure depth alongshore
in hybrid models may enable us to better incorporate the effects of
non-parallel depth contours to the shoreline on the cross-shore distri-
bution of littoral drift, and hence obtain more reliable predictions of
shoreline change in complex morphologies.

Building on Seenath (2022b) recommendation, this exploratory
study develops, tests, and proposes a new hybrid shoreline modelling
approach for application in complex morphologies. It, therefore, ad-
dresses a very specific technical limitation of hybrid shoreline model-
ling, setting the foundation for the continued development and
refinement of the hybrid 2D/one-line concept. In particular, this study:

(a) develops a new hybrid 2D/one-line shoreline modelling approach
that accounts for alongshore variations in the closure depth.

(b) evaluates how well the new hybrid approach simulates shoreline
change in a complex morphology relative to the current hybrid
approach, which assumes a spatially constant closure depth
alongshore. Here, the focus is on providing proof of concept of the
new modelling approach developed by trialling its application in
one coastal system, characterised by a complex morphology.
Such an approach is consistent with related hybrid shoreline
model development studies (e.g., Ashton et al., 2001; Kaergaard
and Fredsoe, 2013; Karunarathna and Reeve, 2013; Seenath,
2022a).

Following sections introduce the test site (Section 2), methods
(Section 3), and results (Section 4), and discuss the wider implications of
the findings (Section 5).
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2. Test site

Building on Seenath (2022b), this study continues the focus on a 4
km microtidal (mean tide range = 0.34 m) sandy coastal system in
Puerto Rico (Fig. 1), which is characterised by a complex morphology in
response to fringing reefs. There are two reasons for the continued focus
on this site. Primarily, the coastal geomorphology of the site presents a
significant challenge for hybrid models. The non-parallel depth contours
to the shoreline and irregular spatial distribution of reef substrate at the
site (Fig. 1) mean that the closure depth here varies alongshore (Ever-
sole and Fletcher, 2003), violating the one-line theory assumptions that
drive the shoreline morphology update in hybrid models. Therefore, if
the new hybrid approach presented in this paper improves the accuracy
of shoreline change predictions at this location, we can be confident that
it would be appropriate for application in other complex morphologies.
Secondly, there is extensive high-resolution coastal data available for the
site (NDBC, 2017; NOAA, 2017; NCEL 2019; NOAA, 2019), which is an
essential requirement for model development, testing, and any subse-
quent application.

3. Data and methods
3.1. Data and study period

The simulations of shoreline change, which underpin this study, are
driven by high-resolution open-access topo-bathymetry and coastal
processes data available for the test site. The temporal coverage of all
data obtained spans from 01.10.2014 to 31.03.2016. This micro time-
scale period is sufficient for addressing the aims of this study because if a
shoreline model fails to replicate or predict realistic trends and patterns
of shoreline change over such small timescales, the errors introduced
will propagate and generate uncertain predictions over longer time-
scales (Seenath, 2022b). Also, alongshore patterns of shoreline change
over timescales of concern in coastal management (i.e., 10 to 100 years)
are influenced by various local forcings (e.g., waves, intertidal
morphology, and sedimentology) that operate over micro timescales
(Cattaneoand Steel, 2003; Cooper and Pilkey, 2004; Zeinali et al., 2021).
In addition, shoreline change at the test site generally shows a seasonal
pattern of accretion and erosion in response to storm waves associated
with the Atlantic Hurricane Season, which runs from June to November
annually (Morelock and Barreto-Orta, 2003). Evaluating the capability
of a shoreline model to provide realistic micro timescale predictions is,
therefore, important for identifying and addressing its limitations before
applying it over longer timescales and larger spatial domains (Seenath,
2022a).

A 2014 and 2016 Digital Elevation Model (DEM) of the test site are
obtained from the National Oceanic and Atmospheric Administration
(NOAA), each with a spatial resolution of 3 m, vertically referenced to
Mean High Water (MHW) in metres, and horizontally referenced to
WGS84 in metres (NCEI, 2019; NOAA, 2019). The 2014 DEM provides
the initial observed conditions (i.e., topo-bathymetry, active coastal
profile, closure depth, and beach berm) for simulating shoreline change,
and the MHW line in this DEM is considered to be the initial shoreline.
The MHW line in the 2016 DEM provides the ground truth data (i.e.,
final observed shoreline) for quantifying the accuracy of shoreline
change predictions.

A 2014 to 2016 time series of tide (NOAA, 2017), wind (NOAA,
2017), and wave climate (NDBC, 2017) data for the test site are also
obtained. These provide the primary boundary conditions and forcings
for simulating shoreline change. The tide data are in 6-min intervals and
vertically referenced to MHW in metres. The wind data (wind speed
(m/s) and direction (deg.)) are also in 6-min intervals. The wave climate
data (wave height (m), period (s), and direction (deg.)) are in 60-min
intervals.

A 2013 orthophoto (spatial resolution = 0.1 m) of the test site is used
to obtain locational data on all hard defence structures present at the
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Fig. 1. Test site in Puerto Rico (adapted from Seenath (2022b)). (a) Location.
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(b) 2013 orthophoto of the site. (c) Contour map showing a complex morphology

(non-parallel depth contours to the shoreline) in the nearshore. (d) 2014 coastal profile envelope and average coastal profile. Credits: DigitalGlobe (satellite image in

a) and USGS (orthophoto in b).
site. Elevation data on these structures are obtained from the 2014 DEM.
These datasets are subsequently used to digitise, discretise, and repre-

sent the hard structures at the test site in the computational domain used
for simulating shoreline change.

3.2. Model selection

This study departs from Seenath (2022b) hybrid shoreline modelling
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study, which was carried out using MIKE21. For this reason, MIKE21
forms the basis of this study. Importantly, however, MIKE21 can account
for: (a) complex morphologies in two-dimensional littoral drift simula-
tions; (b) shoreline curvature, which is a characteristic feature of the test
site, when updating the shoreline morphology (Kaergaard and Fredsoe,
2013). Other hybrid models possess either one of these abilities, not both
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Fig. 2. Schematic diagram of the structure of MIKE21 SM computational domain.
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morphologies when updating the shoreline morphology.
3.3. Model description

MIKE21 combines a two-dimensional wave, flow, and sediment
transport model with a one-line shoreline model by coupling four
modules: Spectral Wave (MIKE21 SW), Hydrodynamic (MIKE21 HD),
Sand Transport (MIKE21 ST), and Shoreline Morphology (MIKE21 SM).
Each of these modules are well-documented by DHI (2017). However, a
brief description of MIKE21 SM is given below as this study primarily
focuses on developing this module to enable alongshore variations in the
closure depth.

MIKE21 SM is a one-line shoreline model that uses the littoral drift
gradients derived from the coupling of MIKE21 SW, HD, and ST to
simulate shoreline change based on the one-line theory. It divides the
shoreface into shore-perpendicular strips (Fig. 2). In each strip, MIKE21
SM integrates the change in sediment volume (vol) with a predefined
active coastal profile to calculate the change in shoreline position at
each time step in a simulation (At) using a modified version of the one-
line theory equation:

AN vol
A dA. (@]
where AN is the horizontal distance over which the shoreline moves
perpendicular to its orientation, and dA, is the vertical area of the active
coastal profile in each shoreface strip over which vol is uniformly
distributed. The active coastal profile moves shore-normal in response to
sediment redistribution. The change in vol at At is determined from the
littoral drift gradients.

More specifically, MIKE21 SM assigns elements in the computational
mesh used for littoral drift simulations (see Section 3.4 for details of the
computational mesh) to a shoreface strip, as illustrated in Fig. 2. The
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change in sediment volume in each mesh element located between the
beach berm and closure depth in a shoreface strip is totalled to work out
the sediment volume available for cross-shore distribution in that strip.
If mesh elements overlap strips, MIKE21 SM uses piecewise constant
interpolation to map sediment transport gradients onto strips. The total
sediment volume calculated for a shoreface strip then becomes uni-
formly distributed over the active coastal profile in that strip. If the
active coastal profile in a shoreface strip gains sediment, the profile in
that strip accretes and moves seaward together with the shoreline node
(position) in the strip. The reverse happens if the active coastal profile in
a shoreface strip loses sediment (i.e., the profile erodes and moves
landward). Fig. 2 provides a schematic diagram of MIKE21 SM
computational domain.

3.4. Computational mesh

The simulations of shoreline change, which underpin this study, are
carried out using the MIKE21 finite volume mesh generated and cali-
brated by Seenath (2022b) for the test site selected (Fig. 3). The mesh
dimensions are 4 km alongshore and 3 km cross-shore. It extends from
~5 m above MHW to ~50 m below MHW, covering the full spatial
extent of the fringing reef network. The offshore boundary is consider-
ably deep, enabling the propagation and transformation of waves over
the reefs and wave approach to the shoreline. The highest tide level on
record at the test site is less than 1 m above MHW (NOAA, 2017), which
means that the land boundary is also adequately high in elevation to
prevent the entire computational domain from flooding and causing
spurious predictions of littoral drift and shoreline change. The mesh is
split into two zones, nearshore and offshore, both separated by the
offshore boundary of the fringing reef network. The maximum element
area is 2025 m? (45 m resolution) in the nearshore, and 4900 m? (70 m
resolution) in the offshore. These resolutions correspond to the spatial
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Fig. 3. Computational mesh for the 2D coupled wave, flow and sediment transport simulations. (a) Finite volume mesh generated and calibrated by Seenath (2022b).
(b) Mesh nodes interpolated with the 2014 DEM. (c) 2D plan view of the interpolated mesh.
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scales over which primary drivers of shoreline evolution (e.g., waves and
tides) operate (Stive et al., 2002). Altogether, the mesh has 7071
triangular elements and a land, sea, and two connecting boundaries
(Fig. 3). The 2014 DEM obtained is interpolated onto the mesh using the
natural neighbour approach to generate the initial mesh
topo-bathymetry for simulating shoreline change (Fig. 3).

3.5. Model parameterisation and calibration

Following an extensive stepwise calibration against nearshore dis-
cretisation, sediment properties, bed friction, and the weir coefficient of
hard defences, Seenath (2022b) established an optimal parameterised
MIKE21 model for the test site selected (Table 1). Therefore, the same
calibrated MIKE21 model is used in this study as the basis for developing
the new hybrid approach. Please see Seenath (2022b) for details of the
calibration process, and Table 2 for a summary of the results.

3.6. Enabling closure depth variations alongshore

Using the calibrated MIKE21 model established for the test site, an

Table 1

Optimal MIKE21 specifications established for the test site (Seenath, 2022b).
Input Specifications
General

Time step interval (output frequency)
MIKE21 HD
Boundary condition: sea boundary in mesh
Boundary condition: connecting boundaries in
mesh
Coriolis forcing
Courant-Friedrich-Lévy (CFL) number
Density
Manning’s n reciprocal*
Maximum time step
Minimum time step
Overtopping discharge
Smagorinsky coefficient (eddy viscosity)
Wave radiation stresses
Weir coefficient*
Wind forcing
Wind friction (varies based on wind speed)
MIKE21 ST
Boundary condition: sea boundary in mesh
Boundary condition: connecting boundaries in
mesh
Critical Shields parameter
Grading coefficient*
Grain diameter*
Flow/wave forcing
Maximum bed level change
Porosity*
Relative sand density
Time step factor
MIKE21 SW
Boundary condition: sea boundary in mesh
Boundary condition: connecting boundaries in
mesh
Current conditions (speed and direction)
Maximum number of iterations
Nikuradse roughness
Reflection coefficient (structures)

Spectral discretisation
Water level conditions

MIKE21 SM

Berm height
Closure depth
Maximum number of iterations
Sediment transport gradients

86,400 s (daily)

Tide data

Flather (open) boundary
Varying in domain

0.8

Barotropic

29 m'%/s

30s

0.01s

0 m®/s/m

0.28

Internally transfers from MIKE21
SwW

0.55 m"?/s

Wind speed and direction data
0.001255 to 0.002425

Zero-sediment flux gradient
Zero-sediment flux gradient
0.05

1.1

0.25 mm

Internally transfers from MIKE21
SwW

10 m/day

0.3

2.65

1

Wave climate data

Lateral (open) boundary
Internally transfers from MIKE21
HD

500

0.04 m

0.5 (cross-shore structures)

1 (longshore structures)

360 ° rose

Internally transfers from MIKE21
HD

1.5m

5.5m

500

Internally transfers from MIKE21
ST

* Calibrated parameter.
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iterative process that enables the closure depth to vary alongshore in the
hybrid 2D/one-line shoreline modelling approach is developed, as
illustrated in Fig. 4a. The iterative process developed involves succes-
sively applying a two-dimensional physics driven approach to simulate
littoral drift over the entire computational mesh whilst applying the one-
line theory to constrain and update the shoreline morphology in defined
(smaller) coastal segments with a similar bed morphology. This iterative
process only modifies the way in which the shoreline morphology is
updated in the hybrid approach. Specifically, it:

(a) divides the coast into segments based on similarities in bed
morphology (seven segments in this case). Here, coastal seg-
mentation is based on the spatial distribution of shared shore-
parallel depth contours to conform with the one-line theory,
which drive the shoreline morphology update. Individual coastal
segments defined are, hence, continuous coastal stretches with
either (i) shared shore-parallel depth contours devoid of reefs, (ii)
shared shore-parallel depth contours landward of reef substrate,
or (iii) shared shore-parallel depth contours in areas with breaks
in reef networks. Considering this, coastal segmentation here is
based on a visual (qualitative) inspection of bed morphology and
not an objective quantitative measure. Nonetheless, this
approach enabled a generalised discretisation of the closure
depth variability alongshore and is non-consequential as this is an
exploratory study, designed to test whether including closure
depth variations alongshore can improve the application of
hybrid models in a complex morphology. The qualitative
approach adopted for coastal segmentation provides an interim
solution for handling alongshore variations in closure depth until
we are able to allow the closure depth to vary freely over space in
hybrid models. Closure depth specification in each defined
segment, however, is based on established closure depth defini-
tions. In particular, Eversole and Fletcher (2003) found that the
closure depth in reef environments corresponds to the deepest
point landward of the first occurrence of reef substrate. Thus, the
closure depth in segments with reefs or breaks in reef networks is
specified as the deepest shore-parallel depth contour landward of
reef substrate in the 2014 DEM, as illustrated in Fig. 5. On the
other hand, the closure depth in simple morphologies (e.g., linear
sloping beaches) is considered to be the depth along the beach
profile beyond which we can see no significant change in bed
elevation (Kraus et al., 1998). This depth typically coincides with
the most seaward depth contour that follows the shape of the
shoreline (Kaergaard and Fredsoe, 2013; Seenath, 2022b).
Therefore, in segments with no reef substrate, the closure depth is
specified as the deepest shore-parallel depth contour that mirrors
the shape of the shoreline in the 2014 DEM, as illustrated in
Fig. 5. The depth contours in the 2014 DEM are used as the basis
for the closure depth specification process here because this DEM
provided the initial conditions for simulating shoreline change.

(b) applies the one-line theory (through MIKE21 SM) to update the
shoreline morphology in each segment whilst applying a two-
dimensional coupled wave, flow, and sediment transport model
(MIKE21 SW, HD, and ST) to simulate littoral drift gradients over
the entire computational mesh (Fig. 3). These gradients provide
the main driving flux for the shoreline morphology update.
Focusing the littoral drift simulations over the entire mesh whilst
constraining the shoreline morphology update (MIKE21 SM) to
smaller individual coastal segments ensure that the sediment
volume available for cross-shore distribution in each segment are
reflective of the wave-current conditions operating across the
model domain. An important point to note here is that littoral
drift simulations are not carried out in MIKE21 SM. These are
done in MIKE21 ST over the entire computational mesh gener-
ated in Section 3.4. Here, it is also important to note that MIKE21
SM computational domain (Fig. 2) is different from MIKE21 ST
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Table 2
MIKE21 calibration results (01.10.2014 to 31.03.2016) for the test site (Seenath, 2022b). Bold values = model default values. BSS = Brier Skill Score.
Input Units Established range Calibration variations BSS Optimal value
Nearshore discretisation m N/A 25 —0.05 45
30 —0.06
35 —0.05
40 —0.05
45 —0.02
50 —0.08
55 —-0.09
60 —-0.14
65 -0.12
Manning’s n m'/¥s reciprocals: 28 — 50 29 0 29
(Sandy beaches) 32 —0.02
33 —0.02
40 —0.06
50 —-0.12
Sand grain diameter mm 0.0625 - 0.125 (very fine) 0.1 —9.85 0.25
0.0125 - 0.25 (fine) 0.2 0.01
0.25 - 0.5 (medium) 0.25 0.03
0.5 -1 (coarse) 0.5 0.03
1 - 2 (very coarse) 1 0.01
Sand porosity N/A 0.3-0.7 0.3 0.01 0.3
0.4 0
0.5 —0.01
0.7 -0.19
Sediment grading coefficient N/A < 1.27 (very well sorted) 1.1 0.03 1.1
1.27 — 1.4 (well sorted) 1.3 —0.02
1.41 — 1.99 (moderately sorted) 1.5 -0.17
2 - 3.99 (poorly sorted) 2 —55.01

4 -15.99 (very poorly sorted)
> 16 (extremely poorly sorted)

Weir coefficient m'/%/s 0.11 - 0.27 (lateral structure) 0.11 0.02 0.55
0.3 - 1.71 (broad crested structure) 0.55 0.03
1.77 - 2.26 (ogee crested structure) 0.77 0.03
1.71 - 1.82 (sharp crested structure) 0.99 0.03
1.21 0.03
1.44 0.03
1.82 0.03
1.838 0.03
2.21 0.02
(b)
Segment1 | ! Segment 2 i ! Segment3 | Segmen|4‘ | Segments | Segrr‘lenls | Segmen‘i'l
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35| i i i i i i
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o451 i Max: 7.7m ~"7 Max:7m 7 0 d " Max:7.8m
Q 5 | Avg:72m i Avg:6.1m | H H \ I Avg.:68m
Es) , SD: 0.4 ! SD:03 ! | | ! SD:0.7
g5 : : : Min: 7 m : ! Min:33m )
° ; :/_/\ ; Max: 8 m : | Max56m
5 \ , : Avg:7.7m ! 1 Avg.i4.2m 1 \A
2 8": S~ / \ SD: 0.2 7 poSDo7 T |
o | i h | i i
Min: 5.3 m | | H | Min:4.5m | | W
Max: 6.5m | | H \ Max:7m ! |
Avg.:57m i 1 | | Avg:53mi 1
SD:04 | 1 . . SD:07 | .
HI il I I H - I H I
100 200 300 400 500 600 700

Loop back

Cross-shore transects west to east (5 m intervals alongshore)

Constrained morphology update

—

S S — iy Sy,
Segment 1 (Simulation 1) 7 Segmemm? Segment 3 (Simulation 3) -

Fig. 4. New hybrid approach proposed for handling alongshore variations in closure depth. (a) Schematic illustration of the new hybrid approach. (b) Coastal
segments and associated closure depths (D) defined for applying (a) in the test site. (c) 2D plan view of the coastal segments used for applying (a) in the test site. The
black line in (b) indicates observed closure depths, which are based on the topo-bathymetry in the 2014 DEM. Blue values in (b) are the closure depth specifications
applied in the new hybrid approach. Statistics in (b) summarise the observed closure depth variability at the test site. SD = standard deviation.
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— mirroring the shoreline.

— Shoreline

Fig. 5. Schematic diagram of the coastal segmentation and closure depth specification process used to develop the new hybrid approach. D, = closure depth.

computational domain (Fig. 3). MIKE21 ST estimates the volume
of littoral drift at each time step in the simulation for each
element in its computational mesh. In MIKE21 SM, the total
sediment volume used to update the shoreline morphology in a
defined coastal segment is calculated by adding up the change in
sediment volume in each mesh element that lies between the
beach berm and closure depth in the shoreface strips in that
segment. Recall that: (i) MIKE21 SM divides the shoreface within
its computational domain into shore-perpendicular strips, as
illustrated in Fig. 2; (ii) the change in sediment volume in each
mesh element is determined from the littoral drift gradients in
MIKE21 ST; (iii) MIKE21 SM uses piecewise constant interpola-
tion to map littoral drift gradients onto shoreface strips if there is
an overlap in mesh elements between strips. Essentially, MIKE21
ST generates a map of littoral drift gradients for the entire study
area. MIKE21 SM then uses this map to extract and add up the
sediment volume data for the active coastal profile (i.e., area from
the beach berm to closure depth) in each shoreface strip in a
coastal segment to update the shoreline morphology in that
segment.

pieces together the calculations of shoreline change from each
coastal segment to map shoreline change alongshore.

(c

~—

The computational structure of the above process forces the hybrid
approach within MIKE21 to update the shoreline position iteratively
over irregular spatial intervals (also referred herein as coastal seg-
ments), with each spatial interval (coastal segment) having a different
closure depth specified based on their associated (underlying) bed
morphology. The iterative process developed, therefore, enables the
offshore limit and cross-shore extent (width) of the active coastal profile
to vary alongshore as we would expect to see in complex morphologies.
The closure depth defines the seaward limit and, together with the beach
berm, the cross-shore width of the active coastal profile. Here, it is
important to remember that this is an exploratory study designed to
gauge whether alongshore variations in the closure depth can improve
the application of hybrid models in a complex morphology. As this is an
exploratory study, further experiments with different levels of coastal
segmentation (i.e., increasing and decreasing the number of coastal
segments) are not considered. Such extensive experimentation of model
development and testing is beyond the scope of this short communica-
tion paper.

3.7. Model simulations

Two hindcast simulations of shoreline change are carried out in the
test site from 01.10.2014 to 31.03.2016, one applying the current hybrid
approach and the other applying the new hybrid approach, as outlined

below. The results from these simulations are used to test whether
enabling an alongshore variable closure depth in hybrid models can
improve their application in complex morphologies.

In the first simulation, the current hybrid approach, which assumes a
spatially constant closure depth based on the one-line theory, is applied.
This simulation is carried out using the interpolated mesh from Section
3.4 (Fig. 3) and specifications in Table 1. A noteworthy specification
here is that a spatially constant closure depth of 5.5 m (relative to MHW)
is forced in the model to conform with the one-line theory assumptions
that underpin the current hybrid approach. While it is acknowledged
that 5.5 m grossly overgeneralises the closure depth in the test site
(Fig. 4b), the 5.5 m depth contour in the interpolated mesh is the deepest
shore-parallel depth contour that is landward of the fringing reefs. As the
current hybrid approach assumes shore-parallel depth contours when
updating the shoreline morphology, specifying a closure depth deeper
than 5.5 m would cause considerable errors in the corresponding
shoreline continuity solutions (see Seenath (2022b)). The results of this
simulation will, therefore, demonstrate how well we can apply the
current hybrid approach in a complex morphology.

In the second simulation, the new hybrid approach developed, which
simulates shoreline change iteratively over irregular spatial intervals to
account for alongshore variations in the closure depth (Fig. 4a), is
applied. This simulation involves seven iterative hindcasts of shoreline
change (Fig. 4b; 4c). In each iterative hindcast, MIKE21 SM (i.e., the
one-line model, which updates the shoreline morphology) is applied to a
different coastal segment and the closure depth is modified based on the
underlying bed morphology (Fig. 4). All other inputs are the same as
those specified in the first simulation.

3.8. Model validation

702 cross-shore transects, spaced every 5 m alongshore, are used to
quantify observations and predictions of shoreline change. The results
obtained are subsequently used to calculate the Brier Skill Score (Brier,
1950) in order to estimate the accuracy of shoreline change predictions:

S (Shops — Shyrea)”

BSS=1- = Tomed)
E (Shobx - Shinil)

(2)

where Shy,;; is the shoreline position observed at the start of the simu-
lation (i.e., the MHW line in the 2014 DEM), Shy.4 is the shoreline po-
sition predicted at the end of the simulation, and Sh; is the shoreline
position observed at the end of the simulation (i.e., the MHW line in the
2016 DEM). The BSS ranges from -oo to 1, with 1 indicating a perfect
agreement between Shgys and Shyq, 0 indicating Shyyq is closer to Shiy,
and a score < 0 indicating Shyq is further away from Shy,. Sutherland
et al. (2004) BSS classification, which classifies a score of 1 to 0.5 as
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excellent, 0.5 to 0.2 as good, 0.2 to 0.1 as reasonable, 0.1 to 0 as poor,
and < 0 as bad, is used to interpret all BSS estimations.

4. Results

The results confirm that the current hybrid approach, which assumes
a spatially constant closure depth, is not appropriate for application in
complex morphologies (Fig. 6). This is evident from the poor fit (BSS =
0) between predictions of shoreline change from the first simulation
(spatially constant closure depth) and associated observations (Fig. 6a
and c). A BSS = 0 implies that the model is replicating initial conditions,
which we can see from the first simulation predicting negligible shore-
line change alongshore (range = —4 to 5.7 m; mean net change = 0.11
m; standard deviation = 1.17) relative to associated observations (range
= —11.26 to 16.23 m; mean net change = 3.22 m; standard deviation =
5.7). There is also no discernible agreement between the alongshore
variations (trends and directions) in shoreline change predictions from
the first simulation and corresponding observations (Fig. 6a), which is
further reflected by a Spearman’s rank correlation coefficient (r;) = 0.
The poor results from the first simulation are a clear indication that the
current hybrid approach, applied through MIKE21, cannot resolve the
underlying physics of shoreline change at the test site despite being
extensively calibrated (Table 2).

There is a better fit (BSS = 0.4) between predictions and associated
observations of shoreline change following the application of the new
hybrid approach (second simulation) (Fig. 6b and c), which accounts for
alongshore variations in the closure depth. A BSS = 0.4 indicates that
predictions of shoreline change generally move in the same direction as
associated observations. This is evident from the new hybrid approach
predicting net accretion and higher accretion magnitudes alongshore
(39% erosion; 61% accretion; range = —8.76 to 13.27 m; mean net
change = 0.91 m; standard deviation = 3.63) in line with associated
observations (31% erosion; 69% accretion; range = —11.26 to 16.23 m;
mean net change = 3.22 m; standard deviation = 5.7). These similarities
are also captured by a Spearman’s rank correlation test, which shows a
moderate positive relationship (r; = 0.6; p < 0.0001) between shoreline
change predictions from the second simulation and associated

(a) Simulation one: spatially constant closure depth
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observations. However, there is a stronger positive relationship between
these predictions and observations (r; = 0.8; p < 0.0001) towards the
west of the test site from transects one to 350 compared to the east from
transects 351 to 700 (rs = 0.5; p < 0.0001). The weaker correlation in the
east follows a clear underprediction of shoreline change in the eastern
part of coastal segment four and across coastal segments five and six
(Fig. 6b), which correspond to these segments having the largest
observed closure depth variability and most generalised (shallow)
closure depth specifications (Fig. 4b).

Overall, accounting for alongshore variations in the closure depth
has considerably improved shoreline change predictions in the test site,
which is defined by a complex morphology (Fig. 6). A two-sample Kol-
mogorov-Smirnov test further shows that the shoreline predictions
derived from applying a spatially constant closure depth (first simula-
tion) and an alongshore variable closure depth (second simulation) are
significantly different (p < 0.0001) at all conventional levels of signifi-
cance (0.01, 0.05, and 0.1).

5. Discussion

The results indicate that the current hybrid approach, which is
limited to studying shoreline change in simple morphologies (i.e., linear
sloping coastal systems with shore-parallel depth contours), can be
extended to complex morphologies, where coastal profiles are non-
linear. The one-line theory, which drives the shoreline continuity solu-
tions in hybrid models, assumes the active coastal profile adjusts its form
to a constant shape in response to wave action and associated cross-
shore distribution of littoral drift. As per the one-line theory, the
active coastal profile (together with the shoreline) retreats when the
wave energy flux exceeds the equilibrium energy flux. However, the
evolution of coastal profiles (and shorelines) is a much more complex
three-dimensional process, mainly driven by vertical variations in un-
dertow currents (Franz et al., 2017). Hybrid models do not account for
these currents in their present form as they assume a constant
time-averaged (equilibrium) active coastal profile with fixed vertical
limits in line with the one-line theory. Although this assumption appears
to be valid for simulating shoreline change in simple morphologies
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Fig. 6. Shoreline change observations and predictions (01.10.2014 - 31.03.2016) derived from applying the current hybrid approach (a) and the new hybrid
approach (b). (c) shows the shoreline change residuals (observed shoreline change — — predicted shoreline change) from the current and new hybrid approach. MNC =
mean net change, MAC = mean absolute change, MAE = mean absolute error, and BSS = Brier Skill Score.
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(Ashton and Murray, 2006; Kaergaard and Fredsoe, 2013; Hurst et al.,
2015), it is not appropriate for application in complex morphologies
where the active coastal profile varies in form alongshore (see Fig. 6a).
In these morphologies, wave propagation and transformation over
non-parallel depth contours generates considerable spatial variability in
the nearshore wave climate, which cause variations in the strength of
undertow currents alongshore and associated depth limit of significant
cross-sediment transport (Marino-Tapia et al., 2007; Zhang et al., 2012;
Franz et al., 2017). An end-result of this is considerable variability in the
seaward depth limit (and consequently the cross-shore width) of the
active coastal profile alongshore, which affect wave run-up and energy
dissipation (both of which affects the bed morphology), influencing the
alongshore patterns of shoreline change that we see in complex mor-
phologies (Eversole and Fletcher, 2003; Risandi et al., 2020). The
promising results from the new hybrid approach developed indicate that
we can effectively mirror these three-dimensional alongshore variations
in the active coastal profile within hybrid models by allowing the closure
depth (and therefore the cross-shore width) of the equilibrium coastal
profile to vary in response to variations in bed morphology alongshore.
Doing so enables us to:

(a) account for the three-dimensionality of coastal profile evolution
in response to alongshore variations in wave climate whilst
maintaining the one-line theory principles. These principles sta-
bilise the shoreline morphology update over timescales of
concern in coastal management.

(b) better account for the cross-shore distribution of littoral drift,
which ultimately improves the prediction of shoreline change
alongshore (see Fig. 6).

Although shoreline change predictions improved following the
application of the new hybrid approach (Fig. 6), there is still a clear
underprediction of shoreline change in coastal segments with closure
depth underestimations, notably the eastern part of coastal segment four
and across segments five and six. The closure depth and beach berm
together define the active coastal profile (cross-shore extent of sediment
dynamics) in hybrid models. Underestimating either or both of these
reduces the volume of sediment available for cross-shore distribution
and the cross-shore extent over which littoral drift is distributed (Coelho
et al., 2013; Udo et al., 2020), which affect the accuracy of shoreline
change predictions in hybrid models (Kristensen, 2013). To explain this,
Fig. 7 shows a hypothetical active coastal profile divided into four re-
gions, each responding differently to wave-current conditions in a
hybrid model: region one is eroding, two and three are stationary
(neither accreting nor eroding), and four is accreting. If we

Region one
(erosion)

Region two
(stable)

Alongshore

- ] -

Still water line

Initial profile

Response profile
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underestimate the closure depth and, consequently, fail to consider the
volume of sediment change in any of these regions, we will run the risk
of obtaining unreliable predictions of shoreline change. For example,
specifying the closure depth at the offshore boundary of region two in
Fig. 7 would reduce the cross-shore width of the active coastal profile by
excluding regions three and four. The model would then define the
active coastal profile as extending from regions one to two only. The
end-result would be an overprediction of shoreline erosion as half of the
defined active coastal profile is eroding (region one) while the other half
is stable (region two). This would lead to sediment erosion over the
defined active coastal profile, erroneously forcing it to move landward
(Kristensen, 2013). This landward movement would be erroneous since
the sediment stability and accretion trends in regions three and four
would have otherwise offset the sediment loss from region one.
Considering the computational framework of hybrid models as decon-
structed here, it is clear that:

(a) the first simulation failed to predict observed shoreline change
primarily because it assumed a spatially constant closure depth,
which masked the alongshore variability of the active coastal
profile (Figs. 4b, 6a).

(b) the second simulation provided more realistic predictions pri-
marily because it accounted for the general variability of the
active coastal profile alongshore (Figs. 4b, 6b).

Focusing the shoreline morphology update on smaller coastal seg-
ments in order to incorporate more variations in the closure depth
alongshore may have prevented the underprediction of shoreline change
from the new hybrid approach. However, constraining the shoreline
morphology update to smaller coastal segments based on the new hybrid
approach, in its present form, would have significantly increased the
computational cost of simulating shoreline change. The two-
dimensional physics-driven approach that is used to calculate littoral
drift in hybrid models determines the overall computational cost of
shoreline change simulations in these models. As a result, each of the
seven iterative hindcasts in the second simulation (new hybrid
approach) had the same computational cost as the first simulation
(current hybrid approach): ~ 18 h utilising four cores on a 2.8 GHz 16
core processor CPU. The second simulation was consequently seven
times more computationally demanding (~ 126 h) than the first simu-
lation (~ 18 h). In its present form, the new hybrid approach is, there-
fore, not likely to be computationally sustainable and feasible over
timescales of concern in coastal management (i.e., 10 to 100 years). For
the new hybrid approach to be computationally sustainable, we may
need to develop the hybrid approach further to automate the response of

Region three

! Region four
(stable) :
1

1
(accretion) :
1

Cross-shore

Fig. 7. Hypothetical active coastal profile (beach berm - D, - to closure depth - D.) divided into four evenly spaced regions. The initial and response profile represent
the active coastal profile at the start and end of a littoral drift simulation, respectively.
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the closure depth in the model to variations in the nearshore wave
climate and bed morphology alongshore.

The coastal modelling community is still effectively in an experi-
mental state, developing and testing new modelling approaches that can
help us better study coastal systems behaviour over various time and
space scales (Hoang, 2022; Seenath, 2022a). For example, Ashton et al.
(2001) is one of the first studies to have successfully applied the hybrid
approach over centennial timescales. Since the work of Ashton et al.
(2001), the hybrid approach has been gradually developed to account
for high-angle wave instabilities, drift-dominated shorelines, shoreline
stabilisation schemes, and complex shoreline geometries (Ashton and
Murray, 2006; Slott et al., 2010; Kaergaard and Fredsoe, 2013; Kar-
unarathna and Reeve, 2013; Hurst et al., 2015). Most recently, the
hybrid approach has been developed to account for sea-level rise (See-
nath, 2022a). The results from the new hybrid approach presented in
this paper can help inform the continued development of hybrid models
as these are being increasingly sought after to support coastal manage-
ment decisions across local to regional scales (Van Maanen et al., 2016;
Payo et al., 2020). The new hybrid approach presented in this paper
should also, in theory, be easily extended to any shoreline evolution
model that applies the one-line theory for the shoreline morphology
update, including CEM (Ashton and Murray, 2006), CoastalME (Payo
et al., 2017), COVE (Hurst et al., 2015), GENESIS (Hanson, 1989), and
UnaLinea (Sutherland et al., 2015). After all, enabling the new hybrid
approach presented here is simply a matter of specifying alongshore
variations in the closure depth and there are several qualitative in-
dicators (e.g., point along the beach profile beyond which we see no
significant change in bed elevation, most seaward depth contour
following the shape of the shoreline, most seaward depth contour
landward of hard substrate) and equations (see Valiente et al., 2019)
available to identify the closure depth along a coast. Nevertheless, there
is a clear need to determine whether an alongshore variable closure
depth can improve the application of hybrid models in complex mor-
phologies over timescales of concern in coastal management, particu-
larly since these morphologies characterise some of the world’s most
vulnerable sandy coastal systems.

6. Conclusions

Using a fringing reef system in Puerto Rico as a test site, this study:
(a) developed a new hybrid shoreline modelling approach that accounts
for alongshore variations in the closure depth in order to handle com-
plex morphologies; (b) tested how well this new hybrid approach per-
formed in a complex morphology relative to the current hybrid
approach, which assumes a spatially constant closure depth alongshore.
The main results show that:

(a) the current hybrid approach is not suitable for application in
complex morphologies, evident by a BSS = 0 and a r; = 0 between
associated shoreline change predictions and observations at the
test site.

the hybrid approach can be reliably extended to complex mor-
phologies if developed to consider alongshore variations in the
closure depth. This is evident from the new hybrid approach
having a BSS = 0.4 by predicting alongshore trends and patterns
of shoreline change that generally converged with those observed
at the test site (r; = 0.6; p < 0.0001).

(b)

These findings indicate that the closure depth is an important vari-
able for modelling shoreline change in complex morphologies, aligning
with the arguments of Lopez et al. (2020). Importantly, by modifying
existing hybrid models, as done here, we can capitalise on modelling
advances already made whilst addressing the limitations of their
application in complex morphologies. The next step is to determine the
optimum resolution for representing closure depth variations along-
shore and reconciling this optimum representation with the resolution of
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data available for sandy coastal systems globally that have a complex
morphology.

CRediT authorship contribution statement

Avidesh Seenath: Conceptualization, Methodology, Validation,
Formal analysis, Data curation, Writing — original draft, Writing — re-
view & editing, Visualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This study originates from my PhD research undertaken at Durham
University in the United Kingdom. I am thankful to my supervision
committee, and DHI Water Environments UK Ltd for providing access to
MIKE21. I am also grateful to the two anonymous reviewers for their
thoughtful consideration of my manuscript. Their critical feedback has
helped to improve the overall quality and clarity of the paper.

References

Ashton, A., Murray, A.B., Arnoult, O., 2001. Formation of coastline features by large-
scale instabilities induced by high-angle waves. Nature 414, 296-300.

Ashton, A.D., Murray, A.B., 2006. High-angle wave instability and emergent shoreline
shapes: 1. modeling of sand waves, flying spits, and capes. J. Geophys. Res.: Earth
Surf. 111, FO4011.

Brier, G.W., 1950. Verification of forecasts expressed in terms of probability. Mon.
Weather Rev. 78, 1-3.

Cattaneo, A., Steel, R.J., 2003. Transgressive deposits: a review of their variability. Earth
Sci. Rev. 62, 187-228.

Coelho, C., Lima, M., Veloso-Gomes, F., 2013. Relationship between cross-shore active
profile and one-line shoreline evolution models performance. J. Coastal Res. 165,
2107-2112.

Cooper, J.a.G., Pilkey, O.H., 2004. Sea-level rise and shoreline retreat: time to abandon
the bruun rule. Glob. Planet. Change 43, 157-171.

De Figueiredo, S.A., Goulart, E.S., Calliari, L.J., 2020. Effects of closure depth changes on
coastal response to sea level rise: insights from model experiments in Southern
Brazil. Geomorphology 351, 106935.

De Vriend, H.J., Capobianco, M., Chesher, T., De Swart, H.E., Latteux, B., Stive, M.J.F.,
1993. Approaches to long-term modelling of coastal morphology: a review. Coastal
Eng. 21, 225-269.

DHI. 2017. MIKE 21 documentation [Online]. Available: https://manuals.mikepowere
dbydhi.help/2017/MIKE_21.htm [Accessed January 01 2017,].

Eversole, D., Fletcher, C.H., 2003. Longshore sediment transport rates on a reef-fronted
beach: field data and empirical models Kaanapali Beach, Hawaii. J. Coastal Res. 19,
649-663.

Franz, G., Delpey, M.T., Brito, D., Pinto, L., Leitao, P., Neves, R., 2017. Modelling of
sediment transport and morphological evolution under the combined action of
waves and currents. Ocean Sci. 13, 673-690.

French, J., Payo, A., Murray, B., Orford, J., Eliot, M., Cowell, P., 2016. Appropriate
complexity for the prediction of coastal and estuarine geomorphic behaviour at
decadal to centennial scales. Geomorphology 256, 3-16.

Gonzalez, M., Medina, R., Losada, M.A., 1999. Equilibrium beach profile model for
perched beaches. Coastal Eng. 36, 343-357.

Hanson, H., 1989. Genesis - a generalized shoreline change numerical model. J. Coastal
Res. 5, 1-27.

Hanson, H., Aarninkhof, S., Capobianco, M., Jimenez, J.A., Larson, M., Nicholls, R.J.,
Plant, N.G., Southgate, H.N., Steetzel, H.J., Stive, M.J.F., De Vriend, H.J., 2003.
Modelling of coastal evolution on yearly to decadal time scales. J. Coastal Res. 19,
790-811.

Hoang, V.C., 2022. Analytical solutions of one-line model of shoreline change on the
evolution of river delta on a coast bounded by solid boundaries. Estuar. Coast. Shelf.
Sci. 264.

Hurst, M.D., Barkwith, A., Ellis, M.A., Thomas, C.W., Murray, A.B., 2015. Exploring the
sensitivities of crenulate bay shorelines to wave climates using a new vector-based
one-line model. J. Geophys. Res.: Earth Surf. 120, 2586-2608.


http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0001
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0001
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0002
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0002
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0002
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0003
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0003
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0004
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0004
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0005
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0005
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0005
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0006
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0006
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0007
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0007
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0007
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0008
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0008
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0008
https://manuals.mikepoweredbydhi.help/2017/MIKE_21.htm
https://manuals.mikepoweredbydhi.help/2017/MIKE_21.htm
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0010
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0010
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0010
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0011
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0011
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0011
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0012
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0012
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0012
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0013
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0013
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0014
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0014
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0015
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0015
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0015
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0015
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0016
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0016
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0016
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0017
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0017
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0017

A. Seenath

Kaergaard, K., Fredsoe, J., 2013. A numerical shoreline model for shorelines with large
curvature. Coastal Eng. 74, 19-32.

Karunarathna, H., Reeve, D.E., 2013. A hybrid approach to model shoreline change at
multiple timescales. Cont. Shelf Res. 66, 29-35.

Keshtpoor, M., Puleo, J.A., Shi, F., Dicosmo, N.R., 2015. Numerical simulation of
nearshore hydrodynamics and sediment transport downdrift of a tidal inlet.

J. Waterway, Port, Coastal Ocean Eng. 141, 04014035.

Kraus, N.C., Larson, M., Wise, R.A., 1998. Depth of closure in beach-fill design. Coastal
Engineering Technical Note. U.S. Army Engineer Waterways Experiment Station,
Vicksburry, MS.

Kristensen, S.E., 2013. Marine and Coastal Morphology: medium Term and Long-Term Area
Modelling. Ph.D. thesis. Technical University of Denmark.

Lépez, 1., Pagén, J.I., Navarro-Gonzalez, F.J., Miiller, G.V., Aragonés, L., 2020.
Determination of the study period necessary for calculating the equilibrium beach
profile and the depth of closure. Appl. Ocean Res. 94.

Luijendijk, A., Hagenaars, G., Ranasinghe, R., Baart, F., Donchyts, G., Aarninkhof, S.,
2018. The state of the World’s beaches. Sci. Rep. 8, 6641.

Marino-Tapia, I.J., Russell, P.E., O’hare, T.J., Davidson, M.A., Huntley, D.A., 2007.
Cross-Shore sediment transport on natural beaches and its relation to sandbar
migration patterns: 1. field observations and derivation of a transport
parameterization. J. Geophys. Res.: Oceans 112, C03001.

Morelock, J., Barreto-Orta, M., 2003. An update of coastal erosion in Puerto Rico. Shore
Beach 71, 7-12.

NCEL 2019. San juan, puerto rico 1/9 Arc-Second PRVD coastal digital elevation model
[Online]. Available: https://www.ncei.noaa.gov/metadata/geoportal/rest/metadat
a/item/gov.noaa.ngdc.mgg.dem:11510/html [Accessed June 01 2019].

NDBC. 2017. NDBC - station 41053 recent data [Online]. Available: https://www.ndbc.no
aa.gov/station_page.php?station=41053 [Accessed 01 January 2017].

Nicholls, R.J., Larson, M., Capobianco, M., Birkemeier, W.A., 1999. Depth of closure:
improving understanding and prediction. In: Edge, B.L. (Ed.), Coastal Engineering,
1999 Copenhagen. American Society of Civil Engineers, Denmark, pp. 2888-2901.

NOAA, 2017. San Juan, La Puntilla, San Juan Bay, Pr - Station Id: 9755371 [Online].
Available: https://tidesandcurrents.noaa.gov/stationhome.html?id=9755371
[Accessed 01 January 2017].

NOAA, 2019. 2016 NOAA NGS Topobathy Lidar DEM: Puerto Rico [Online]. Available:
https://coast.noaa.gov/htdata/raster2/elevation/NGS_PR_DEM_2016_8462/
[Accessed 01 June 2019].

Payo, A., Favis-Mortlock, D., Dickson, M., Hall, J.W., Hurst, M.D., Walkden, M.J.A.,
Townend, I., Ives, M.C., Nicholls, R.J., Ellis, M.A., 2017. Coastal modelling
environment version 1.0: a framework for integrating landform-specific component
models in order to simulate decadal to centennial morphological changes on
complex coasts. Geosci. Model. Dev. 10, 2715-2740.

Payo, A., French, J.R., Sutherland, J., A Ellis, M., Walkden, M, 2020. Communicating
simulation outputs of mesoscale coastal evolution to specialist and non-specialist
audiences. J. Mar. Sci. Eng. 8, 235.

Pelnard-Considere, R., 1956. Essai De Theorie De L’evolution Des Formes De Rivage En
Plages De Sable Et De Galets. 4th Journees De L’Hydraulique, Les Energies De La Mer
289-298.

11

Applied Ocean Research 141 (2023) 103754

Pontee, N.I,, 2017. Coastal Engineering and management. In: Green, D.R., Payne, J.L.
(Eds.), Marine and Coastal Resource Management: Principles and Practice.
Routledge, Oxford, United Kingdom.

Risandi, J., Hansen, J.E., Lowe, R.J., Rijnsdorp, D.P., 2020. Shoreline variability at a reef-
fringed pocket beach. Front. Mar. Sci. 7.

Roelvink, D., Huisman, B., Elghandour, A., Ghonim, M., Reyns, J., 2020. Efficient
modeling of complex sandy coastal evolution at monthly to century time scales.
Front. Mar. Sci. 7, 535.

Roelvink, J.a.D., Walstra, D.-J.R., Van Der Wegen, M., Ranasinghe, R., 2016. Modeling of
coastal morphological processes. In: Dhanak, M.R., Xiros, N.I. (Eds.), Springer
Handbook of Ocean Engineering. Springer, Dordrecht.

Sabatier, F., Stive Marcel, J.F., Pons, F., 2004. Longshore variation of depth of closure on
a micro-tidal wave-dominated coast. In: Smith, J.M. (Ed.), Coastal Engineering, 2004
Lisbon, Portugal. World Scientific, Singapore, pp. 2327-2339.

Seenath, A., 2022a. A New approach for incorporating sea-level rise in hybrid 2D/One-
line shoreline models. Sci. Rep. 12, 18074.

Seenath, A., 2022b. On simulating shoreline evolution using a hybrid 2D/One-line
model. Coastal Eng. 178, 104216.

Slott, J.M., Murray, A.B., Ashton, A.D., 2010. Large-scale responses of complex-shaped
coastlines to local shoreline stabilization and climate change. J. Geophys. Res.: Earth
Surf. 115, F03033.

Stive, M.J.F., Aarninkhof, S.G.J., Hamm, L., Hanson, H., Larson, M., Wijnberg, K.M.,
Nicholls, R.J., Capobianco, M., 2002. Variability of shore and shoreline evolution.
Coastal Eng. 47, 211-235.

Sutherland, J., Peet, A.H., Soulsby, R.L., 2004. Evaluating the performance of
morphological models. Coastal Eng. 51, 917-939.

Sutherland, J., Rossington, K., Whitehouse, R., Blanco, B., L’homme, J., 2015. Decadal
simulations of coastal geomorphic evolution in liverpool Bay, UK. In: Wang, P.,
Rosati, J.D., Cheng, J. (Eds.), Coastal Sediments, 2015 San Diego, USA. World
Scientific Publishing Co. Pte. Ltd, Singapore.

Udo, K., Ranasinghe, R., Takeda, Y., 2020. An assessment of measured and computed
depth of closure around Japan. Sci. Rep. 10, 2987.

Valiente, N.G., Masselink, G., Scott, T., Conley, D., Mccarroll, R.J., 2019. Role of waves
and tides on depth of closure and potential for headland bypassing. Mar. Geol. 407,
60-75.

Van Maanen, B., Nicholls, R.J., French, J.R., Barkwith, A., Bonaldo, D., Burningham, H.,
Brad Murray, A., Payo, A., Sutherland, J., Thornhill, G., Townend, I.H., Van Der
Wegen, M., Walkden, M.J.A., 2016. Simulating mesoscale coastal evolution for
decadal coastal management: a new framework integrating multiple,
complementary modelling approaches. Geomorphology 256, 68-80.

Yao, Y., Zhang, Q., Chen, S., Tang, Z., 2019. Effects of reef morphology variations on
wave processes over fringing Reefs. Appl. Ocean Res. 82, 52-62.

Zeinali, S., Dehghani, M., Talebbeydokhti, N., 2021. Artificial neural network for the
prediction of shoreline changes in Narrabeen, Australia. Appl. Ocean Res. 107.

Zhang, C., Zheng, J., Sui, T., Demirbilek, Z., Lin, L., 2012. A model of beach profile
evolution including wave-undertow interaction. In: Lynett, P., Smith, J.M. (Eds.),
Coastal Engineering. Curran Associates, Inc, New York.


http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0018
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0018
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0019
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0019
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0020
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0020
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0020
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0021
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0021
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0021
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0022
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0022
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0023
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0023
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0023
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0024
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0024
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0025
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0025
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0025
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0025
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0026
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0026
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ngdc.mgg.dem:11510/html
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ngdc.mgg.dem:11510/html
https://www.ndbc.noaa.gov/station_page.php?station=41053
https://www.ndbc.noaa.gov/station_page.php?station=41053
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0029
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0029
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0029
https://tidesandcurrents.noaa.gov/stationhome.html?id=9755371
https://coast.noaa.gov/htdata/raster2/elevation/NGS_PR_DEM_2016_8462/
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0032
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0032
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0032
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0032
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0032
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0033
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0033
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0033
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0034
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0034
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0034
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0035
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0035
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0035
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0036
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0036
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0037
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0037
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0037
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0038
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0038
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0038
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0039
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0039
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0039
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0040
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0040
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0041
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0041
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0042
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0042
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0042
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0043
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0043
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0043
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0044
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0044
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0045
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0045
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0045
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0045
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0046
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0046
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0047
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0047
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0047
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0048
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0048
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0048
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0048
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0048
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0049
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0049
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0050
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0050
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0051
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0051
http://refhub.elsevier.com/S0141-1187(23)00295-X/sbref0051

	A new approach for handling complex morphologies in hybrid shoreline evolution models
	1 Introduction
	2 Test site
	3 Data and methods
	3.1 Data and study period
	3.2 Model selection
	3.3 Model description
	3.4 Computational mesh
	3.5 Model parameterisation and calibration
	3.6 Enabling closure depth variations alongshore
	3.7 Model simulations
	3.8 Model validation

	4 Results
	5 Discussion
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


