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ARTICLE INFO ABSTRACT

Keywords: This study presents a 3D process-based morphodynamic model that uses orthogonal unstructured grids. It is
Process-based modelling designed for coastal applications involving complex bathymetry and varying spatial scales. The model extends
Morphodynamics

the Delft3D-FM framework by incorporating full 3D representation of wave, wind, and density-driven effects
in the short-wave-averaged, non-linear shallow water equations. The framework includes expressions for wave
and roller effects on flow forcing, turbulence, and bed shear stress, and integrates sediment transport and
morphodynamic feedback. Multi-fraction sediment transport is supported, and the model tracks stratigraphy
through a layered bed composition framework. Features such as infragravity wave dynamics, sediment mass
slumping, swash zone slope nudging and morphological acceleration techniques are incorporated to better
capture long-term morphological trends as well as storm erosion. The framework supports in-memory model
coupling and is fully parallelized, enabling efficient, large-scale simulations. Model verifications presented here
include analytical benchmarks and comparisons with laboratory and field observations, demonstrating reliable
reproduction of wave—current interaction, sediment transport rates, and bed level changes. The model has
the potential to bridge the gap between high-resolution event-scale modelling and long-term morphodynamic
prediction, offering a flexible framework to study coastal sedimentary dynamics.

Wave-current interaction
Unstructured meshes

1. Introduction zone management practitioners need quantitative information about
the hydro-sedimentary system on the relevant time— and spatial scales,

The morphology of coastal areas is shaped by sediment transport to inform the decision making process (Cuddington et al., 2013; Wu and
patterns resulting from atmospheric and oceanographic forcing, and it Wan, 2024). This information need has motivated a substantial body of
is constrained by the region’s underlying geological setting. Over time, research on data-driven and numerical coastal modelling over the last
coasts have become hotspots for socio-economic development, and this decades, resulting in several approaches that have reached different lev-

trend is expected to continue in the future (Dodman et al., 2022). As a
result, the anthropogenic footprint on the morphodynamics of coastal
environments is large, and this interplay is projected to grow further
in many places worldwide (Nawarat et al., 2024). Future changes in
storminess (Priestley and Catto, 2022), wave climate (Lobeto et al.,
2022), sea level rise (Fox-Kemper et al., 2021) and riverine sediment
supply (Nienhuis and van de Wal, 2021; Dethier et al., 2022) are all
expected to impact coastal morphology in various ways and at different

degrees, which poses significant challenges for sustainable coastal zone 3 ) o -
management tion techniques such as shared and distributed memory calculations,

To safeguard the sustainability of the ecological, societal and eco- fmd GPU accele.ra.ti.on (Afzal et al:, 2016), in combination with Fhe
nomic functioning of the low elevation coastal zone, integrated coastal improved accessibility of computational clusters and cloud computing

els of maturity (Hunt et al., 2023). Among these modelling approaches,
process-based morphodynamic models remain one of the most popular
choices, owing to being the most physically sound method, and to the
direct relevance of the spatio-temporal scales they typically resolve.
Traditionally cited drawbacks of this class of numerical models,
such as a high computational demand, and decreased reliability over
longer timescales (Reeve et al.,, 2016), have been addressed by a
number of recent developments. The implementation of paralleliza-
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have significantly reduced the computational time associated with
process-based modelling. The increase in the number and the tem-
poral coverage of publicly available global and regional datasets of
topo-bathymetry (Weatherall et al., 2015; Guth et al., 2024), land
cover (Xu et al., 2024), and hydro-meteorological variables (Hersbach
et al., 2020; Egbert and Erofeeva, 2002; Chassignet et al., 2007) now
facilitate the implementation of process-based models in many re-
gions in the world. The recent push to make many of the frequently
used process-based modelling frameworks available as open source
code has aided in their wide adoption within both the research and
engineering consulting communities. Input reduction techniques (Lat-
teux, 1995; Walstra et al., 2013) and algorithmic developments such
as morphological acceleration and in-memory ensemble averaging of
morphodynamics (Roelvink, 2006), have extended the temporal ap-
plicability of process-based models from years to decades. The use of
unstructured grids improves the efficiency of domain discretization and
optimizes the explicit part of the time integration of numerical mod-
els (Reyns et al., 2023). It allows for targeted local spatial refinement
where needed to improve model results in cases with complex bound-
aries or large spatial gradients in bathymetry, cases that typically pose
challenges to model performance when using a cartesian or curvilinear
grid administration (e.g., Lopez-Ramade et al., 2023).

Coastal process-based morphodynamic models are typically used to
assess morphological changes from storm events (O(days)) to inter-
annual timescales (Hunt et al., 2023). While the physical processes
that are influencing the morphological development over time are
essentially the same, their importance varies according to the timescale
under consideration (Sherwood et al., 2022). This distinction has led to
the development of different models for different timescales. For exam-
ple, the popular XBeach model (Roelvink et al., 2009), which resolves
the event timescale, has become the de facto standard for assessing
erosion hazards under the different Sallenger (2000) regimes, due to its
strong focus on wave group-related hydrodynamics and storm-related
morphodynamics. Other models, such as TELEMAC (Villaret et al.,
2013), MIKE21 (Zyserman and Johnson, 2002) and FVCOM (Chen
et al., 2006), are applied to assess the morphodynamics on timescales
of weeks to years. Models that bridge this divide, and contain the neces-
sary physics to integrate processes over a large range of spatiotemporal
scales within one framework, remain scarce. One notable exception
is the curvilinear COAWST model (Warner et al., 2010), which was
recently extended with a module for infragravity wave dynamics and
dune front slumping (Olabarrieta et al., 2023). To date, no unstructured
models with a similar functionality exist. The description of such an
unstructured model, and the demonstration of its key functionality by
comparing model outcomes with analytical solutions, and laboratory
and field observations is the aim of this paper.

The present model extends Delft3D-FM (Kernkamp et al.,, 2011;
Martyr-Koller et al.,, 2017; Reyns et al., 2023) by incorporating 3D
wave effects in the hydrodynamic solver, and by adding additional
sediment transport and morphodynamic capabilities, building upon
and combining the approaches of Lesser et al. (2004) for detailed
sediment and morphology processes with the features for storm impact
assessment of Roelvink et al. (2009). This unique modelling approach
allows for new applications such as a large-scale, but a locally very
detailed, model of the response of a complex beach/dune system to a
large storm, or the 3D morphological modelling of a field of offshore
breakwaters.

The outline of this paper is as follows. Section 2 describes the
model formulations. Section 3 describes the numerical aspects of the
implementation. Section 4 presents model verification results for hy-
drodynamics (Section 4.1), sediment transport (Section 4.2) and mor-
phodynamics (Section 4.3). Finally, Section 5 contains discussion and
conclusions.
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2. Model formulations

The model solves the short-wave-averaged, non-linear shallow wa-
ter equations, accounting for the effects of waves, wind, and density-
driven flows. It extends the 3D unstructured Delft3D-FM flow model
(Kernkamp et al., 2011; Martyr-Koller et al., 2017) by incorporating
additional terms to represent depth-varying wave-induced forcing, bed
shear stress, and turbulence. Furthermore, it includes modules for
sediment transport and morphological evolution.

In this work, we apply the following definitions for the grid geome-
try. In the vertical, we discretize the domain in a fixed number of layers
Nyay, Using terrain-following o coordinates. Layers are separated by layer
interfaces, where the lowest interface corresponds to the bed, and the
top interface to the free water surface. In the horizontal direction, each
layer of the orthogonal unstructured mesh is discretized in cells, which
are each bounded by a set of faces. Each cell has a base surface area
S and a volume V. The horizontal positions of variables in each cell
are staggered, with scalars being defined in the cell centre, and the
face-normal and face-tangential velocity components and fluxes being
defined at the midpoint of every cell face. The vertical velocities are
defined in the midpoints of the interface separating neighbouring cells
within the same column of water.

2.1. Hydrodynamics

2.1.1. Wave module

In order to incorporate wave effects on the nearshore circulation
in our model, we need space and time-varying estimations of integral
quantities like wave heights, periods, and directions, and of wave dis-
sipation. In this study, we adopt two different wave models, depending
on the application. The first wave model is the curvilinear version of
the SWAN model (Booij et al., 1999), the second wave driver is the
wave group-scale resolving wave model of Reyns et al. (2023). Here,
we only give a short description of the model features, and we refer to
the referenced literature for more details.

SWAN model (Booij et al, 1999). The third-generation spectral
SWAN model solves the spectral wave action balance for random,
directionally-spread wind-generated waves as a function of prevailing
wind, currents, water depth and bathymetry (Eq. (1)).
a0 a;[;A = Swaver

where A(1,x,y,0,w) is the time- and space-varying wave action as a
function of both wave direction and frequency, ¢ is time, ¢, is the
wave group velocity vector, ¢, is the refraction velocity, 6 is the wave
direction, w is the relative wave frequency, and ¢, is a measure for
the speed of frequency shift of wave action A. V represents the spatial
gradient operator i% + j%, with i and j the unit vectors in x- and
y-direction, respectively. The model source and sink terms S, incor-
porate wind growth, non-linear wave-wave interaction by quadruplets
and triads, dissipation by bed friction, whitecapping, depth-induced
wave breaking, and by vegetation. The model accounts for shoaling,
depth- and current-induced refraction, diffraction and reflection (Booij
et al., 1999; Holthuijsen et al., 2003). The coupling in this study is
performed in an online manner, where at predetermined time points
flow and wave information is exchanged using communication files
and interpolation. We apply the well tested and stable curvilinear grid
version, which can be used in a nested configuration to reach the
desired spatial resolution to resolve the wave physics of interest. Al-
though an unstructured version of SWAN (UnSWAN; Zijlema, 2010) is
available, it is less extensively validated. Moreover, UnSWAN employs
triangular grids, which still necessitate interpolation when coupling
with the mixed-element unstructured grids used in Delft3D-FM.

A dcyA
— +V-.c, A+
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Wave group-scale model of Reyns et al. (2023). The wave model of Reyns
et al. (2023) solves a reduced version of the wave action balance
(Eq. (1)) in stationary or non-stationary mode, and is designed for
local-scale surf zone applications. The model accounts for shoaling
and refraction only, not for changes in wave period (i.e. A(t,x,y,0)).
Wave action sinks are limited to dissipation by bed friction and depth-
induced wave breaking, and wind growth is not supported. During
non-stationary runs, wave boundary conditions are provided at the
time scale of wave groups, which allows simulating the generation and
propagation of infragravity waves. Additionally, the model features a
coupled solver for the roller energy balance, which improves estimates
of wave-driven currents in the nearshore (Nairn et al., 1990). In con-
trast to SWAN, the model of Reyns et al. (2023) is directly integrated
in the Delft3D-FM code, and shares its spatial discretization with the
flow module. During stationary runs, the wave and roller energy fields
are updated at a user-defined time interval. Non-stationary runs are
tightly coupled with the circulation model, and update the wave-related
quantities at every time step.

2.1.2. Flow module

The circulation model is based on Kernkamp et al. (2011)
and Martyr-Koller et al. (2017), with additions to account for the effect
of waves. The flow module resolves the continuity and momentum
equations for incompressible flow in two or three dimensions (Egs. (3)
and (4), respectively). We treat the pressure as hydrostatic, and we
divide it in a barotropic and a baroclinic part, to take into account the
effects of salt, temperature and sediment on the fluid density (Eq. (2)):

ap
9z 12483

where p is the total pressure, p is the barotropic pressure contribution,
P’ is the baroclinic pressure part, z is the vertical coordinate, p is the
mean fluid density, potentially with the influence of the presence of
sediment, and g is the gravitational acceleration. Sediment effects on
fluid density are taken into account as p = p,, + X ¢ ¢ (Pis = Pip)/ Piss
with nf the number of fractions, i is the suspended fraction under
consideration, p,, the water density, ¢; the sediment concentration,
and p;, the density of the solid particles. The flow equations are
expressed in Generalized Lagrangian Mean velocities (GLM) u (Andrews
and Mclntyre, 1978; Nguyen et al., 2021), defined as the sum of the
Eulerian velocities u”, the velocity field observed from a fixed point at
the bed, and the vertically varying Stokes drift uS (Eq. (6)), calculated
from linear wave theory. The continuity equation reads

p=p+r. (2

oh
E +V. (hu) = Sflow (3)
The momentum balance reads
)
v+ 2 = gLy v, (Vus Ve )+ L0, - 1 e xut F, (4)
Jat [} P dz oz

and is subject to zero-flux bed and surface boundary conditions and to

F wave,s

Ju 1 Ju 14
=fwd7a|uw|uw+ P ’

= = —Tb, 1%
0Z |z=bed P

* 02 | ;=surface
(5)

where h is the water depth, ¢ is time, z is the vertical coordinate,
u = {u,u,} is the vector of horizontal GLM velocities, u, is the
vertical component of the velocity vector, S;,, is the source term
for mass, including discharges, evaporation and precipitation, g is the
gravitational acceleration, p is the mean density, v, is the horizontal
viscosity coefficient, v, is the vertical viscosity coefficient, f, is the
latitude dependent Coriolis parameter, &, is the unit vector in positive
vertical direction, F are the forces due to air pressure, tidal forces and
waves; 7, is the (potentially wave-enhanced) bed shear stress; f,, is
the wind friction factor; p, is the air density; u,, is the wind velocity
vector at 10m above the surface; and F,,. is the wave force vector
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at the water surface. The Stokes drift vector u® is calculated from Dean
and Dalrymple (1991):

uS = Hims | cosh2|k(z +h)

8 sinh? |k|h
where H,,, is the RMS wave height, k is the wave number vector, o is
the wave frequency, and z is the vertical coordinate. Both k and w are
derived based on the peak wave period. Near the bed, wave streaming
is modelled as a time-averaged shear stress, varying over the thickness
of the wave boundary layer § (Fredsge and Deigaard, 1992), and added
to F:

©

_zﬁxﬁz _ Dy cos¢ (1_ h—z)

, 7
0z pcy, o o )

h—6<=z<=h

where i, and @, are the horizontal and vertical components of the
orbital velocity, Dy, is the wave energy dissipation by bed friction, ¢ is
the wave direction, and ¢, is the wave phase velocity. The total wave
force resulting from the gradients in radiation stress is divided into a
part related to wave surface dissipation, and into wave body forces,
following Dingemans et al. (1987).

Following Reyns et al. (2023), the bed shear stress 7, due to currents
and waves can be modelled using the approach of Soulsby et al.
(1993) which parametrizes various wave-current interaction models to
establish the combined bed shear stress effect, or by using Ruessink
et al. (2001). When using the van Rijn (2007a,b,c) sediment transport
formulations, we derive the value of the bed shear stress as a function of
the apparent bed roughness, which is a non-linear function of bedform
height, wave non-linearity and flow velocity, as described in van Rijn
(2007a). In all approaches, the bed shear stress is established from the
Eulerian velocity vector in the near-bed o layer.

To model the anisotropic turbulence, we separate horizontal and
vertical spatial scales, and apply the eddy viscosity concept (Prandtl,
1905). Horizontal diffusion of momentum is modelled using a user-
specified dynamical viscosity coefficient v, and Smagorinsky subgrid
turbulence (Smagorinsky, 1963) to handle unresolved horizontal mix-
ing. In this study, the vertical viscosity v, is modelled using a zero
or two equation turbulence model. For models featuring uniform flow
without waves and wind, we use the algebraic turbulence model
(Eq. (8)):

v, =kz(l = z/Mu, 4, ®)

where « is the von Kédrman constant; z is the height from the bed; and
u,, is the bed friction velocity, calculated as «|uy|/In((6(zp) + 9 zp)/
(ez)), where |u,| is the velocity magnitude in the bottom layer, §(z,) is
the bottom layer thickness, e is the base of the natural logarithm,
and z, is the roughness height. Applying the algebraic turbulence
model gives rise to a logarithmic velocity profile. Although algebraic
turbulence models exist for wave—current interaction (e.g., Tambroni
et al. (2015)), we calculate the vertical viscosity in the non-uniform
cases presented in Section 4 from
2

v, =¢, k? ©)
using the k — ¢ model of Jones and Launder (1972), with additions to
account for wave influences in the production terms (Walstra et al.,
2001; Le, 2012) and buoyancy effects for stratified flows (Rodi, 1993):

ok du. k0 ok

—4+V-wk)+ —=—=—(W,,—)+P. +B, - 10
o + (u k) + oz dz(v"k()z)+ x T By —€ (10)
e Qu; € 9 . e € &
E+V~(u €)+ 6Zz =£(vu£)+cle v, E(Pk+(1—c3£)B,()—c25 =

1D

where k is the kinetic energy, 7 is time, ¢ is the rate of turbulent energy
dissipation, By is the buoyancy-related flux of k, equal to g v, /(pc,) % ;
v« is the sum of the kinetic viscosity and v,/c,, with ¢, = 1.0;
V. equals v, /., with 6. = 1.3. ¢, is the Prandtl-Schmidt number,
equal to 0.7 for salt and temperature, and 1.0 for suspended sediment.
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¢, Cies € are calibration constants with values 0.09, 1.44 and 1.92,
respectively (Launder and Spalding, 1972). 3, is 0.0 in case of unstable
stratification, else it is equal to 1.0 (Rodi, 1987). The kinetic energy
production term in the water column P, contains contributions of
the vertical shear of the horizontal Eulerian velocities (Ardhuin and
Jenkins, 2006), and of turbulence generation due to wave and roller
energy dissipation (Nguyen et al., 2021; Le, 2012):

2
2D w,r a h—z )
>
P Ayaye H s Oyaye H s
h—awaye Hyps<=2<h

(12)

ouf(z)
Jz

P (z) = v,(2)

where uf is the horizontal Eulerian velocity field, z is the height above
the bed, D, is the energy dissipation by whitecapping, wave breaking
and surface rollers (Feddersen and Trowbridge, 2005), H,,,, is the RMS
wave height, and «,,,. is a parameter controlling the depth over which
the dissipation is distributed (Moghimi et al., 2016; Feddersen, 2012).
The equations are subject to bed and surface boundary conditions (Le,
2012):

kl uib kl uiw (K Dwr)Z/3 (13)
z=bed = ——> = =—+ -
z=bed \/a z=surface \/a 30p e
3
9e _ Wy de _ ”i.w + 2D,
0Z | ;—ped K (5(21,)/2 + 920)2 ’ 0Z | ;=surface K (5(15)/2)2 P (Oyaye Hrms)2 ’

(14

where « is the von Kdrman constant, u, , is the wind friction velocity,

equal to y/ f.4 ”7" |ty ; u,, is the bed friction velocity, ¢, is a calibration

constant equal to cz/ 4 z, is the roughness height, §(z;) is the bottom

layer thickness, and §(z;) is the top water layer thickness.
2.2. Sediment transport and morphological updating

We model multi-fraction total sediment transport as the sum of
bedload and suspended load over the fractions (van Rijn, 1993):

h
Giot = Z <Kbed qi,bed + / qi,sus dz) ’ (15)
a

nf
where g, is the total transport vector, nf is the number of fractions,
4; peq is the bedload vector for fraction i, g;, is the suspended load
vector, Ky is a proportionality factor, and a is the height above the bed
where the reference concentration is calculated to determine the source
term for the suspended transport. We assume that all bedload transport
occurs below a. In our model, we distinguish four types of sediment
fractions, which determine the allowable type of transport for the
fraction under consideration. The clay (ds, <=32um) and silt fractions
(32 pm< dsy <=64 pm) are only transported as suspended load, and the
sand fractions (64 pm < ds, <=2000 um) can be transported as combined
bedload and suspended load. Lastly, gravel fractions (ds, >2000 pm) are
modelled as bedload only. The interaction of multiple (cohesive and/or
non-cohesive) sediment fractions can be taken into account in the crit-
ical bed shear stress for the initiation of motion (e.g. van Rijn, 2007a),
in the bed shear stress used for cohesive transport (Soulsby and Clarke,
2005), in the source terms for suspended sediment transport (van
Ledden, 2002), and in the bed composition model (Section 2.2.4). In
the model’s GLM framework, we use different velocity definitions to
calculate bedload and suspended fluxes. Near the bed, the bed shear
stress is modelled using the instantaneous velocity, and wave effects are
taken into account using contributions derived from the wave orbital
velocity (e.g., Soulsby et al., 1993). As bed load transport is closely
related to dissipation in the bottom boundary layer, we use the same
instantaneous velocity estimate, i.e. the Eulerian velocity, to estimate
the bed load transport vector, as well as the reference concentration
that serves as the bed boundary condition for suspended transport. In
contrast, fluid mass propagates with the Lagrangian velocity, which
accounts for the short wave-related phase-averaged mass flux (Stokes
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drift) in addition the mean current velocity in a consistent set of equa-
tions. Any matter that is transported in the water column, including
suspended sediment, is hence transported with this velocity.

2.2.1. Bedload sediment transport

Sediment transport vectors (Section 2.2.3) are determined in the cell
centres, and subsequently projected in the face-normal direction on the
cell faces using an upwind approach that is similar to the procedure
described by Lesser et al. (2004). After establishment of the bedload
vector in the cell face position, we apply longitudinal and transversal
bed slope effects to the vector magnitude and direction (Bagnold, 1966;
Ikeda, 1982). If we denote the bed slope in the uncorrected bedload
transport direction as o, and the slope perpendicular to it, 6, then the
corrected bedload vector g4 equals:

lon tan ¢

q =(1+a, )q , (16a)
bed,c " cos (arctano,) (tan¢ — o) bed

Tvedc = qLoerZLC + ap, \/ |Tb,cr|/|Tb,u:c| Op (éz X q{)oe‘:jyc)’ (16b)

where g4 is the uncorrected bedload vector, q{:’e‘é . Is the bedload vec-
tor corrected for longitudinal slope effects, a,; and «,, are calibration
factors, &, is the unit vector in the z direction, and ¢ is the sediment

repose angle.

2.2.2. Suspended sediment transport

Transport of suspended sediment is calculated by solving the 3D
advection-diffusion equation with a source and a settling term per sed-
iment fraction. Only clay, silt and sand can be modelled as suspended
fractions, and their type and abundance will determine the applied
formulations for the settling velocity and the source terms. The 3D
advection-diffusion equation reads

dc J d dc
S V() + 5= (e = |w,)e) = V- (e - V) = 5 (ewca) —E-D
(17a)
c,—¢C
E= L=t 17b
€ws,bed 5(zb) bed ( )
= sC 17¢)
6(Zb) z=bed '

where ¢ is the sediment concentration, 7 is time, z is the vertical
coordinate, ¢, is the horizontal sediment diffusivity parameter, ¢, is
the vertical sediment diffusivity, E and D are the sediment source and
sink terms for sand, respectively, c, is the reference concentration, and
5(z,) is the layer thickness at the bed. The settling velocity of sand
fractions w; is calculated using the formulations of van Rijn (2007b)
by default, which incorporate hindered settling (Richardson and Zaki,
1954) and simplified flocculation. More advanced flocculation mod-
els (Manning and Dyer, 2007; Chassagne and Safar, 2020) can be
applied for cohesive fractions, overruling the default fraction-specific,
user-defined, constant settling velocity. For cohesive fractions, D and
E are calculated following Krone (1962) and Partheniades (1965), and
the presence of a thin muddy buffer layer influencing E can be taken
into account using the concepts presented by Van Kessel et al. (2011).

2.2.3. Sediment transport formulations

Although a multitude of transport formulations are available in
Delft3D-FM (Deltares, 2025b), in this study (Section 4) we only use the
transport relations of van Rijn (2007a,b,c), the transport formulations
of van Thiel-van Rijn (Roelvink et al., 2009), and the bedload transport
relation of Meyer-Peter and Miiller (1948), depending on the various
applications in Section 4. In the following, we provide an outline of
these transport formulae, and refer to the original publications for more
details.
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TRANSPOR2004 transport relations. The TRANSPOR2004 sediment
transport formulations (van Rijn, 2007a,b,c; Walstra et al., 2007)
provide estimates of bed roughness, a reference concentration ¢, at
reference height a for the advection-diffusion equation, of wave- and
current-driven bedload transport below the reference height, and of
suspended load due to the presence of waves in the suspension layer
8,5 Together, they provide a framework to estimate the total sediment
transport under the combined action of currents and waves.

van Rijn discerns contributions to the bed shear stress by skin
friction, and by form drag of ripples, megaripples and dunes. The
dimensions of these bedforms are a function of local water depth A, sed-
iment grain size and the mobility parameter y = (|u|f + |u|§rb) [l(ps/p—
1) g dsp], expressing the balance of forces acting on sediment grains (van
Rijn, 2007a). Here, p, is the specific density of the sediment fraction
under consideration, u, is the depth-averaged current vector, based on
a logarithmic velocity profile reconstruction, and u,,, is the represen-
tative peak orbital velocity vector, derived from Isobe and Horikawa
(1982). When the ripple height k. is known, a is established as a =
ky/30 + 0.5k, with k the grain-related roughness, for both current
only and combined wave—current induced flow (van Rijn, 2007a). The
critical bed shear stress 7., is established based on van Rijn (1993),
with modifications for fine sand by van Rijn (2007a).

The total wave-averaged bedload transport vector g4, consisting of
the sum of wave and current-related contributions, is calculated from
reconstructed intra-wave time series uZ _at height a, based on Isobe and
Horikawa (1982), Albernaz et al. (2019), and Nielsen (1992):

1 Tp u‘iﬂ
Gped = F,, /0 qub.wc,insnldl‘ (18a)
Lo d (18b)
L= = —_— cinst | A7

qbed.c Tp /0 |u§w| |qb.M/L‘.ma[|

Gved,w = Dved ~ Dbed.c (18¢)
Gred weinst = -3 25 fain dso D;m \/ Thawe /p [(Tb.wc — ®im Paip Tb,cr)/(/’slp"b,cr)] >

(18d)

Where g ye.inse 18 the instantaneous total bed load transport vector, T),
is the peak wave period, uf is the non-oscillatory part of the velocity
signal, gy, is the wave-averaged current-related bed load transport
VECHOr, Gheqy i the wave-averaged wave-related bed load transport
vector, fy is max (6.2 x 107% /dsy, 1), D, = dsq ((s — l)g/vz)l/3 is the
dimensionless grain size, s is the relative density, g is the gravitational
acceleration, v is the kinematic viscosity, 7, ,. is the instantaneous
grain-related bed shear stress due to currents and waves (van Rijn,
2007a), a;, is a factor to account for the stochastic character of the
initiation of motion (van Rijn, 2006), and Bqp accounts for the bed slope
effect on the critical shear stress (Dey, 2003; Walstra et al., 2007).

The near-bed sediment transport vector q; ,, in the suspension layer
Sgus> driven by asymmetric oscillatory wave motions is given by van
Rijn (2007b):

6SUS
g, =U, / cdz
’ a
Sgus =2.16 (1 + \/H,/h — 0.4) As(k,, /A",

where ¢ is the sediment concentration, u, = 0.1ay (u}, — uiff)/(ugn +
ugff) is the wave-averaged drift velocity resulting from wave non-
linearity (Isobe and Horikawa, 1982; Albernaz et al., 2019), 1 is
the phase-lead function that accounts for the phase shift between
shear stress and sediment mobilization (Walstra et al., 2007), Hj is
the significant wave height, and A; is wave orbital excursion. Al-
though conceptually not entirely correct, this transport contribution is
modelled as a bedload flux in our model.

Suspended sediment transport due to mean currents is modelled
by solving a 3D advection diffusion equation (Section 2.2.2), which

(19a)

(19b)
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requires a sediment concentration ¢, at the reference height a to
construct the source terms, and the vertical distribution of the sediment
diffusivity profile ¢,,,.

Co = Kyus 0:015 (1 = petay) fsﬂt% po37is, 20)
where &y, is a user-defined proportionality factor, p,y is the percent-
age of clay in the total sediment mixture in the transport layer, and
T = [(T410c = Fim Buip Th.er)/ BuipTher)] is the dimensionless excess shear
stress, established from the wave-averaged, depth-averaged current and
the peak orbital velocity (van Rijn, 2007a,b). The sediment diffusivity
profile is calculated per fraction as €, (z) = 4/€2(z)+¢€2 (z) (van
Rijn, 1993), and assuming that the Prandtl-Schmidt number equals
1.0 for non-cohesive fractions and 0.7 for cohesive sediment. van Rijn
(1984) accounts for the difference in dispersion behaviour of sediment
and water in the current-related mixing, using a factor f; = 1 +
(w,/u,.)*, where w is the settling velocity, incorporating flocculation
and hindered settling effects (van Rijn, 2007b), and u, . is the current-
related shear velocity. When using the algebraic turbulence model
(Section 2.1), ¢, and ¢,, have parametrized shapes. The current-related
mixing parameter ¢, has a parabolic-constant form, and the wave-
related diffusivity parameter is a piecewise-linear function (van Rijn,
1993). In the case of using the k — ¢ turbulence model, the eddy diffu-
sivity is converted to a sediment diffusivity parameter by multiplication
with a factor f; = 1+ (Bix — 1) 7./(z. + 7,,), so that it only affects the
current-related mixing, as intended by van Rijn (1984).

van Thiel/van Rijn (Roelvink et al,, 2009). In order to model ero-
sion hazards on sandy beaches during extreme events, the XBeach
model (Roelvink et al.,, 2009) contains an adapted version of the
Soulsby-van Rijn transport formula (Soulsby, 1997) by adding the influ-
ence of roller-generated turbulence to the orbital velocity estimate, and
recalibrating the transport coefficients (van Thiel de Vries, 2009), by
calculating the settling velocity, including hindered settling, according
to Ahrens (2000), by considering the effect of dilatancy to reduce
sediment mobilization (De Vet et al.,, 2015), and by incorporating
bed slope effects to the transport estimates and the critical bed shear
stress (Walstra et al., 2007). Velocity contributions due to wave non-
linearities are derived based on Abreu et al. (2010) and Ruessink et al.
(2012).

In our model application (Section 4.3.4), we include the bedload
related part of the total transport as an explicit bedload flux, and
we derive a reference concentration for the 2D advection-diffusion
equation to model the suspended part of the sediment load, incorpo-
rating the proportionality factor kg, similarly to Eq. (20). We use the
settling velocity formulation of van Rijn (1993) and the formulations
of Galappatti and Vreugdenhil (1985) to derive the suspended sediment
source terms. We omit the bed slope effects on the transport magnitude
and direction as used in XBeach, but apply the standard adjustments for
downslope transport (Bagnold (1966), Ikeda (1982), see Section 2.2.1).
The wave non-linearity contribution to the velocity u, is omitted for
the suspended transport. The bedload transport g,.q and the reference
concentration ¢, are then given by:

A
Gbed = Ps Tb (lutoll - ucr)lvs(uE + ua)H(lulotl - ucr) (213')

A
Cq = Kgus Ps 7? (|ulol| - ucr)ZAH(Iuloll - ucr) ) (21b)
where A, and A, are the bed load coefficient, and the suspended load
coefficient, respectively (van Thiel de Vries, 2009), which are functions
of the grain size, relative density of the sediment and the local water
depth; u,, is the critical velocity magnitude for sediment mobilization,

Uy, = \/(uE)2 +0.64 (12

2« +1.45k,) is the stirring velocity vector, u
is the RMS orbital velocity magnitude, k, is the roller turbulence
contribution to the stirring, and H is the Heaviside function (van
Thiel de Vries, 2009).
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Bedload formula of Meyer-Peter and Miiller (Meyer-Peter and Miiller,
1948). The Meyer-Peter and Miiller (1948) sediment transport relation
gives an estimate for the bedload as follows:

(ps = p)
Gped = 8dsp v > o ¢ dso(u, 0 — 0.047)*/2, (22)

where y, = (C/Cd90)3/ ? is the ripple factor, C is the total drag
Chézy parameter, Cyq, is the grain-related Chézy parameter, and 6 is
the Shields mobility parameter, derived using the total drag. In our
application, we ignore the influence of hiding/exposure on the critical
bed shear stress.

2.2.4. Bed composition and morphological updating

Bed composition. When using multiple sediment fractions, it becomes
important to keep track of the vertical distribution of the different
sediment fractions in the bed, as layers of easily erodible sediments
may alternate with more erosion-resistant layers as a result of time- and
space varying erosional and depositional processes. In order to model
the layered bed composition, we follow the concepts first elaborated
by Hirano (1971), where the bed is divided into a well-mixed top-
most active layer and a set of substrate layers, of which the mass
distribution is tracked in time. Erosion and deposition, resulting from
transport processes described earlier (Section 2.2.3), change the mass of
the active layer. Substrate layers below the active layer do not exchange
sediment with the water column directly, but their composition will be
affected by the scour or replenishment of the active layer. The temporal
change in mass per unit area m,, of the active layer is given by:

nf

omy,
0: = —ay Z (V “Goedi = Di + Ei — myg; + 05 Pari
i=1

dza]—]
dt

>, (23)

where subscript i indicates a fraction-dependent quantity, ays is the
morphological acceleration factor, D; is the deposition flux, E; is the
erosion flux, my,; is the nett mass change resulting from dredging and
dumping operations, p; is the specific density, ¢,; is the volumetric
fraction, where Z:;f | $ali = 1 = 4, with 4, the bed porosity. The term
dz,_,/dt is the velocity of the interface between the active layer and
the first substrate layer below it. In the default configuration, the active
layer has a constant thickness, and mass is transferred between the
active layer and the first substrate layer to accommodate for scour and
aggradation. The first substrate layer under the active layer can change
its thickness in time by receiving from or providing mass to the active
layer. The thickness of the substrate layers below that layer is constant.
If, in the case of deposition, the maximum allowed layer thickness is
reached for the first substrate layer, a new substrate layer is created
above the original one. Similarly, in case of complete erosion of the
first substrate layer, the original second substrate layer becomes the
layer that exchanges mass with the active layer. Mass change dm, /ot
of the first substrate layer then equals:

f
om, . d

5 = o gl, (Pb.i bri g, (@~ 5a1)) . @4
where z, is the bed level, and &, is the active layer thickness. If the
creation of a new substrate layer would exceed the maximum allowed
number of substrate layers, layers at the bottom of the stratigraphy
stack will be merged.

Morphological updating. The change in sediment mass is translated into
a bed level change based on the bed porosity A, and the specific
densities of the various sediment fractions p;;. The bed level change
0z,/0t is given by

92 _ 90 | %% %% i Oan_ OMalLi 25)
a ot | oa, or Img; or

i=1
where 9dz,,/dt is the ‘background’ base substrate level change by
e.g. subsidence, §,, is the total sediment thickness, and my), ; is the total
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mass of fraction i in the stratigraphy stack. In this paper, we ignore the
change in porosity in our applications.

In addition to the standard bed update procedure from spatial
sediment transport gradients, we consider two extra mechanisms in
our model that change the local bed level. During collision regime
conditions in coastal storms (Sallenger, 2000), when waves actively
impact on the dune front, dune face slumping is the dominant erosion
mechanism (van Thiel de Vries et al., 2008; Palmsten and Holman,
2012). This process is triggered in the model when the slope between
two adjacent cells is steeper than a critical value o,. The cell face-
normal flux ¢, required to re-establish the critical slope is included
as an additional downslope bedload transport component, with linear
relaxation over a predefined avalanching period T,. After taking into
account the relative availability of different sediment fractions, this flux
is added to the transport flux divergence contribution to the bed update,
ensuring mass conservation.

nf

psipiw S| S, 0z,
qav:zﬁ 5.+, (261 = 242 + 0,ds) H(lgl—"c , (26)

where S, and S, are the areas of the two cells sharing the cell face
under consideration, z,; and z,, are the corresponding bed levels, w
is the cell face width, ds is the distance between the cell centres of
cells 1 and 2, and 0z,/ds is the total bed slope in the face-normal
direction. On longer time scales of weeks to months, the swash zone
of beaches tends to recover to a certain stable cross-shore slope, which
depends roughly on wave exposure, the median grain size and sediment
sorting (Wiegel, 2005; Reis and Gama, 2010; McFall, 2019). Based on
these findings, Roelvink and Costas Otero (2017), Roelvink et al. (2019)
postulated that post-storm beach recovery could be incorporated in
process-based models by nudging the swash zone slope to a predefined
value. This slope value can be derived from field observations, or from
literature. In our model, this process is again incorporated as an ad-
ditional bedload flux ¢ in cell face-normal direction. It is constrained
in space to the inner surf zone, by setting a critical depth and breaker
parameter value y;, .. We assume that the local wave direction is a good
proxy for the orientation of the maximum bed slope, so we get for the
sediment flux g

nf

0z, k H
951 = ®cal Z |@ea.ic| <g ~ Ops ﬁ) H < ;lms - Ybr,c> , 27)
i=1

i=

where a, is a calibration factor, dz,/ds is the local bed slope in the
face-normal direction, oy, is the slope magnitude to nudge towards, k
is the wave number vector, k, is the wave number component in the
direction of the face normal vector, and y,,, . is the critical wave breaker
parameter.

In order to speed up the morphological simulations, the changes in
sediment mass can be multiplied with a morphological acceleration fac-
tor (Roelvink, 2006), which can change over the time of the simulation.
For models where the hydrodynamic forcing can be schematized in a set
of representative conditions, our model allows for the application of the
parallel online method (Roelvink, 2006), where the morphodynamic
evolution of the study area is determined based on the concurrent
calculation and weighted averaging of the bed updates. This allows
for morphological runs over time periods from hours to years with
reasonable run times.

3. Numerical implementation

In the horizontal plane, the orthogonal unstructured grid is dis-
cretized using a hybrid combination of triangles and/or quadrilateral
curvilinear parts. In the vertical, we discretize the domain using terrain-
following o coordinates. The model is completely parallelized using
the Message Passing Interface (MPI) protocol, and it is Basic Model
Interface (BMI) compatible (Hutton et al., 2020), allowing for flexible
in-memory communication with other model frameworks.



J. Reyns et al.
3.1. Hydrodynamics

The horizontal advection and diffusion terms for momentum
(Eq. (4)) are discretized in the cell centres, interpolated back to the
cell faces (Perot, 2000), and reprojected in face-normal orientation.
The horizontal advection term is discretized using a higher-order, total
variation diminishing (TVD) limited upwind scheme. Coriolis terms
are discretized in an energy-conserving way following Kleptsova et al.
(2009). Vertical advection of momentum is discretized with a first-
order upwind approach. The turbulence equations are solved implicitly
in a decoupled fashion, using first-order upwind discretizations for
horizontal advection and vertical advection and diffusion.

Time integration of the shallow water equations is performed using
a predictor—corrector approach (Martyr-Koller et al. (2017), eqn. A9-
Al11), where the explicit time integration of the advection part gives
rise to a time step restriction (Table 1). Based on the velocities from
the predictor step, the water level equation is solved implicitly. The
final velocities for the time step are back-calculated from the updated
water levels. In order to accommodate drying and flooding, cell faces
with a water depth smaller than a user-defined threshold value at the
beginning of a time step are removed from the numerical system that
is solved. If the water level of a cell becomes lower than the bed level
during the implicit time integration, the faces belonging to that cell
are deactivated, and the time step is repeated. The water depth and
the face-normal velocities for these faces are zero in the next time
step (Deltares, 2025a).

3.2. Sediment transport and morphology

In order to simplify the solution procedure, the bed level updating
is decoupled from the solution of the hydrodynamic equations, which is
a reasonable assumption for low to moderate Froude numbers (Morris
and Williams, 1996; Lyn and Altinakar, 2002). Updating of the bed
levels requires estimates of the bedload transports (including van Rijn’s
suspended transport by waves), and of the suspended sediment erosion
and deposition fluxes, per sediment fraction in the model. All sediment
transport quantities are computed in the cell centres. In order to
calculate the transport divergence (Eq. (23)), the bedload vectors are
transposed from the cell centres to the cell faces using an upwinding ap-
proach. In this approach, the upwind cell, which provides the bedload
vector, is determined from the transport direction in the face-adjacent
cell centres (Lesser et al., 2004). For sediment transport models that
do not provide an estimate for the reference height a, the source and
sink terms for the advection-diffusion solver (Eq. (17c)) are imposed in
the first vertical layer above the bed. For non-zero reference heights,
the first layer completely above a is used. The source and sink terms
are then determined from the reference concentration value and the
present concentration value by vertical interpolation, assuming a Rouse
concentration profile (Deltares, 2025b). The source terms are modelled
explicitly, and the sink terms are added implicitly. In order to account
for double counting of the bed load and suspended load below a, an
optional correction vector can be added to the transport divergence
term in the bed mass update equation (Lesser et al., 2004). To preserve
and track mass conservation, we implemented the following features.
When the bed level of a cell changes after the morphological update,
the volume of the local water column changes. This volume change
is accounted for in an increase of the concentration of matter. In
areas where the available total sediment thickness Ay is less than a
predefined critical value hy4., and erosive conditions are expected,
the bed load transport magnitude, and the source and sink terms are
reduced with a factor hyy/hgq.. If the eroded volume is larger than
the amount of available sediment, this shortage is tracked. Subsequent
deposition is used to reduce this volume deficit first. The suspended
sediment volume in cells that become dry in a time step is tracked in a
separate array as well. Upon renewed flooding of the cell, the volume
is accounted for in the deposition flux for that new time step. The
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advection and diffusion terms for suspended sediment are discretized
in the cell centres, using the same higher-order TVD limited upwind
scheme as used in the momentum advection, both in the horizontal and
in the vertical. The contribution by the settling flux in the water column
is discretized implicitly, due to its severe impact on the maximum
allowed time step. The time integration of the advection-diffusion
equation solver for suspended sediment concentration is explicit, and
in general, this puts a more severe limit on the explicit time step than
the time integration in the momentum solver does (Table 1). This is
alleviated by using a local time stepping mechanism, that allows the
solution in different parts of the computational domain to advance with
varying time steps based on local CFL,,,, numbers, improving efficiency
while maintaining overall stability and accuracy (Sanders, 2008).

4. Model verification

In this section, we present a number of 2D and 3D test cases to verify
the implementation of the formulations described in Section 2. First,
we present two verification cases for velocity profiles under wave-
current interaction in the cases of breaking and non-breaking waves.
Next, we look at the conservation of sediment mass and the build-up
of concentration profiles in the presence and absence of waves. Lastly,
we present a number of cases where we verify different aspects of
morphodynamic updating described in Section 2.2.4.

4.1. Wave-driven hydrodynamics

4.1.1. Currents under non-breaking waves

In order to investigate the vertical structure of the mean flow driven
by conservative wave forcing under wave—current interaction on a
horizontal bed, Klopman (1994) performed a series of tests in the 46m
long combined wave—current Scheldt flume of WL|Delft Hydraulics.
The flume had wave boards at either end capable of active absorption
of incoming waves. The experiment consisted of runs with regular,
bichromatic and random waves following and opposing a current, and
wave propagation without the presence of a current. The water depth
was set at 0.5m above the built-in wooden flume floor, and wave and
flow conditions were imposed according to the values in Table 2. Wave
steering was performed using second-order Stokes theory. The current
was generated by a 0.8 m3s~! discharge, generated by a pump in
the flume bed. Here, we replicate the test series with random waves,
of which the ensemble averaged results for the mean flow structure
are depicted in Fig. 1. We identify the experiments with following,
opposing and no current with WFC, WOC and WNC, respectively. The
case without waves is denoted as CNW.

In order to reproduce the measurements, an online coupled flow-
wave model was set up, using SWAN (Booij et al., 1999) as the wave
driver to replicate the random wave field. The coupling interval was
set at 240s. The domain was discretized using a resolution of 0.5m in
the horizontal, using a 2016 cell curvilinear grid for the wave model,
and an unstructured grid with 184 cells for the flow model. In the
flow model, our base model was defined with 40 uniform o layers
in the vertical. Using a combination of upstream total discharge and
downstream water level boundaries, uniform flow was generated in the
flume, and verified using a run without wave forcing (CNW, Fig. 1).
The current-related bed roughness was parametrized using the White-
Colebrook formulation (Colebrook and White, 1937), by specifying a
roughness height k,. Without waves, the best fit to the flow profile
was obtained using a value of 8 x 107> m. Klopman (1994) states that
this value should be a factor 2-4 smaller in the case when waves are
present, and here, we used 4 x 107> m. Spatially uniform, stationary
wave conditions were imposed according to the values in Table 2. All
other parameters were left at their default values (Table A.1).

In the upper half of the water column, results show that waves
opposing (WOC) and following a current (WFC) cause bending of the
flow profile in the direction of, or against the current, respectively (Fig.
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Table 1
Time step criteria applied in the explicit part of the time integration in Delft3D-FM. A¢"*!: time
step size at new time level n + 1; CFL,,,: maximum CFL number; V": cell volume at old time

level n; Q" : outgoing volume flux of cell at old time level; O : incoming volume flux of cell at

out*
old time level; S,: cell surface area; (4z,),,.,: user defined maximum allowed bed level change

cel
per time step; Q% : total outgoing face-normal sediment discharge in a cell at old time level; w:

width of a cell face; c,": outgoing face-normal wave group velocity vector of a cell face per wave

directional bin at old time level; n: number of wave directional bins.

Process

Criterion

Advection momentum
Advection matter
Morphological updating

Wave action propagation (Reyns et al., 2023)

A+ = min | g (CFLmaX ﬁ)

A+ = min | g (CFL
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Fig. 1. Klopman (1994) mean horizontal velocities for the flume tests using random waves. Grey: CNW; Red: WFC; Green: WOC; Blue: WNC. (a) Sensitivity
to vertical layer distribution. Full lines: 40 layers; Dot-dashed lines: 20 layers; Dashed lines: 100 layers; Dots: measurements; (b) Sensitivity to horizontal grid

discretization. Full lines: rectangles; Dashed lines: triangles.

Table 2
Klopman (1994) test conditions. WNC: waves without current; WFC: waves
following current; WOC: waves opposing current; CNW: current without waves.

Experiment H,,s [m] T, [s] 0 [°N] u [m/s]
WNC 0.12 1.70 270.00 0.00
WEFC 0.12 1.70 270.00 0.16
wocC 0.12 1.70 0.00 0.16
CNwW - - - 0.16

1). The model is able to reproduce these deviations from the current-
only (CNW) profile, however, the vertical shear of the horizontal
velocity is underestimated in both cases, and the velocity magnitude
is overestimated. In the case of wave propagation without the pres-
ence of a current (WNC), the horizontal flow velocity magnitude is
underestimated in the upper half of the water column. The depth at
which the velocity changes sign, is modelled correctly at 0.12m above
the bed. Near the bed, velocity magnitudes are modulated by the
combined effect of non-linear wave—current interaction, which leads to
an increase in turbulent shear stress magnitude (Soulsby et al., 1993),
and wave-induced streaming (Fredsge and Deigaard, 1992). Measured
near-bed horizontal velocity magnitudes are smaller for both the WOC
and WFC cases, relative to the CNW case. This is reproduced correctly
by the model. Overall, the model results correspond well with the
observations, with low relative bias and scatter index (SCI) values,
and a high R2. Relatively speaking, the WNC case proves to be more

challenging than the WOC and WFC cases, as the SCI and the relative
bias are higher for the former (Table B.2).

The modelled Eulerian velocities were tested for grid sensitivity, by
varying the number of vertical layers, and by discretizing the horizontal
plane with rectangles and with triangles (Fig. 1(a,b)). Reducing the
number of uniformly distributed vertical layers from 40 to 20 does
not have an appreciable effect on the modelled velocity magnitudes
for the WNC and WOC cases (Fig. 1(a), blue and green lines). In the
case of waves following a current (WFC), reducing the number of
uniformly distributed vertical layers distorts the vertical shear in the
velocity profile, and reduces the near-bed velocities with up to 7% to
10 %. This reduction has obvious consequences for the estimation of
sediment transport, as both the bedload magnitude, and the reference
concentration will relatively decrease compared to the situation with
finer vertical layer discretization. Higher up in the water column the
velocities increase slightly in the coarser layer models, as mass is
conserved. These adverse effects can be mitigated to some degree by
the use of a logarithmic vertical layer distribution. The change in
horizontal discretization from quadrilaterals to triangles does not lead
to important differences in the modelled velocity profiles (Fig. 1(b)).

4.1.2. Currents under breaking waves

In the surf zone, spatial gradients in radiation stress induce wa-
ter level gradients (Svendsen, 1984), and force longshore currents
(Garcez Faria et al., 1998). The onshore wave mass flux is compensated
by strong Eulerian return flows (Stive and Wind, 1986). Turbulence
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Table 3

LSTF case study: test 8E boundary conditions.
Hpo: significant wave height; T,: peak period; 6:
wave direction; m: cosine power of directional
spreading; z;: water level (Hamilton and Eber-
sole, 2001).

Parameter Value
H,,o [m] 0.233
T, [s] 2.5
6 [° from N] 80.0
m [-] 25
z, [m] 0.0

generated by wave breaking and the generation of rollers, and by wave
energy dissipation in the bottom boundary layer, provides additional
mixing over the vertical (Justesen et al.,, 1987). Near the bed, the
wave-related Reynolds stresses drive wave onshore directed stream-
ing (Longuet-Higgins, 1953). These processes cause the vertical velocity
profile to deviate from a logarithmic solution associated with uniform
flow. In this case study, we simulate 3D surf zone circulation under
laboratory conditions by comparing to the measurements from the
irregular wave case 8E, reported by Hamilton and Ebersole (2001).
The test was performed in the Large-scale Sediment Transport Facility
(LSTF) of the US Army Corps of Engineers, a wave basin of 50 meter
longshore and 30 m cross-shore length. By using an combined system of
directional wave boards and pumps, long-crested random waves with a
significant wave height of 0.233 m were propagated over a 1:30 linearly
sloping bed at an angle of 10° relative to the shore-normal direction.
The peak wave period was 2.5s. The depth at the wave maker was
0.67m (Table 3).

The numerical model was set up using a domain with a length of
30m in the longshore direction, and a length of 21 m in the cross-shore
direction. We created two cases with differing grids: (1) a 2660 cell
grid consisting of rectangles, with a cross-shore resolution of 0.2 m and
a longshore resolution of 0.8m; and (2) a 9837 cell grid consisting
of triangles with a spatially uniform average resolution of 0.3 m. Ten
vertically uniform o-layers were used in the vertical domain discretiza-
tion. The bathymetry was specified in the cell centres. The offshore
boundary condition was set to a constant water level of 0.0 m, and a zero
water level-gradient signal was imposed on both northern and southern
side boundaries. The current-related bed roughness was parametrized
using the White-Colebrook formulation (Colebrook and White, 1937),
by specifying a roughness height ky of 1 x 10 m. In order to get
the correct location for the wave breaker dissipation, we used the
internal stationary wave solver combined with a roller model (Nairn
et al.,, 1990; Reyns et al., 2023) to propagate the waves with the
characteristics listed in Table 3 towards the beach. The directional
resolution was set at 5°. Turbulence was calculated using the k-¢ model.
The model was run for three hours, ensuring a stationary solution. We
calibrated the model by tuning the wave breaker dissipation and the
roller slope. Wave dissipation was calculated using the Baldock et al.
(1998) formulation, with a breaker parameter y set at 0.8. In order
to model the roller energy dissipation, we imposed a constant roller
slope g, of 0.075. All other wave-related parameters were kept to their
default values (Section 2.1.1; Table A.1).

The modelled significant wave heights, water levels, the cross-shore
and the longshore velocity profiles after 3 h of runtime are shown in Fig.
2. Wave heights decrease throughout the surf zone by depth induced
breaking (Fig. 2(a)). The resulting change in wave-related momentum is
balanced by a positive water level gradient and a bed shear stress (Fig.
2(b)). In the cross-shore direction, the onshore wave mass flux near the
surface is compensated by the undertow (Fig. 2(c)). Wave dissipation
by bed friction is an order smaller than dissipation by breaking, so
the contribution of streaming to the cross-shore velocity in the surf
zone is limited. The alongshore directed component of the wave force
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vector drives the longshore current, and is balanced by bed shear stress.
The model is able to reproduce the wave height profile on the linear
slope accurately (R? of 0.9, relative bias of 2%, Table B.2). The wave
setdown and setup are also modelled correctly. We find a cross-shore
distribution of the longshore current that matches the observations
relatively well, although the errors are bigger than the ones for wave
height and water level. In the cross-shore, the curvature of the velocity
profile over the vertical is reproduced reasonably for all stations, but
the velocity magnitude is overpredicted on average. Overall, the model
produces reasonable results for the hydrodynamics of this test case.

The model was calibrated on the parameter y in the Baldock et al.
(1998) wave breaking estimator, which controls the onset of the wave
breaking dissipation; and on the roller slope g, (Reyns et al., 2023),
which controls the magnitude of the wave-related forcing in the mo-
mentum balance through the roller energy dissipation. In order to
assess the sensitivity of the model to these input parameters, we varied
both with 20%. Comparing the error metrics of the sensitivity runs
with the default run shows that the model is insensitive to relatively
large changes, in this case (Table B.2). To what extent this holds
more generally is to be assessed in the future. Changing the grid
discretization from quadrilaterals to triangles has no appreciable effect
on the modelled wave heights and velocities. The water levels in very
shallow water are lower by ~1 mm, but the reason why is yet unclear
(Fig. 2).

4.2. Sediment transport

We validate the sediment transport functionality of our model in
three ways. First, we present a case to demonstrate multi-fraction mass
conservation by means of sediment settling from a water column out
of equilibrium. Secondly, we compare the build-up of an equilibrium
sediment concentration profile under current-only uniform flow. Lastly,
we simulate sediment concentration profiles in a flume with waves
following a current.

4.2.1. Multi-fraction mass conservation

To validate the implementation of sediment settling and resuspen-
sion with a closed mass balance, we simulated the transport of three
suspended fractions of fines in a water column with a mean depth
of 3.75m. The initial sediment concentrations were set at 0.2kgm™3,
0.1kgm™~3 and 0.05kgm~3. The imposed fraction settling velocities are
150 x 10*ms™!, 40 x 107*ms~! and 0.1 x 107*ms~!, representing a
relatively faster settling, a relatively slower settling, and a quasi-wash
load fraction, respectively (Fig. 3). Background molecular viscosity was
set to 0m?s~! to avoid influencing the settling times. All other model
parameters were left at their default values (Table A.1).

The 500 m x 500 m domain consists of 382 triangular elements (Fig.
3(a)), and has closed boundaries on all sides. The initial water level was
disturbed from rest (Fig. 3(b)), and was allowed to return completely
to equilibrium, which took about 2700s. This water movement caused
the sediment on the bed to resuspend during the initial part of the run,
and settle through the water column after the water has come to a rest.
Sediment transport was calculated using the formulations of Partheni-
ades (1965) and Krone (1962). The run time was set to a duration of
10h, or 36000s. Assuming non-zero sediment concentrations over the
entire water column, fraction 1 should settle out completely in 25005,
fraction 2 in 9375s, and fraction 3 in 375000s after the water level
returns to a rest.

Results show that fraction 1 and fraction 2 settle out completely
within the duration of the model run, and fraction 3 largely remains
in suspension. The remaining mass fraction of the first two sediment
fractions after the theoretical settling period has passed is less than 3 %
(Fig. 3(c), vertical lines). Over the course of the simulation, the mass
balance is closed for all fractions, with a relative error of O(1 x 10~14)
(Fig. 3(d)).
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4.2.2. Sediment concentration build-up under flow-only conditions

Under stationary, uniform flow conditions over an erodible bed,
and assuming a parabolic vertical eddy diffusivity distribution, there
is a balance between the upward sediment flux due to diffusivity,
and the downward flux because of settling. The equilibrium sediment
concentration profile has a logarithmic shape, and can be expressed
as (van Rijn, 1984):

Ws

c (h—z a )ﬁm;
Cref z h-a ’

= (28)

where ¢ is the sediment concentration, c, is the reference sediment
concentration at reference height a, h is the water depth, z is the height
above the bed, § is the proportion between the sediment vertical diffu-
sivity and the fluid vertical diffusivity, « is the von Kdrman constant,
and u- is the shear velocity. In the rest of this section, we refer to ﬂ':lj
as the suspension number 4.

10

Here, we first test the correct development of sediment concentra-
tion profiles in a very long flume. We compare the computed results
against the analytical Rouse-Vanoni solution of Eq. (28) at the end of
the flume, where equilibrium is reached.

The model domain is 8000 m long, and 30 m wide. The along-flume
resolution is 160m, and the cross-resolution is 10m, resulting in a
total of 150 cells. We imposed a upstream velocity of 2ms~!, and
a downstream water level boundary of Om. The flume is 5m deep,
with a bed slope of —3.2 x 1074, which represents the equilibrium bed
slope when considering a Chézy roughness value of 50 ﬁ/ s. Sediment
transport was calculated using the van Rijn (2007a,b,c) formulations.
Several model permutations were created by changing the number of
vertical logarithmically distributed c-layers (10, 20 and 50) and the
turbulence closure model (algebraic, k-¢). Each model was run for a
duration of 240 min, and the results were extracted at an observation
point located 7500 m downstream from the upstream flume boundary.
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Fig. 4. Rouse-Vanoni dimensionless concentration profiles. Red: analytical
solution; Grey: k-e¢ turbulence closure model; Black: algebraic turbulence
closure model.

The comparison between the computed equilibrium sediment con-
centration profiles and the analytical solution (Eq. (28)) is shown in Fig.
4. Apart from deviations near the free water surface as a result of the
lack of resolution in the logarithmic layer discretization in the model
with 10 layers, the numerical concentration profiles correspond well
to the analytical solution. The k-¢ model overestimates the sediment
concentration in the lower quarter of the water column with 6% to
16 %, and the performance statistics are relatively worse than the ones
pertaining to the algebraic models. As expected, results improve with
increased vertical resolution (Table B.3).

The build-up of equilibrium sediment concentration profiles along
the length of a flume that is initially clear of sediment is shown in
Fig. 5. Hjelmfelt and Lenau (1970) developed an analytical solution
of the problem, to which we compare our numerical results. The
model domain is 120m long and 1.5m wide, and is composed of 360
rectangular cells. The cross-flume resolution is 0.5 m, and the resolution
along the length of the flume is 1.0m. The vertical was discretized
using 40 o-layers. A water level gradient was established over the
length of the flume to achieve a depth-averaged flow velocity U of
1.5ms! for a Chézy value of 47 \/E/s and a water depth 4 of 1.0m.
We used an algebraic turbulence model, yielding a parabolic vertical
diffusion profile. Morphostatic models were run with three sediment
sizes (63.5pm, 138 pm and 200pm) that yield the list of suspension
numbers A reported by Hjelmfelt and Lenau (1970) (0.1, 0.3 and 0.5;
Fig. 5(b)). The reference height a was set to 0.05 m, following Hjelmfelt
and Lenau (1970).

The spatial variation of the dimensionless concentration c/c. for
the dsy = 200pm case is shown in Fig. 5(a). The numerical model
reproduces the gradual increase of sediment concentration in the water
column with distance along the flume, with an over-prediction of the
vertical concentration profile of 2%-4% in the middle of the water
column (0.3 to 0.8#). When comparing the effect of different suspension
numbers (Fig. 5(b)) on the development of the depth-averaged concen-
tration, we see that in general the resuspension of material is slightly
slower in the model relative to the analytical solution. Near the end
of the flume, the numerical results converge to the analytical values.
The larger the suspension number A, the longer it takes for the average
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Table 4
Concentration build-up under wave—current interaction (Jacobs and Dekker,

2000): boundary conditions. h: depth; ds,: median grain size; Hy meas: Mea-
sured significant wave height; T}, .- measured peak period; ¢: cartesian wave
direction; U,,;: measured depth-averaged velocity; k,: roughness height.
Test dso [pm]  h[m]  Hgp meas  Tpmeas 0[] Unes ks [m]
[m] [s] [ms!]
mO018u 165 0.54 0.19 2.7 0.0 0.0 0.006
m218u 165 0.50 0.15 2.6 0.0 0.19 0.015
m418u 165 0.53 0.15 2.6 0.0 0.33 0.024

concentration to reach its equilibrium value. While the solution with
A = 0.5 approaches equilibrium, the other two solutions do not for the
given domain. This reproduced correctly in the numerical results.

4.2.3. Sediment concentration build-up under wave—current interaction

In order to verify the correct implementation of sediment transport
under currents and waves, we compare our model results with the
measurement data of Jacobs and Dekker (2000), who carried out a
number of flume experiments at Delft University of Technology within
the framework of the EU SEDMOC project, in order to validate nu-
merical sediment transport models incorporating the effect of currents
and waves. The wave—current flume is 45m long and 0.8 m wide. The
water depth in the measurement section during the tests was 0.5m.
Irregular waves were generated in the flume using a piston-type wave
board, assuming a JONSWAP spectral shape with a peak enhancement
factor of 3.3. For all tests, the wave height and period were 0.18 m
and 2.5, respectively, resulting in non-breaking wave trains. Currents
in the direction of wave propagation were generated by manipulating
the discharge using a valve at the upstream end of the flume. Depth-
averaged current velocities had magnitudes of 0.0ms~!, 0.2ms~! and
0.4ms~!. The bed of the measuring section of the flume was covered
with a 0.1 m thick sand layer. In our test case, we reproduced the runs
with a bed composed of sand with a ds, of 165pm (series m018u,
m218u and m418u).

The numerical model was set up using a coupling between Delft3D-
FM flow solver and SWAN (Booij et al., 1999) every 1800s, in order
to reproduce the effect of the irregular wave field on the transport
estimates. The k — e turbulence closure was used in order to incorpo-
rate wave effects in the vertical diffusion profile. The 2.0 m wide and
45.0m long flow domain was defined on a 1184 cell mixed-element
unstructured grid, with an average resolution of 0.25m. The SWAN
domain consists of a curvilinear grid of 9360 cells, with a uniform
grid resolution of 0.5m. The vertical was discretized with 10 or 20
logarithmically distributed o-layers. The horizontal bed level was set at
—0.5 m. Flow boundary conditions were defined using a set of discharge
and water level boundaries, resulting in the depth-averaged velocities
reported in Jacobs and Dekker (2000) (Table 4). Friction was imposed
using the White-Colebrook formulation (Colebrook and White, 1937),
with the roughness height taken from the reported ripple dimensions
in the flume experiments. The wave conditions were set uniformly on
all boundaries of the SWAN model according to the values in Table 4.
Sediment transport was calculated using the formulations of van Rijn
(2007a,b,c). Calibration settings were left at their defaults (Table A.1),
and the model was run for 3600s.

Comparison of the numerical results with the observations show
reasonably good agreement (Fig. 6). As in the Klopman WFC test
(Section 4.1.1), the velocity near the bed is reduced, and the presence
of waves bends back the profile shape. Higher discharges lead to more
sediment resuspension, higher in the water column (Fig. 6(b,c)). The
velocities are predicted more reliably than the concentrations, which
are under-predicted by a little less than 10 % overall. Both velocity and
concentration are predicted better when using 20 layers, notably in the
upper part of the water column, as a result of the increased resolution
(Table B.3).
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4.3. Morphology

In this section, we present six verification cases that demonstrate the
ability of the model to produce reliable morphodynamic results. The

12

first case simulates the development of a constant slope under uniform
flow forcing in a numerical flume. The migrating trench case (van
Rijn, 1980) aims to reproduce morphological changes observed in a
flume under unidirectional flow conditions. Breaching of a sand body
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Fig. 7. Development to an equilibrium slope. Red: theoretical bed level; Black: modelled bed level at start (dashed) and end (full line).

under field conditions with sediment slumping is modelled in the Zwin
case (Visser et al., 1995). The model features implemented to simulate
extreme storm impacts are demonstrated in the ECL case. Finally, we
present a model that studies the circulation and morphodynamics of
sandy beaches protected by emergent structures.

4.3.1. Equilibrium slope

A first basic test to check the implementation of the bed update
functionality is the development towards an equilibrium bed slope
under uniform stationary flow conditions. Under uniform, stationary
flow, there is a balance between the gravitational and the frictional
forces:

on  |ul-u
ox  hC2 29
Under these conditions, horizontal flow accelerations are 0.0m?s~!,
sediment transport gradients are 0.0kgs~' m~2, and the bed is parallel
to the water surface. In this test, we considered a 2DH domain of 30 m
long, 0.5m wide, and with an initial uniform water depth 4 of 0.5 m.
The initial bed was horizontal at a level of —0.5 m. The grid resolution
was set at 0.25m in the direction along the flume, and at 0.15 m across
the width of the flume, for a total of 484 cells. We imposed a incoming
total discharge of 0.25m?s~! at the upstream end, and a water level #
of 0.0 m at the downstream end. The bed roughness was defined using a
Chézy parameter C equal to 50.0 \/rﬁ/s, which should result in a water
level slope and a bed slope of 8 x 10~*. The morphological acceleration
factor was set to 20. All other settings were left at their defaults (Table
A.1). The model was run for 15 h hydrodynamic hours, and the final bed
level was plotted in Fig. 7. The results show that the equilibrium slope
is reproduced by the model. At the downstream end, the slope deviates
from the analytical solution as a result of the zero-gradient Neumann
condition for bed levels we impose at outflow boundaries.

4.3.2. Van Rijn (1980) migrating trench test

van Rijn (1980) carried out measurements of fluid velocity, sedi-
ment concentrations and morphological development of a 0.175 m deep
trench dug in the sandy bed of a 30m long, 0.5m wide, 0.7m deep
flume. Trench slopes for tests were set at 1:3, 1:7 and 1:10. The 0.2m
thick sandy bed had a ds, of 160 pm. The depth-averaged flow velocity
during the experiment was set at 0.51 ms~!, at an upstream water depth
of 0.39m. Sediment was fed to the flume at a rate of 0.04kgs™ ! m~!,
which corresponds to equilibrium transport conditions. After 15h, the
bed level was recorded to register the migration and amount of infilling
in the trench (Fig. 8(a)).

Here, we modelled the case with the trench slope equal to 1:3,
for which van Rijn (1984) reports the measurement data. The model
domain is 30m long, 0.5m wide, and has 995 quadrilateral elements.
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The horizontal grid resolution is 0.15m along the flume and 0.1m
across. The vertical was discretized using 10 logarithmically distributed
o-layers, in order to better capture the near bed gradients in flow
velocity and sediment concentrations. Upstream, a discharge boundary
with a constant value of 0.0975 m3 s~! was imposed. On the downstream
end, we used a water level boundary with a value of 0.41m. The
bed roughness was set using the White-Colebrook formula, with a k;
value of 0.03m, based on the observed current ripples in the flume.
Turbulence was modelled using the algebraic model. The ds, sedi-
ment diameter was specified as 160 pm. The model was run for 40 min
hydrodynamic time, in a version incorporating bed level changes, as
well as in a version without. In the version with bed updates, the
morphological start time was set at 20 min after the start time of the
model to allow for the establishment of stationary transport conditions
before bed changes take place. A morphological acceleration factor of
45 was applied to arrive at a total of 15h of morphological change.
Proportionality factors k.4 and kg, for bed and suspended load were
set to 0.85. All other model parameters were left at their default values
(Table A.1).

The resulting bed level changes, velocity and sediment concentra-
tion profiles are shown in Fig. 8. The trench infilling is modelled with
a volume error of 0.7%, and at the correct infilling rate (Fig. 8(a)).
The sediment concentration profiles along the flume reflect the flow
pattern of deceleration and acceleration across the trench, including
the near-bed flow reversal near station Obs4 (Fig. 8(b)). Flow velocity
and sediment concentrations are underestimated with 8.0 % and 4.0 %,
respectively (Table B.3). Upstream of the trench, the equilibrium trans-
port conditions are reproduced correctly (station Obs1). In stations Obs4
and Obs6, in the area with large horizontal velocity gradients and re-
circulation, the model reproduces the rapid decrease in concentration.
The resuspension of sediment in the accelerating flow in stations Obs7
and Obs8 is somewhat underestimated.

4.3.3. Zwin breach experiment (Visser et al., 1995)

Avalanching (Section 2.2) allows for the calving off of steep exposed
faces of erosion cliffs, under conditions like wave attack on a dune
front (Roelvink et al., 2009), or during the growth phase of a breach
in a sand body (Bokuniewicz et al., 2011). Growth of a breach in a
sand barrier is simulated in this test case, where we reproduce the
measurements in the Zwin inlet on the border between Belgium and
the Netherlands, as reported by Visser et al. (1995) . A 5100 m? artificial
bar made of 300 pm sand, with a top level of 3.3 m above NAP (Dutch
vertical reference level, approximately MSL) was constructed over the
inlet. At the start of the experiment, just before high tide (+2.65m
NAP), a 2.0m wide channel at +2.5m NAP, with 1:1 side slopes was
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Fig. 9. Zwin breach experiment (Visser et al., 1995). (a) Initial sand bar configuration and water level. Dark grey: supratidal level of sand bar; light grey: sand
bar level at initial breach level; blue: tidal water level at breach initiation. (b) Final modelled bed level. White: contours of initial bed level at 0.75 m intervals.
For reference, the inner contour of the sand body is at +3.0m NAP. Black dots: locations of measurement stations from Visser et al. (1995).

mechanically opened to initiate the breaching process. During the next
hour, until the water levels on either side of the breach levelled out and
flow through the breach stopped, water levels, velocities, scour hole
depth and breach width were monitored in a number of fixed stations
(Visser et al. (1995), Fig. 9).

The 2DH morphodynamic model schematizes the Visser et al. (1995)
field setup, incorporating a sand body with prototype dimensions
in a rectangular domain of 2800m by 1000m. The grid resolution
varied between 0.5m and 50 m according to expected bed level change
magnitude, for a total of 13736 cells. The bed levels were adopted
from Roelvink et al. (2009). On the seaward side, the initial water level
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was set at the measured tidal level at the beginning of the experiment,
and the landward end is dry (Fig. 9(a)). The model was forced by the
measured tidal signal on the seaward side, and the boundary on the
landward side was closed. Waves were not included. The bed rough-
ness was specified using a Manning’s coefficient of 0.023. Sediment
transport was calculated with a simple bedload formula (Meyer-Peter
and Miiller, 1948), calibrated to reproduce the breach growth time
series (Fig. 10(a)), in line with e.g. Visser (1995). Optimal results were
obtained with a proportionality factor iy.q of 10.0 for the sediment
grain size of 300 um present in the bar (Visser et al., 1996). To activate
the avalanching mechanism, the critical bed slope for cells with less
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velocity signal in station MS5.

than 0.1 m of water depth was set to tan (45°). All other parameters were
left at their default values (Table A.1).

The model results of the base run were compared with data derived
from the measurement setup deployed around the breach Fig. 10.
The breach growth process follows the conceptual model described
by Visser (1999), with regressive and vertical erosion without width
changes in the first 5 min, and successive lateral widening. In our
results, the initial phase of breach widening starts too early compared
to the field data, and the widening rate is too slow compared to the
measurements. Over the entire run, the breach width error is around
15%, and the final width is underpredicted by 10% (Fig. 10(a)). The
water levels and the velocities have an error of 25.0 to 30.0 %, which
is mainly related to the large deviations from the measured signal in
MS4 and MS5 in the first 30 minutes of the test (Fig. 10(b,c)). Visser
et al. (1996) indicate that data in MS4 before t=35min and in MS5
before t=30min should be treated with caution. If we remove these
data and recalculate the error statistics, the error reduces to less than
15 % for both velocity and water level. Given the schematized nature
of the numerical model, we deem these results to be satisfactory. We
ran a sensitivity analysis by changing the transport rates by 10% to
influence the vertical breach growth, by lowering the critical slope
for dry cells to induce faster breach growth, and by recalibrating the
model using the sediment transport relations of van Rijn (1984), as
was done by Visser (1995). None of these changes had a very large
effect on the modelled breach characteristics and the associated errors,
demonstrating the robustness of the model results (Table B.3).

4.3.4. 2016 East Coast Low, Sydney, Australia

One of the main applications of modern process-based coastal mor-
phodynamic area models is the assessment of the hazards and impacts
related to extreme storm events. Here, we test the ability of our
model to hindcast the unusually large erosion hazard resulting from
the East Coast Low (ECL) that occurred in the period of June 4th-7th
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2016 along the south-east coast of Australia (Fig. 11(c-f)). The storm
conditions were anomalous because of the north-easterly incident wave
direction, severely impacting beaches along the New South Wales coast-
line (Mortlock et al., 2017). Our domain of interest is the Narrabeen
- Collaroy embayment, which experienced significant erosion during
the event. Bed levels were measured over part of the bay by lidar and
echosounder (Beuzen et al., 2019; Harley et al., 2017) before and after
the storm, and serve as validation data.

Model setup. The model domain covers the Narrabeen-Collaroy embay-
ment, Turimetta Beach and Warriewood Beach. The Narrabeen lagoon
was included between the inlet mouth and Ocean Street Bridge. The off-
shore boundary was established along the —40 m bed level contour. The
grid has 160058 cells, and the resolution varies between 20 m offshore
and 1 m on the supratidal beach and dunes (Fig. 11(a,b)). The bed levels
relative to Australian Height Datum (AHD) were derived from a number
of sources. The pre-storm (1st June 2016) measured topo-bathymetry
was used in the Narrabeen-Collaroy bay where available, and was
complemented with data of NSW DCCEEW (2019) and Nsw DPI (2019).
We assumed that the pre-storm bathymetry did not fundamentally
differ from the prevailing bathymetry on June 4th. Spatially varying
sediment availability was mapped using the benthic habitat classifica-
tion of NSW DCCEEW (2022). Based on our knowledge of the study
area, reef areas were given a sediment thickness of 0.5 m, and subtidal
sandy areas and beaches, a thickness of 20 m. In locations where the
post-storm orthophotos showed bedrock or protective structures being
laid bare by the storm event, we set the sediment thickness to the
eroded layer thickness derived from the post-storm topographic sur-
vey data. Hardened surfaces (streets, parking lots, building footprints)
were extracted from the OpenStreetMap database (Open Street Mapc
ontributors, 2022), and imposed as unerodable layers. Detailed spatial
repartition of grain sizes was not publicly available, therefore we used
a single fraction, and we set the median sediment grain size to a fixed
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Fig. 11. 2016 ECL model domain and boundary conditions. (a) Grid extent and resolution. In the supratidal area, the resolution is further increased to ~1m.
The location of profiles PF1 and PF4 are indicated in blue. (b) Initial bathymetry. (c-f) Significant wave height H,; peak wave period T),; wave direction 6; and

surge level . The simulated period is indicated in grey.

value of 300 pm (Bracs, 2016; Turner et al., 2016). The Manning bed
roughness was set to 0.024 in non-vegetated areas. To simulate the
influence of vegetation on the erodibility of dunes, we implemented
the dynamic vegetation roughness mechanism of van der Lugt et al.
(2019). Vegetation patches were identified from the pre-storm Google
Earth satellite imagery (Google, 2022), and were assigned a Manning
parameter value of 0.045. The root depth of local foredune vegetation
was set conservatively at 0.5m (Bryant et al., 2017).

The model was forced by water level and wave energy bound-
ary conditions at the wave group timescale (surfbeat mode, Reyns
et al., 2023), effectively incorporating the contribution of infragrav-
ity waves to the storm-induced hydro-morphodynamics. Time series
of the total offshore water level signal, including tides and storm
surge, were derived by low-pass filtering the measured signal from
the nearby Fort Denison tidal station data (MHL (2022a), Fig. 11(f)).
On the Narrabeen lagoon side, water levels measured at Ocean Street
Bridge (MHL, 2022b) were imposed on the model at the inflow location.
The northern and southern boundaries were forced with a zero water
level-gradient signal. Wave boundary conditions were derived from the
modelled bulk wave parameters from the nearest offshore grid point in
the CAWCR wave hindcast database (Durrant et al., 2019). Maximum
incident waves from the east reached heights up to 6.4 m and periods
of 13s to 14s in the morning of June 5th, coinciding with spring flood
tide during the second half of the storm peak. The model was run in
single-direction surfbeat mode (Reyns et al., 2023) for 15.6 h with a
morphological acceleration factor of 5, covering the period between
the onset of the event and the post-storm bathymetric survey. Wave
directions were discretized at a resolution of 2.5°. We applied the van
Thiel/van Rijn sediment transport formulations (Section 2.2.3), with
wave non-linearity factor facua calibrated to 0.4 on the profile evolution
of PF1, and validated on PF4 (for profile locations, see Fig. 11(a)).
Avalanching was switched on with a critical dry slope of 1.0, and the
swash slope to nudge to was set at 0.25, which corresponds to the
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average observed post-storm intertidal beach slope. The 2DH model
was run in parallel mode using a total of 16 domains.

Results. The observed morphological impact of the 2016 ECL storm
event was severe dune scarping and erosion of the upper beach, with
deposition of the sediment in two linear offshore bars (Fig. 12(f)). One
bar formed offshore of the beach fronting South Creek (in the zone from
500m to 1000m, Fig. 13(a)), and the second one covered most of the
surf zone in the southern half of the embayment (1400 m to 3000 m). The
distribution of the erosion volumes of the dune front and the upper
beach was quite uniform over the length of the domain (Fig. 13(a)).
Along the southern end of the bay, cross-shore erosion was spatially
constrained by the presence of infrastructure.

Fig. 12 shows the erosion/sedimentation patterns as a function of
time throughout the storm. The final model results show a morphologi-
cal development that is in reasonable agreement with the observations
(skill score of 0.59, bias of —0.07 m for the base case, Table B.4, Fig.
12(e,f)). In the period before the peak in wave heights (5th June, 01:00
AM), the intertidal beach and the dunes along the bay erode in a rather
spatially uniform pattern, and the eroded sand is deposited in water
depths of 4m to 5m in the form of a linear bar (Fig. 12(b)). A large rip
current develops at the Collaroy end of the bay and persists throughout
the simulation, with the velocity magnitude varying according to the
prevailing wave height (not shown). A similar flow pattern was pre-
sented by Mortlock et al. (2017). The spatial gradients in longshore
transport magnitude going from north to south leads to erosion at
P1100 and deposition at P2000 (Fig. 12(f)). In the southern part of
the bay (P2800), transport magnitudes are relatively low and directed
northward, promoting sediment convergence near the bar offshore of
Collaroy. The longshore transport magnitude decreases strongly in the
evening of June 5th, concurrent with a drop in wave height under
4.0m. Moreover, the incident wave direction veers more to the east
to south-east, and over the next two days, the eroded sand volumes
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are further reworked into the two bars that are observed in the post-
storm bathymetry, although morphological activity is much reduced
compared to the first day of the event (Fig. 12(c—e)).

The model reproduces the general pattern of sediment volume redis-
tribution within the bay, where the central part of the embayment loses
sediment volume, and the northern and southern ends see an overall in-
crease in available sand (Fig. 13(a)). A total volume of about 35000 m?
is imported in the Narrabeen-Collaroy embayment over the course of
the storm event from the beaches to the north (90%) and south (10%).
The main discrepancies between model results and observations are
the overprediction of the subtidal volume in the northern part of the
study area, and an underprediction of the subtidal sediment volume
in the central part of the bay, and of the sediment volume stored in
the southern surf zone bar. The difference between the nett volume
change over the storm predicted by the model and that derived from
observations is ~90000m?, which is in the order of the measurement
uncertainty (taken as 0.03 m, Mortlock et al. (2017)) multiplied by the
control volume area.

In this test case, we used bulk wave data originating from the
CAWCR dataset (Durrant et al., 2019), as available wave buoy records
during the storm feature important data gaps. In order to assess the
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variability of the modelled morphology as a function of the uncertainty
associated with the wave boundary conditions, additional model runs
were undertaken where the wave height, the wave period and the wave
direction were varied (Table B.4). Results demonstrate that changing
the incident wave direction by 10° in either direction has negligible
effects on the skill of the morphological prediction. However, lowering
the wave period or the wave height with 20 % improves the skill to
0.62 and 0.68, respectively. This improvement was due to a reduction
in the amplitude of the volume changes along the embayment. The non-
linearity parameter facua was used to calibrate the cross-shore profile
behaviour in the intertidal zone. Varying this parameter with 20 % has
minimal effect on the overall skill of the model (Table B.4).

4.3.5. Offshore breakwaters

Offshore breakwaters are a widely used engineering intervention to
control sedimentation processes in microtidal areas characterized by
small tidal current velocities, and when the wave climate is low to
moderately energetic. They induce substantial wave energy reduction
in their lee side. These spatial gradients in wave energy fluxes create
recirculation cells (Mory and Hamm, 1997), which transport sediment
into the zone directly behind the structures. The morphological result
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is the formation of salients or tombolos, depending on the geometry of
the breakwater field (Hsu and Silvester, 1990), and the characteristics
of the dominant wave forcing (e.g. Rosati et al. (1992)). An overview of
empirical criteria predicting shoreline response is given in Reeve et al.
(2018).

In this test case we aim to reproduce the equilibrium morphology
in the lee of a field of emergent breakwaters. To this end, we simulated
the development of a number of salients in the lee of a field of 3 shore-
parallel breakwaters. The geometry of the model setup and the physical
forcing of the model are based on those of a detached breakwater field
west of Alexandria, Egypt. This field of breakwaters was constructed
200 m offshore in the period between 2001 and 2005. The length of each
breakwater is 100m, and they are spaced 50 m apart. The structures
were placed in a water depth of around 4m to 5m, and have a crest
level at 1 m above MSL (Iskander et al., 2007). Based on Pope and
Dean (1987), the expected morphological response is the buildup of
salients, which is reflected in the current satellite imagery of the study
area (Fig. 15(c)). Measurements reported in Iskander et al. (2007) show
that over their monitoring period of 4 years, the shoreline in the lee of
the breakwaters indeed took the shape of a number of salients, with an
average shoreline progradation of 40 m.

As detailed public bathymetry data over the period 2001 to 2003
are lacking, we set up a schematized coupled flow-wave model with
the characteristics of the Al Nakheel detached breakwater field. The
unstructured flow grid spans a distance of 560 m alongshore and 360 m
cross-shore, with a resolution increasing from 10m to 5m going from
offshore to onshore. In order to accommodate diffraction, the flow
model was coupled to the SWAN model, with a coupling interval of
1200s. The wave model domain extends laterally beyond the flow
domain to accommodate boundary disturbances, and has a resolution
similar to the flow grid where they overlap. The final grid sizes were
8355 elements for the flow model and 21000 cells for the wave model.
The vertical dimension was discretized using 10 o-layers with logarith-
mic refinements near the bed and the surface. Turbulence was modelled
using the k — ¢ model, in order to incorporate the influence of the
presence of waves on the vertical viscosity. The initial bathymetry was
defined using a Dean-type equilibrium profile that was scaled by using
the local mean sediment grain size of 300 pm (Iskander et al., 2007). The
model was forced using wave conditions only, as the tide range in this
area is considered to be negligible (Hendy et al., 2021). The water level
was set at mean sea level. The lateral boundaries of the flow domain
were defined using zero water level gradients. Wave boundary condi-
tion data were taken for the period 2000 to 2023 from the ERA5 grid
point (Hersbach et al., 2020) closest to Alexandria, and schematized
into 9 conditions using the wave energy flux method (Lesser, 2009).
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These forcing conditions were combined in a parallel online (Roelvink,
2006) morphodynamic run, where conditions are weighted using their
frequency of occurrence. The nett wave energy flux is towards the north
in our model. The model time was set to simulate 1 year of morpho-
logical change. Wave diffraction was switched on. At the location of
the breakwaters, the sediment availability was set to zero. Elsewhere,
a layer of 10m of sediment was available. Sediment transport fields
were calculated using the van Rijn (2007a,b,c) formulations. All other
model parameters were left at their defaults (Table A.1). The model
was partitioned in three domains, and run using MPIL.

Results show a complex flow pattern around the breakwater field
as a function of the direction of the incoming wave field. Typical flow
and sediment transport conditions are shown in Fig. 14. Incident waves
break on the emergent breakwaters, and diffract around the tips of
the structures. At the upstream end, the undisturbed longshore current
field driven by wave forces extends into the lee side of the structures,
and advects sediment along the shoreline behind the breakwaters (Fig.
14(a,b)). At the downdrift end of the breakwater field, a circulation
cell is generated that advects sediment towards the lee side of the last
structure. In the gaps between the structures, the sign of the vorticity
field and the velocity vectors show that on average, water flows in
at the updrift side of the gap, and flows seaward through the centre
and the downwind side as rip currents (Fig. 14(a)). Horizontal flow
rotation over depth, as an indicator of the three-dimensionality of the
velocity profiles, is high in the area outside of the breakwater field,
as a result of the presence of the return flow compensating the near-
surface onshore mass flux by the incident waves, and the presence
of cross-shore varying longshore currents, and of near-bed streaming.
At the location of the gaps, areas of wave breaking exist, and similar
flow patterns forced by wave dissipation occur there. At the tips of the
breakwaters, there is strong interaction between the northward flow
behind the structures, and the cross-shore flows through the gaps. In
the lee of the breakwater field, the current direction is constant over
depth (Fig. 14(b)).

Vertical velocity profiles vary strongly throughout the domain
(Fig. 14(c)). Outside of the lee of the breakwater field (point A), we
reproduce the classical vertical Eulerian velocity profile associated with
wave-driven longshore flow on open beaches. Wave-driven onshore
mass flux is compensated by an offshore directed return flow, and the
longshore velocity profile has a logarithmic shape. Behind the most
updrift breakwater (point B), the shore is more protected from the
incident waves, and the cross-shore velocity is close to zero, and more
depth-uniform. The longshore current at B however has the same shape
and magnitude as in point A. In point C, at the location of the most
downdrift gap between the breakwaters, the cross-shore velocity profile
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is the result of a combination of wave-driven flow and offshore-directed
flow through the gap. The longshore current magnitude is about 20 %
of that of the undisturbed longshore current in point A. Finally, point D
is located around the convergence point of the wave-driven longshore
current, and the downwind recirculation cell, where flow is more or
less stagnant for this bed level and these boundary conditions.

Based on the geometry of the system, we expect well-developed
salients to build out, without shoreline erosion at the location of the
gaps (Pope and Dean, 1987). After 1 year of morphological time, three
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salients have built out from the initial shoreline extending over a
distance of 40 m to 50 m (Fig. 15(a,b)), similar to the Alexandria break-
water field that we used to dimension our model geometry and forcing
conditions (Fig. 15(c)). The presence of these salients significantly
reduces the longshore transport in the lee side of the breakwater field,
contributing to the stability of the morphological patterns. On both
updrift and downdrift sides, substantial erosion of the beach occurs,
which is usually compensated by nourishments or additional structures
in practice (van Rijn, 2011).
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Table A.1

Defaults for main model parameters for hydrodynamics, sediment transport and morphology as used in this study.
Hydrodynamics
Parameter Description Value
CFLMax Courant-Friedrich-Léwy condition 0.7
waveturbpendepth Penetration depth to derive wave-breaker related TKE production as fraction of H,; [-] 1.5
stokesprofile Order of the Stokes drift profile approximation [-] 2
wavestreaming Switch to include wave streaming Yes
rouwav Wave—current interaction formulation according to Soulsby et al. (1993) FR84
ftauw Calibration parameter wave-related bed shear stress [-] 1.0
fwfac Calibration parameter wave streaming [-] 1.0
fbreak Calibration parameter wave-breaker related TKE production [-] 1.0
Sediment transport
Parameter Description Value
Implicitfallvelocity Settling term in vertical SSC advection eqn solved implicitly Yes
Morphology
Parameter Description Value
Thresh Threshold sediment thickness for transport and erosion reduction [m] 0.05 h
MorUpd Update bathymetry during simulation Yes
DensIn Include effect of sediment concentration on fluid density No
AlfaBs Streamwise bed gradient factor for bed load transport ay, [-] 1.0
AlfaBn Transverse bed gradient factor for bed load transport ay, [-] 1.5
Sus Multiplication factor for suspended sediment reference concentration kg, [-] 1.0
Bed Multiplication factor for bed-load transport vector magnitude . [-] 1.0
SusW Wave-related suspended sed. transport factor [-] 0.05
BedW Wave-related bed-load sed. transport factor [-] 0.05
ThetSD Factor for erosion of adjacent dry cells [-] 0.5

5. Summary and conclusions

In this study, we have presented a new 3D morphodynamic model
that leverages the use of orthogonal unstructured grids for the efficient
spatial discretization of the model equations, optimizing both the level
of detail resolved in the model and the maximum allowed explicit time
step size. The model is based on the existing 3D hydrodynamic flow
solver Delft3D-FM, which was extended with formulations expressing
the phase-averaged effect of short waves and surface rollers on flow
momentum, turbulence and bed shear stress. The model is able to run
under both stationary and non-stationary wave forcing, where the latter
allows the simulation of the effect of infragravity waves on nearshore
circulation, enhancing the model’s capability to efficiently predict the
erosion hazards associated with (extreme) storms over large domains.
The model features an extensive list of sediment transport formulations
that can be used in a multi-fraction model setup to simulate the mor-
phological evolution in the domain. The addition of sediment slumping,
dry cell erosion and swash zone slope relaxation in combination with
a multi-layer bed stratigraphy model allows for the reproduction of
morphodynamics on different time scales ranging from that of a single
storm event to several years.

A number of test cases consisting of comparisons with analytical
solutions, and with observations in laboratory and field settings, were
undertaken to verify the robustness of the model implementation. It
was shown that the model can reproduce depth-varying current profiles
under breaking and non-breaking wave conditions, that it conserves
sediment mass, and that after calibration, it can reproduce bedload
and suspended load volumes under both tidal and wave-driven current
conditions. The model results are sensitive to the vertical grid resolu-
tion, and the test cases show that in practice, 10 to 20 o-layers are
sufficient to capture the dynamics correctly, if logarithmic refinement
is being used. The morphological applications in this study show the
applicability of a single model framework to a wide range of common
engineering challenges on open coasts, such as the assessment of beach
and dune response to storms, scour prediction around breakwaters,
navigation channel infilling, and inlet breaching. The comprehensive
model formulations, in combination with BMI compatibility, could
alleviate many of the challenges that are currently posed when trying
to model longer term morphological response of coastal environments,
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where both storms and less energetic conditions are determining the
final bed levels.
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Table B.1
Error metric definitions.

Parameter Formula Description
(m=measured;
c=computed)

Coefficient of (Cov(m, c)/o, a[)z Indicates strength of a linear relationship between

determination R? random variables m and c

Scatter Index SCI — V(L:") Relative measure of the scatter between model and
max(\ o [7l) data. The error is normalized with the maximum

of the rms of the data and the absolute value of
the mean of the data; this avoids strange results
for data with small mean and large variability
Bias Average difference between model and data
This is a relative measure of the bias, normalized
in the same way as the Scatter Index

Relative bias

Skill 1.0- % This parameter relates the variance of the
difference between data and model to the variance
of the data. skill=1 means perfect skill; skill=0
means no skill; skill<0 means result is worse than
doing nothing.

Table B.2
Error statistics hydrodynamic test cases. U, V: velocity components [m/s]; ZS: water level [m]; Hs: Significant wave height [m]; SSC: sediment concentration
[kg/m3]; BREACH: breach width [m]. Error metrics are defined in Table B.1.

Test case Parameter R? SCI Rel. bias Skill
Klopman (1994) CNW Unpean 0.94 0.02 0.02 1.00
Klopman (1994) WFC Umnean 0.92 0.05 0.02 1.00
Klopman (1994) WNC Upean 0.92 0.23 0.09 0.95
Klopman (1994) WOC Upnean 0.95 0.05 0.02 1.00
HS,ean 0.90 0.06 0.02 1.00
A 0.89 0.20 —-0.03 0.96

Hamilton and Ebersole (2001) LSTF defaul mean
amilton an ersole ( ) LSTF default U, 0.73 0.41 0.28 0.80
Vinean 0.40 0.14 0.08 0.98
HS can 0.90 0.06 0.02 1.00
ZS e 0.89 0.20 —0.03 0.96

5 — 9200, 'mean
Hamilton and Ebersole (2001) LSTF g, —20% Upr 0.73 0.41 0.28 0.80
Vimean 0.40 0.14 0.09 0.98
HSnean 0.90 0.06 0.02 1.00
YA 0.89 0.19 —-0.02 0.96

Hamil and Ebersole (2001 9 mean
amilton and Ebersole (2001) LSTF 8, +20% U, 0.73 0.41 0.27 0.80
Viean 0.39 0.14 0.08 0.98
HS ean 0.91 0.09 —-0.08 0.99
A 0.90 0.27 —-0.04 0.93

i —209 'mean
Hamilton and Ebersole (2001) LSTF y —20% U, 0.73 0.33 015 0.87
Vinean 0.39 0.22 0.20 0.95
HS can 0.88 0.12 0.09 0.99
ZS, 0.88 0.25 0.01 0.94

s 0, 'mean
Hamilton and Ebersole (2001) LSTF y +20% U 0.73 0.52 0.40 0.66
\ 0.39 0.14 0.01 0.98

mean

Table B.3
Error statistics sediment transport/morphology test cases. U, V: velocity components [m/s]; ZS: water level [m]; Hs: Significant wave height [m]; SSC: sediment
concentration [kg/m3]; BREACH: breach width [m]. Error metrics are defined in Table B.1.

Test case Parameter R? SCI Rel. bias Skill
SSCiotayers 0.87 0.12 0.02 0.99

Rouse algebraic SSCaolayers 0.93 0.14 0.00 0.98
SSCspragers 0.97 0.14 -0.03 0.98

SSCiiayers 0.87 0.24 0.16 0.94

Rouse k-¢ SSCaotayers 0.94 0.22 0.11 0.95
SSCsotayers 0.97 0.19 0.06 0.96

Uy grayers 0.95 0.10 0.01 0.99

SSC 0.96 0.24 -0.09 0.94

acobs 2 Dekk 2 10layers

Jacobs and Dekker (2000) Unotagen 0.95 0.09 0.02 0.99
SSCalayers 0.96 0.21 —-0.08 0.95

.. 0) 0.76 0.14 —-0.08 0.98

van Rijn (1984) trench $5C 0.89 0.98 —0.04 0.89

(continued on next page)
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Table B.3 (continued).
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Test case Parameter R? SCI Rel. bias Skill
YA 0.88 0.28 —0.01 0.89
Visser et al. (1995) Zwin breach, default 18) 0.89 0.23 —0.06 0.91
BREACH 0.91 0.14 —0.01 0.97
Visser et al. (1995) Zwin breach, —10% transport BREACH 0.91 0.14 —0.02 0.97
Visser et al. (1995) Zwin breach, + 10% transport BREACH 0.91 0.14 0.00 0.97
Visser et al. (1995) Zwin breach, dry slope 0.9 BREACH 0.91 0.14 -0.01 0.97
Visser et al. (1995) Zwin breach, VR84 transport BREACH 0.91 0.16 0.02 0.96
Table B.4
Error statistics Narrabeen test case. ZB: bed level [m]. Error metrics are defined in Table B.1.
Test case Parameter Skill Bias
ECL 2016, Base case ZB 0.59 —-0.06
ECL 2016, Wave direction —10° ZB 0.58 -0.05
ECL 2016, Wave direction +10° ZB 0.60 -0.07
ECL 2016, Wave height —20% ZB 0.68 -0.07
ECL 2016, Wave height +20% ZB 0.47 —-0.06
ECL 2016, Wave period —20% ZB 0.62 -0.07
ECL 2016, Facua —20% ZB 0.59 —0.06
ECL 2016, Facua +20% ZB 0.59 —-0.06

Appendix B. Performance metrics verification runs

See Table B.1.
See Table B.2.
See Table B.3.
See Table B.4.

Data availability

Data will be made available on request.
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