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Abstract7

Wave-current interaction phenomena are often represented through coupled model frameworks8

in ocean modelling. However, the benchmarking of these models is scarce, revealing a substantial9

research challenge. We seek to address this through a selection of benchmark cases for coupled10

wave-current interaction modelling frameworks. This comprises a series of analytical and ex-11

perimental test cases spanning three diverse conditions of wave run-up, one scenario of waves12

opposing a current flow, and a 2-D arrangement of waves propagating over a submerged bar.13

We simulate these through coupling of the spectral wave model, Simulating WAves Nearshore14

(SWAN), with the coastal hydrodynamics shallow-water equation model, Thetis, through the15

Basic Model Interface (BMI) structure. In our analysis, by comparing calibrated versus de-16

fault parameter settings we identify and highlight calibration uncertainties that emerge across17

a range of potential applications. Calibrated model results exhibit good correlation against ex-18

perimental and analytical data, alongside benchmarked wave-current model predictions, where19

available. Specifically, inter-model comparisons showcase equivalent accuracy. Finally, the cou-20

pled model we developed as part of this work showcases its ability to account for wave-current21

effects, in a manner extensible to other coupled processes through BMI and applicable to more22

complex geometries.23

Keywords: Wave-current interactions, Coupled model, Shallow-water equation modelling,24

Spectral wave modelling, Validation25

1. Introduction26

Wave-current interaction phenomena are common in coastal areas, where both surface grav-27

ity waves and ocean currents become influential to coastal hydrodynamics simultaneously Wolf28

and Prandle (1999). In such cases, their concurring presence affects each other; wave trans-29

formation processes generate radiation stress and are influenced by the water depth and the30

presence of underlying currents. Radiation stress in turn affects currents and wave setup, com-31

pounded by bottom friction and vertical mixing (Dietrich et al., 2011). Accurate representation32

of such interactions is motivated by a plethora of applications, such as capturing evolution of33

coastal morphology (Santos et al., 2009), design of offshore and coastal infrastructure (Brown,34

2010), or quantifying storm surge effects (Zhang et al., 2021).35

The need to account for wave-current interactions was recognised early (Longuet-Higgins36

and Stewart, 1962; Jonsson et al., 1970; Peregrine, 1976), leading to the development of coupled37

ocean and spectral wave models. The first coupled model configurations, as well as some later38

ones, employ a structured mesh, either orthogonal (Xie et al., 2001; Xia et al., 2004; Marsooli39

et al., 2017) or curvilinear (Warner et al., 2008; Kumar et al., 2011); such a configuration could40
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potentially incur high computational costs when multiple scales must be resolved. In increas-41

ing versatility through multi-scale modelling, unstructured coupled models followed (Dietrich42

et al., 2011; Roland et al., 2012; Zhang et al., 2016; Dobbelaere et al., 2022). Alternative solu-43

tions were also presented that maintained independent discretisation allowing greater flexibility44

among model-components (Dutour Sikirić et al., 2013). Wave-current interaction models are45

notoriously difficult to validate. It is challenging to establish validation data for wave-current46

interactions at regional scales, as a fully controlled environment at such scales becomes unattain-47

able. Hence, models are often applied to either idealised cases focusing on an indirect validation48

by examining other processes of interest like sediment transport (Warner et al., 2008) or more49

realistic setups on the effect of wave-current interactions that contain a large margin of un-50

certainties (Dietrich et al., 2011; Xie et al., 2001), especially during extreme events, such as51

hurricane conditions (Dobbelaere et al., 2022). A few studies demonstrated efforts to validate52

the modelling through analytical or experimental test cases where wave-current interactions53

emerge (Roland et al., 2012; Marsooli et al., 2017; Kumar et al., 2011). It is instructive to54

provide an overview of the models themselves, presenting features that motivate this research.55

In the process, we include details to highlight the diversity of coupled modelling frameworks.56

We begin with the study of Roland et al. (2012) on the coupling between the unstruc-57

tured 3-D hydrodynamic model SELFE (Zhang and Baptista, 2008) and the phase-averaged58

spectral wave model Wind Wave Modell II (WWM-II; Roland 2008). The former applies a59

semi-implicit time-marching scheme, while the advection is propagated through an Eulerian-60

Lagrangian method, which ensures model numerical stability. The coupling of the two models61

is inherently integrated by including WWM-II in SELFE’s source code as a routine, with both62

models written in Fortran. The coupled framework’s ability to account for wave-current in-63

teractions is evaluated through a series of analytical and experimental setups, validating its64

capacity for a plethora of phenomena were wave-current interactions are dominant. SELFE has65

expanded into the Semi-Implicit Cross-scale Hydroscience Integrated System Model (SCHISM;66

Zhang et al. 2016) preserving its coupling with WWM-II.67

In turn, we have the study of Marsooli et al. (2017) who validated their model through the68

numerical implementation of a series of experimental setups. The coupled framework consists of69

the 3-D Stevens Institute of Techonology Estuarine and Coastal Ocean Model (sECOM; Blum-70

berg and Mellor 1987) and the Mellor-Donelan-Oey (MDO; Mellor et al. 2008) spectral wave71

model where the same Arakawa C orthogonal curvilinear grid with terrain-following vertical72

coordinates employed for both components. The wave model, simpler than 3rd generation wave73

models in omitting the solution of the spectral equation in the frequency space (Mellor et al.,74

2008), solves the wave energy balance equation accounting for current-induced refraction along-75

side the deep- and shallow-water phenomena. It employs the spectrum of Donelan et al. (1985),76

which makes the wave-wave interaction in the frequency space parametrisation computationally77

effective. However to the best of our knowledge, MDO relied on serial computation, which in78

combination with its structured setup could hinder the scalability of any coupled model.79

Lastly, we refer to the coupled model of Xie et al. (2001) consisting of the structured 3-D80

ocean circulation model Princeton Ocean Model (POM; Mellor 1998) and the spectral WAve81

Model (WAM; Komen et al. 1996). In Xie et al. (2001), the coupled model was immediately82

applied for the simulation of a practical case, the South Atlantic Bight (Xie et al., 2001). Sub-83

sequently, when Xia et al. (2004) incorporated into the coupled model an extended formulation84

of radiation stress in the vertical direction, some benchmarking using the analytical solution of85

Longuet-Higgins and Stewart (1964) was reported towards demonstrating the validity of their86

formulation.87

Considering the broad associated literature that apply wave-current interaction models, we88

observe that only a minority of wave-current coupled models report on validation of wave-current89
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phenomena at controlled environments, as regulating the various parameters at regional scales90

becomes a challenging task. Therefore, this work documents our efforts towards a validated91

coupled model to capture wave-current interactions. Our objective is to do so in an efficient92

manner while being mindful of (a) parallelisation and scalability requirements, (b) the continu-93

ous development of the individual models, and (c) coupled-model extensions to other processes94

(e.g. atmospheric). The latter would render a non-intrusive coupling configuration important95

for future development.96

In this study, the spectral wave model Simulating WAves Nearshore (SWAN; Booij et al.97

1999) is coupled with the shallow-water equation model, Thetis (Kärnä et al., 2018; Kärnä,98

2020). This coupled framework (presented in Section 2) is the first 2-D model for wave-current99

interactions that uses a collection of validation cases (Section 3) comprised of analytical and100

experimental setups, while comparing its performance with other coupled models (Section 4).101

Furthermore, an effort is made to outline the calibration rationale for the cases considered and102

the applications of the coupled framework (Section 5). Finally, in maintaining versatility of103

the coupling framework we refactor model elements to use a minimally-intrusive interface in104

Python, preserving the processing efficiency of Fortran and C++ code for the iterative solving105

of SWAN and Thetis, respectively.106

2. Methodology107

2.1. Spectral Wave Model108

The spectral wave model SWAN solves the action density equation to calculate wave char-109

acteristics and spectra110

∂N

∂t︸︷︷︸
1

+∇x,y · (cx,yN)︸ ︷︷ ︸
2

+∇σ,θ · (cσ,θN)︸ ︷︷ ︸
3

=
1

σ

∑
S (1)

where111 ∑
S = Sin + Sds + Snl + Sbf + Sbrk (2)

The action density N expresses the ratio of the energy density E over the relative frequency112

σ. On the LHS, term 1 of Eq. [1] denotes the changes of action density N in time t, while113

term 2 expresses its advection in the geographical domain with propagation speed cx,y. Term 3114

represents the shifting of frequencies in the frequency (σ) domain and the refraction in the wave115

direction (θ) domain with propagation speed cσ,θ. The RHS of Eq. [1] comprises the sum of the116

source and sink terms (Eq. [2]), which include the wind input (Sin), whitecapping dissipation117

(Sds), non-linear wave-wave interactions (Snl), bottom friction (Sbf) and depth-induced wave-118

breaking (Sbrk) effects (see Booij et al. (1999) for details).119

Bed friction is considered through the eddy-viscosity model of Madsen et al. (1989) where120

energy dissipation due to bottom friction is expressed as121

Sbf = −Cb
σ2

g2 sinh2 (kh)
E (σ, θ) (3)

where Cb is a bottom friction coefficient, σ is the relative radian frequency, k is the wavenumber,122

h is the water depth, and E is the energy density spectrum. Madsen et al. (1989) takes into123

account the bottom roughness height and the actual wave conditions for the calculation of the124

bottom friction coefficient (SWAN Team, 2019).125

For the calculation of the energy dissipation due to depth-induced wave-breaking, SWAN126

extends the expression of Eldeberky and Battjes (1996) to include the spectral directions127
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Sbrk (σ, θ) =
αBJ Qbσ̃

β2π
E (σ, θ) (4)

where Sbrk is the energy dissipation due to depth-induced wave-breaking, αBJ is the rate of128

energy dissipation, Qb is the fraction of breaking waves, σ̃ is the mean frequency, β is the ratio129

of root mean square wave height (Hrms) over maximum water height (Hmax). In turn, the latter130

adheres to Hmax = γh, where γ is the breaker index expressing the ratio of wave height and131

still water depth at the location waves start breaking (Holthuijsen, 2010).132

In non-stationary SWAN simulations, a first-order semi-Lagrangian scheme, called Backward133

Space Backward Time (BSBT), is employed for propagating in time and space (SWAN Team,134

2019). Here, the structured rectilinear formulation of SWAN is employed either serially or in135

parallel.136

2.2. Shallow-water Equation Model137

Thetis, a 2-D/3-D coastal model (Kärnä et al., 2018), employs the Firedrake finite element138

modelling framework, which uses abstraction for the description of the weak formulation of139

PDEs and the generation of automated code (Rathgeber et al., 2016). It considers the non-140

conservative formulation of the shallow water equations (Eq. [5], [6]). The model accounts for141

wetting and drying by utilizing the formulation of Kärnä et al. (2011) introducing a modified142

bathymetry to ensure positive water depth as defined by Eq. [7]. Therefore,143

∂η

∂t
+

∂h̃

∂t
+∇ ·

(
H̃du

)
= 0 (5)

∂u

∂t
+ u · ∇u+ g∇η = ∇ ·

(
ν
(
∇u+∇uT

))
− τb + τrs + τwr

ρH̃d
(6)

f (Hd) =
1

2

(√
H2

d + α2
wd −Hd

)
(7)

where η is the water elevation, Hd = h + η is the total water depth, u is the depth-averaged144

velocity vector, ν is the kinematic viscosity of the fluid, and αwd is a wetting and drying145

parameter. The latter through Eq. [7] modifies the bathymetry h̃ = h + f (Hd), with an146

equivalent treatment for the modified total water depth H̃d. The bed shear stress effects (τb)147

make use of the Manning formulation with a friction coefficient nM , so that148

τb
ρ

= gn2
M

|u|u
H

1/3
d

(8)

while the effect of the radiation stress caused by waves is described by the term τrs and the149

effect of the wave roller by τwr [see Section 2.4 for more information].150

The shallow-water equations in this study are discretised using the discontinuous Galerkin151

finite element method (DG-FEM). The semi implicit Crank-Nicolson scheme, imposing an im-152

plicitness θ = 0.5, time marches the solution in all cases. The resulting system of equations153

is sequentially solved iteratively by Newton’s method as implemented in PETSc (Balay et al.,154

2019).155
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2.3. Basic Model Interface156

The coupled model is facilitated by the Basic Model Interface (BMI; Hutton et al. 2020),157

a library of functions provided across several programming languages. The functions are cat-158

egorised as: (i) model control functions to call a component of the model to bypass the main-159

stream time-loop, (ii) model information functions that provide general information about the160

exchange variables, (iii) variable information functions to supply details about a particular161

input or output field, (iv) time functions to administer information on the model times, (v)162

variable getter and setter functions to access and modify the exchange items of the models, and163

(vi) model grid functions to describe the model spatial discretisation1.164

The two models have been refactored to fit into a BMI “template”, which is constructed165

in Fortran for SWAN and in Python for Thetis. Due to the differing programming languages166

utilised by each model, SWAN was converted into a Python package for invocation by Python167

through utilising the refactored SWAN source code, which is then fitted into the Fortran 2003168

BMI template. By wrapping the latter with a C interoperability layer, SWAN can be compiled169

and linked in a C library. This library can be called from Cython, an extension language that170

enables a C library to be called from Python. As such, the ‘cythonised’ code can be converted171

into a Python package (Fig. 1).172

Figure 1: SWAN: The conversion from Fortran code to a Python package

1see https://bmi.readthedocs.io/en/latest/ for more details
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2.4. Coupling Procedure173

The parallel coupling procedure commences by initialising SWAN followed by Thetis, al-174

lowing for internal “on the fly” communication. The two models run on an iterative basis,175

marching forward following their own time-stepping mechanism, with ∆tSWAN for SWAN, and176

∆tThetis for Thetis. The time t in Fig. 2 is the time that the two models are required to reach177

to exchange the necessary information through BMI and is used to coordinate the serial imple-178

mentation of the model components. As such, the coupling time-step ∆tcoupling, i.e. the time179

interval between information exchange, is a multiple of both time-steps. Initialisation of Thetis180

and SWAN launches the coupling procedure which iterates the process until the simulation end181

time, tend.182

SWAN provides the necessary statistical wave parameters for the calculation of the radiation183

stress and the wave roller contribution. These parameters are the significant wave height, Hs,184

the wave direction, θm, the wavelength, λ, and the percentage of wave-breaking, Qb. In turn,185

Thetis provides SWAN with water elevation, η, and current, u, information.186

We adopt the calculation of vertically integrated radiation stress proposed by Mellor (2015)187

Sij
z
= E

[
n
kikj
k2

+ δij

(
n− 1

2

)]
(9)

where Sij
z
is the vertically integrated radiation stress, n is the ratio of the group over the188

phase velocity, k is the wavenumber, and δij is the Kronecker delta function (1 when i = j or 0189

otherwise). The gradient of Sij
z
describes the radiation stress on currents190

τrs = ∇Sij
z

(10)

The vertically integrated effect of the roller-wave interface is calculated similarly (Reniers191

and Battjes, 1997; Svendsen, 1984) as192

Rij = 2Er
kikj
k2

(11)

where Er = ρgAr sinϕ is the energy due to roller wave interface according to Duncan (1981),193

where Ar = 0.9H2 (Svendsen, 1984) the roller area and ϕ the roller angle with tanϕ ≈ 0.1194

(Reniers and Battjes, 1997) generally accepted (Martins et al., 2018). The gradient of Rij195

yields the effect of wave-rollers on currents196

τwr = ∇Rij (12)

The combined effect of waves on currents is the sum of the gradient of radiation stress and197

the wave-roller effects, τrs + τwr.198

3. Case studies199

A series of analytical and experimental setups of varying complexity (Table 1) are employed200

to validate the model’s capability to accurately capture wave-current interactions, and evaluate201

performance against other models. First we consider the idealised setup for the analytical solu-202

tion developed by Longuet-Higgins and Stewart (1964), where wave-setup is validated against203

an analytical solution. Next, we move to the case of Boers (1997) that considers a more realis-204

tic bathymetry that leads to wave setup, depth-induced wave-breaking, and bed friction losses.205

In turn, the case of Roelvink and Reniers (1995) explores the same effects at a scale that is206

closer to regional coastal applications. We then examine the model’s ability in the presence of207

a strong opposing current adopting the Lai et al. (1989) experiment. Finally, we consider the208

2-D experimental setup (Dingemans, 1987) of a submerged bar subjected to wave action.209
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Figure 2: Flowchart of the integrated coupling between the structured SWAN and Thetis

In all cases the mesh generation for Thetis employs the open-source qmesh (Avdis et al.,210

2018) package, returning an unstructured triangular mesh. The mesh employed by SWAN is211

a structured orthogonal mesh constructed internally by SWAN. For each case a nested setup212

is utilised composed of two domains: domain D1, i.e. the outer domain in which only SWAN213

is implemented; and D2: the area of interest where the coupled model is applied (Fig. 3). D1214

provides the top (N) and bottom (S) wave boundary conditions for the latter domain in these215

setups. To conserve computational resources, stationary conditions are applied in domain D1,216

while a stationary SWAN run of D2 is executed to spin-up the wave conditions before a coupled217

model is implemented.218
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Table 1: Test cases employed for the coupled model’s validation

Case Type Depth range [m] Phenomena

Longuet-Higgins
and Stewart (1964)

Analytical [0.05, 0.45]
Depth-induced wave-breaking, Wave

setup

Boers (1997) Experimental [0.05, 0.80]
Depth-induced wave-breaking, Wave

setup, Bottom friction

Roelvink and
Reniers (1995)

Experimental [0.20, 4.10]
Depth-induced wave-breaking, Wave
setup, Bottom friction, Undertow

current, Deeper bathymetry

Lai et al. (1989) Experimental [0.45, 0.75]
Strong opposing current, Wave

blocking

Dingemans (1987) Experimental [0.10, 0.40] Submerged bar in 2-D configuration

Sensitivity analyses are performed to examine the effect of model (SWAN/Thetis) parame-219

ters on the results to balance accuracy and computational cost. For SWAN, these include the220

geographical mesh spacing (where dx = dy), timestep ∆tSWAN, limits of spectral wave direction221

[θ1, θ2] alongside the spectral resolution ∆θ, standard directional deviation of wave spreading222

σθ, the equivalent roughness length kn implemented in the bed friction losses formulation of223

SWAN, the rate of dissipation for depth-induced wave-breaking αBJ followed by the maximum224

wave height over water depth ratio γ. In addition, the effects of triad wave-wave interactions and225

whitecapping dissipation were tested. In Thetis, the sensitivity explores effects of mesh element226

length ∧h, timestep ∆tThetis, kinematic viscosity ν, wetting and drying αwd and the manning227

coefficient nM . The most salient observations of the sensitivity analyses are discussed in Sec-228

tion 5.1 while the calibrated configurations, resulting in improved predictions, are described229

here for each of the cases. The “default” setup including initial parameters is summarised in230

Table 3 for each case. For SWAN, these follow recommended values of Booij et al. (2004), apart231

from the standard directional deviation of wave spreading, as wave conditions listed in Table232

2 are narrow-banded. Similarly, Thetis default parameters employ typical values for regional233

coastal-scale simulations (such as nM = 0.03). The model mesh size was defined through a mesh234

convergence process that initiated from coarse configurations to reduce computational cost.235

3.1. Longuet-Higgins and Stewart (1964) case on wave set-up on a linearly sloped beach236

Longuet-Higgins and Stewart (1964) provided an analytical solution for wave set-up in a237

gradually varying beach for 1-D steady state situations. The momentum balance is238

dη

dx
= − 1

ρgh

dSxx

dx
. (13)

In the absence of reflection outside the surf zone, we can assume wave energy continuity239

dEcg
dx

= 0 (14)

where Sxx is the radiation stress and cg the group velocity. In the surf zone, the wave height is240

controlled by H = γh. Solving Eq. [13] considering the aforementioned assumptions results in241

two areas: (i) the outer zone; and (ii) the surf zone. The boundary between the two is denoted242

by coordinate xB. In the outer zone, i.e. for x ≥ xB, the water elevation is described by243

η = − a2k

2 sinh (2kh)
(15)

8



Figure 3: Computational domain for: (a) the Longuet-Higgins and Stewart (1964) case; (b) the Boers (1997)
experiment; (c) the Roelvink and Reniers (1995) setup; (d) the Lai et al. (1989) study; (e) the Dingemans (1987)
experiment; and (f) close-up to the nested domain of the Dingemans (1987) domain. All domains are comprised
of the outer domain D1 and the nested domain D2 where the coupled model is implemented. The unstructured
mesh depicted in figures (a)-(e) is employed by Thetis.

while from the wave energy conservation, we have244

a2

k

(
2kh

sinh 2kh
+ 1

)
=

a20
k0

(16)

where a is the local wave amplitude, k is the wavenumber, and the subscript “0” indicates deep245

water parameters. Within the surf zone, i.e. for x < xB, as wave amplitude is proportional to246

local water depth, the water elevation is247

η =
1

1 + 8
3γ2

(hB − h) + ηB (17)

with the subscript “B” denoting quantities at the boundary between the outer and surf zones.248

As the water elevation at the boundary has to be continuous, equating Eq. [15] with Eq. [17]249
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Table 2: Boundary conditions for the cases depicted in Fig. 3, where N represents the top boundary, E is the
right boundary, S the bottom boundary and W is the left boundary.

SWAN Thetis

Case
Boundary

N E S W N E S W

Longuet-
Higgins and

Stewart (1964)

From
D1

H = 0.18 m,
Tp = 1.50 s

From
D1

Shore Q = 0 m3 s−1 η = −0.0024 m Q = 0 m3 s−1 un = 0 m s−1 †

Boers
(1997)

Exp. A
From
D1

Shore
From
D1

Hs = 0.16 m,
Tp = 2.10 s

Q = 0 m3 s−1 un = 0 m s−1 Q = 0 m3 s−1 η = −0.0008 m

Exp. B
From
D1

Shore
From
D1

Hs = 0.21 m,
Tp = 2.10 s

Q = 0 m3 s−1 un = 0 m s−1 Q = 0 m3 s−1 η = −0.0198 m

Exp. C
From
D1

Shore
From
D1

Hs = 0.10 m,
Tp = 3.40 s

Q = 0 m3 s−1 un = 0 m s−1 Q = 0 m3 s−1 η = −0.0002 m

Roelvink and
Reniers (1995)

From
D1

Shore
From
D1

Hs = 0.95 m,
Tp = 5.00 s

Q = 0 m3 s−1 Q = 0 m3 s−1 Q = 0 m3 s−1 η = −0.023 m

Lai et al.
(1989)

From
D1

Unspecified∗
From
D1

H = 0.01 m,
Tp = 0.57 s

Q = 0 m3 s−1 u = −0.13 m s−1,
v = 0.00 m s−1 × Q = 0 m3 s−1 u = −0.13 m s−1,

v = 0.00 m s−1

Dingemans
(1987)

From
D1

Unspecified∗
From
D1

Hs = 0.10 m,
Tp = 1.25 s

Q = 0 m3 s−1 un = 0 m s−1 Q = 0 m3 s−1 Q = 0 m3 s−1

∗ When the wave BC is unspecified, SWAN assumes that no waves enter the domain from this boundary and waves can leave the domain
freely (Booij et al., 2004)
† un is the normal velocity to the boundary
× The current velocities u, v are given in problem coordinates

and including the dispersion relationship, (Eq. [18])250

ω =
√
gk tanh kh, (18)

and the energy conservation (Eq. [14]), we determine the location of xB. The system of251

equations has been solved for dx = 0.125 m (Fig. 3a, red line).252

In comparing our model to the analytical solution, we apply a monochromatic wave of253

amplitude a = 0.09 m and period T = 1.5 s with normal incident direction to the shore on the254

nested setup of Fig. 3a, following the modelling study of Roland et al. (2012) and Xia et al.255

(2004). The bathymetry is constant in the y-direction, while in the x-direction it is flat with256

still water depth h = 0.45 m for x ≥ 4.5 m. For x < 4.5 m, the depth decreases linearly to257

h = 0.05 m by a slope of 0.1. The numerical domain starts at x = 0.5 m (dotted line in Fig.258

4) due to SWAN’s limitation in predicting wave characteristics in very shallow water depths.259

SWAN mesh spacing is dx = dy = 0.4 m, whereas Thetis employs an unstructured mesh with260

an element length ∧h = 0.4 m (Table 3).261

In terms of boundary conditions (Table 2), the wave condition is applied at the right bound-262

ary of SWAN. For Thetis, the calculated water elevation from the analytical solution is also263

imposed there. The left Thetis boundary represents the shore and a no-slip condition is set,264

whilst a free-slip boundary condition is utilised on the remaining boundaries. The only physical265

process taken into account in SWAN is the depth-induced wave-breaking with maximum wave266

height over water depth ratio γ = 0.83 (following Roland et al. (2012) and Xia et al. (2004))267

and rate of dissipation αBJ = 1.5, while we neglect any energy losses due to bottom friction and268

wind-driven waves. Thetis also disregards bed friction losses. Following sensitivity, SWAN’s269

timestep is ∆tSWAN = 20 s, whereas ∆tThetis = 1 s with a coupling timestep (∆tcoupling equal270

to the largest of the two (Table 3).271

3.2. Boers (1997) case on surf zone with a barred beach272

Boers (1997) examined depth-induced wave-breaking and wave-induced set-up under lab-273

oratory conditions. By use of a flume with length 40 m, width 0.8 m and height 1.08 m,274

they recorded the evolution of random unidirectional waves over a bar trough profile. The275
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Table 5: Calibrated SWAN-Thetis numerical configuration details for each of the examined test cases

Longuet-
Higgins and
Stewart
(1964)

Boers (1997) Roelvink
and Reniers

1995

Lai et al.
1989

Dingemans
1987

Exp. A Exp. B Exp. C

T
h
et
is

Nodes 413 1981 1560 1044 914

Elements 824 3960 3118 2086 1826

Degrees of
Freedom
(DoF)

2256 11124 8556 5928 5178

S
W
A
N

Nodes in
xy-space

337 1470 109 1198 677

No of
frequencies

38 38 38 44 38

Nodes in
θ-space

5 11 21 6 6

C
ou

p
le
d
m
o
d
el Simulation

time [min]
30 30 30 30 30

Convergence
time [min]

2.00 3.83 3.75 3.50 3.00 3.67 9.50

CPU time
[min]

2.98 3.75 3.77 3.80 7.60 2.75 4.21

∗All the simulations were run serially in Linux x86 64 GNU/linux system equipped with 8 CPU (2 threads each)
and an Intel Core i7 with 32GB RAM.

flume’s bottom was composed of sand with a smooth concrete layer finish. Three wave con-276

ditions, described by their significant wave height Hs and their peak period Tp, were applied:277

(a) Hs = 0.16 m and Tp = 2.1 s; (b) Hs = 0.22 m and Tp = 2.1 s; and (c) Hs = 0.10 m and278

Tp = 3.4 s (Table 2) with normal incident wave direction towards the shore.279

The numerical domain representing the experimental setup consists of the nested setup280

shown in Fig. 3b encompassing a subdomain of 45 m in length and 5 m in width in the area of281

interest D2. The bathymetry is constant in the y-direction and ranges from 0.05 m to 0.80 m in282

x-direction (Fig. 3b). The mesh employed by SWAN is uniformly structured in both directions283

with dx = dy = 0.4 m, while the mesh in Thetis retains an element length of 0.4 m (Table 3).284

The wave boundary condition is applied to the left boundary of SWAN with direction285

perpendicular to the shore located at the right (E) of the domain. Similarly for Thetis, the286

measured water elevation is imposed on the left (W) boundary, while a no-slip condition is287

applied at the shore. Finally, the top (N) and bottom (S) boundaries are described by a free-288

slip condition mimicking smooth surfaces typical of lab-scale experiments (Table 2).289

Bed friction losses in SWAN are accounted for by employing the Madsen formulation (Mad-290

sen et al., 1989) with roughness length scale kn = 0.02 m, while no bed friction effects are291

included in Thetis. In addition, depth-induced wave-breaking is considered with αBJ = 1.5292

and γ = 0.63, whereas no wind input is accounted. The implicit nature of SWAN’s propaga-293

tion scheme allows the employment of a timestep dtSWAN = 10 s and considering the semi-294

implicitness of Thetis’ numerical scheme a smaller timestep dtThetis = 5 s is considered.295

3.3. Roelvink and Reniers (1995) case on wave-induced undertow current296

As part of the EU Large Installations Plan framework (LIP11D) Roelvink and Reniers297

(1995) examined the phenomenon of a sandbar formation and migration caused by wave-induced298

undertow current in a large-scale flume with length 225 m, width 5 m and depth 7 m. During299

the experiment three wave conditions were applied resulting in different beach states. We select300
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the first one comprised of narrow-banded irregular waves ofHs = 0.95 m and Tp = 5 s traversing301

perpendicular to the shore generating a stable beach.302

To numerically reproduce the experiment, the nested domain shown in Fig. 3c is imple-303

mented. The bathymetry ranges from h = 0.20 m to h = 4.10 m; specifically in the first 20 m304

the bathymetry is flat with h = 4.10 m, followed by a constant 1:20 slope until x = 52 m, after305

which the still water depth adheres to a power function h (x) = 0.1 (177− x)2/3 till x = 169 m,306

resulting to a 1:30 slope. The uniform structured mesh in SWAN has a resolution of 5.0 m,307

while Thetis mesh resolution is ∧h = 0.5 m nearshore and ∧h = 2.5 m at deep water.308

Regarding the boundary conditions (Table 2), the forcing boundary conditions are imposed309

on the left boundary; the wave boundary condition in SWAN and the known water elevation310

in Thetis. Similarly to the previous two cases, bottom friction has been accounted in SWAN311

with Madsen’s kn = 0.05 m, in addition to the implementation of depth-induced wave-breaking312

dissipation with aBJ = 1.0 and γ = 0.73. In Thetis, only wetting and drying has been included313

with αwd = 2.5 m. Both models utilise the same timestep ∆tSWAN = ∆tThetis = 3 s, which is314

also the coupling timestep (Table 3).315

3.4. Lai et al. (1989) case on a strong opposing current316

The blocking of waves, breaking or non-breaking, caused by an opposing current was studied317

in the experiment of Lai et al. (1989) in a tank with a 18.3 m long, 0.91 m wide and 1.22 m318

deep test section. The waves were generated by the wave-maker located at the left (W) side319

of the tank, while a current was imposed through a pump on the opposite side. We focus on320

a monochromatic wave described by Hs = 0.019 m and Tp = 0.57 s travelling from left (W) to321

right (E), while the current’s speed starts at 0.13 m s−1 evolving to approximately 0.22 m s−1
322

over the bar.323

The numerical domain for this setup is presented in Fig. 3d. The domain of interest D2 has324

28 m length, 10 m width and the water depth ranges from 0.45 m to 0.75 m. The structured325

mesh utilised in SWAN is uniform with mesh spacing 0.5 m , while the Thetis mesh element326

length varies from ∧h = 0.4 m on the top of bar radially increasing to ∧h = 1.0 m at the forcing327

boundaries. These boundaries entail a current entering the domain on the right (E) which is328

assigned a magnitude of 0.13 m s−1 that leaves on the left (W) of the domain. This is imposed329

in Thetis alongside the wave conditions in SWAN (Table 2). The effect of depth-induced wave-330

breaking and bottom friction are absent, along with the negligible contribution of whitecapping331

dissipation. Similarly, in Thetis neither wetting and drying nor bed shear stress are included332

(Table 3).333

3.5. Dingemans (1987) 2-D setup on waves over a submerged bar334

The experiment of Dingemans (1987) consists of a semi-cylindrical submerged bar with335

bathymetry ranging from 0.10 m to 0.40 m in a flume 30 m long and 26.4 m wide. Alongside336

the left side of the flume is a wave-generator, while on the opposite site a wave-absorbing beach337

was constructed with a 1:7 slope. The bathymetry follows a 1:20 slope on the left bank of the bar338

and 1:10 on the right. Dingemans (1987) implemented a plethora of wave conditions; the focus339

on this study falls on the case with a JONSWAP spectrum (Hasselmann et al., 1973) described340

by Hs = 0.10 m and Tp = 1.25 s. During the experiments the water velocities were recorded341

through 81 current gauges placed on a 3 m × 3 m grid, in addition to the water elevations342

captured by the wave gauges (Fig. 3f).343

The numerical domain utilised here (Fig. 3e) follows Dingemans (1987) bathymetry, but has344

extended the submerged bar a further 20 m to calculate accurately wave boundary conditions345

for domain D2 and to minimise boundary errors. SWAN and Thetis meshes employ the same346

2 m resolution, the former in a uniform structured grid and the latter in terms of mesh element347

length. The known wave boundary condition is applied on the left boundary, while we emulate348
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Table 6: Definition of statistical parameters

Name Notation Formula Meaning

Goodness-of-fit R2 R2 = 1−
∑n

i (yi − ŷi)
2∑n

i (yi − y)2
Degree of linear correlation to

the fit yi = 1 · ŷi + 0

Pearson
correlation
coefficient

r r =

∑n
i (yi − y)

(
ŷi − ŷ

)√∑n
i (yi − y)2

∑n
i

(
ŷi − ŷ

)2 Measures linear correlation
between observed and predicted

values

Root Mean
Square Error

r.m.s.e. r.m.s.e. =

√∑n
i (yi − ŷi)

2

n

Quantifies concentration level
around the best fit line.

Mean Absolute
Error

m.a.e. m.a.e. =

∑n
i |yi − ŷi|

n

Average magnitude error
between predictions and

observations.

Bias bias bias =

∑n
i yi − ŷi
n

Deviation of predicted values
from equivalent observations. If
linear correlation yi = 1 · ŷi + 0 is

the best fit, bias = 0.

Willmott index
(Willmott,

1981)
d d = 1−

∑n
i (yi − ŷi)

2∑n
i (|ŷi − y|+ |yi − y|)2

Measures distance between
predicted and observed values.

∗ where n is the size of the dataset; yi are the observed values; ŷi are the predicted values; y is
the mean of the observed values; and ŷ is the mean of the predicted values

the wave absorbing beach on the right side through a no-slip condition (Table 2). Bed friction349

losses have been accounted in SWAN per Madsen’s formulation with kn = 0.04 m and in Thetis350

following the Manning formulation with nM = 0.022. Depth-induced wave-breaking has also351

been considered with aBJ = 1 and γ = 0.73, while no wind input is implemented. SWAN’s352

implicit scheme allows for a relatively big timestep of 60 s, while Thetis utilises a much shorter353

timestep dtThetis = 1 s (Table 3).354

4. Results355

A synoptic table (Table 3) containing the “default” and calibrated values of the parameters356

examined in sensitivity analyses for all cases is included alongside a table depicting the com-357

putational details, including simulation, convergence and CPU time, for each test case (Table358

5). The final configuration is compared against the analytical solution or experimental data,359

its performance assessed through a series of statistical parameters (Table 6). When available,360

a cross-comparison between our model’s and other models’ predictions, found in literature, is361

presented through infographics and statistical quantities. The numerical configuration of the362

literature models is collated in Table 7.363

4.1. Longuet-Higgins and Stewart (1964) case on wave set-up on a linearly sloped beach364

This setup has specifically been employed by Roland et al. (2012) (dashed green line, Fig.365

4) and Xia et al. (2004) (blue dashed line, Fig. 4b) to validate their models; the former with366

regards to their developed coupled model and the latter as per the implementation of a new367

vertical profile extension of the radiation stress (for details of their numerical setup, see Table368

7). Our calibrated setup prediction for water elevation η (continuous red line, Fig. 4) verges on369

an exact match of the analytical solution of Longuet-Higgins and Stewart (1964) (continuous370
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Table 8: Model performance against the analytical solution of the Longuet-Higgins and Stewart (1964) setup by
statistical quantities of Table 6

Variable Model R2 [-] r [-]
r.m.s.e
[m]

m.a.e
[m]

bias
[m]

d [-]

H

Roland et al. (2012) 0.998 1.000 0.001 0.001 -0.001 1.000

SWAN-Thetis (def.) 0.896 0.984 0.009 0.005 -0.001 0.964

SWAN-Thetis (cal.) 0.940 0.982 0.007 0.003 0.000 0.982

η

Roland et al. (2012) 0.896 0.999 0.003 0.003 -0.002 0.970

Xia et al. (2004) 0.837 0.979 0.003 0.003 -0.001 0.941

SWAN-Thetis (def.) 0.828 0.983 0.003 0.002 0.001 0.934

SWAN-Thetis (cal.) 0.988 0.994 0.001 0.000 0.000 0.997

Figure 4: (a): Profile of wave height H; and (b) water elevation η profile for the Longuet-Higgins and Stewart
(1964) setup

black line, Fig. 4b) excluding the area of wave-breaking (2 m ≤ x ≤ 3 m) resulting in goodness-371

of-fit R2 = 0.99 (Table 8). Despite the lower R2 of the literature models (Roland et al., 2012;372

Xia et al., 2004), they capture better the shape of η profile during wave-breaking despite their373

over-estimation of η offshore and its under-estimation closer to the shore (Fig. 4b).374

On the wave height H, Roland et al. (2012) reproduced Longuet-Higgins and Stewart (1964)375

analytical solution with R2 = 1 (Fig. 4a, Table 8). As we do not reproduce the abrupt transition376

due to wave-breaking (2 m ≤ x ≤ 4 m) in addition to a slight overestimation of H afterwards,377

R2 is smaller
(
R2 = 0.94, Table 8

)
.378
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Table 9: Model performance against data from the Boers (1997) experiments by statistical quantities of Table 6

Variable Model R2 [-] r [-]
r.m.s.e
[m]

m.a.e
[m]

bias
[m]

d [-]

Experiment A

Hs

Roland et al. (2012) 0.961 0.988 0.007 0.006 -0.001 0.991

SWAN-Thetis (def.) 0.935 0.978 0.009 0.007 -0.003 0.981

SWAN-Thetis (cal.) 0.936 0.981 0.009 0.007 -0.003 0.981

η

Roland et al. (2012) 0.439 0.932 0.002 0.002 -0.002 0.891

SWAN-Thetis (def.) 0.726 0.888 0.001 0.001 0.000 0.903

SWAN-Thetis (cal.) 0.746 0.895 0.001 0.001 0.000 0.909

Experiment B

Hs

Roland et al. (2012) 0.979 0.993 0.007 0.005 0.001 0.995

Marsooli et al. (2017) 0.980 0.993 0.007 0.006 -0.004 0.995

SWAN-Thetis (def.) 0.922 0.994 0.013 0.010 -0.009 0.977

SWAN-Thetis (cal.) 0.961 0.987 0.009 0.008 -0.003 0.989

η

Roland et al. (2012) 0.641 0.955 0.002 0.002 -0.002 0.922

Marsooli et al. (2017) 0.800 0.961 0.002 0.001 -0.001 0.951

SWAN-Thetis (def.) 0.818 0.942 0.002 0.001 0.000 0.934

SWAN-Thetis (cal.) 0.775 0.913 0.002 0.001 -0.001 0.926

Experiment C

Hs

Roland et al. (2012) 0.768 0.922 0.011 0.009 0.006 0.943

Marsooli et al. (2017) 0.872 0.979 0.008 0.007 -0.004 0.958

SWAN-Thetis (def.) 0.615 0.948 0.014 0.011 0.005 0.821

SWAN-Thetis (cal.) 0.741 0.937 0.011 0.009 -0.001 0.892

η

Roland et al. (2012) -0.907 0.858 0.002 0.001 -0.001 0.753

Marsooli et al. (2017) 0.783 0.977 0.001 0.001 0.000 0.961

SWAN-Thetis (def.) 0.730 0.939 0.001 0.001 0.000 0.885

SWAN-Thetis (cal.) 0.764 0.910 0.001 0.001 0.000 0.918

4.2. Boers (1997) case on surf zone with a barred beach379

This experiment has been a popular validation case among wave-current interaction coupled380

models (see Roland et al. (2012) and Marsooli et al. (2017)). Roland et al. (2012) (dashed381

blue line, Fig. 5) utilised all three wave conditions (Table 2) and Marsooli et al. (2017) only382

the last two (dashed green line, Fig. 5c-f). Even though Roland et al. (2012) utilises a 3-D383

model, our calibrated 2-D setup (continuous red line, Fig. 5) simulates η better, as the former384

over-estimates η near and after wave-breaking (x ≥ 20 m) (Fig. 5b,d,f). This is also confirmed385

by the superior values of R2 for “SWAN-Thetis (cal.)” with R2 ≈ 0.76 compared to R2 ranging386

from −0.91 to 0.64 for Roland et al. (2012). Furthermore, for wave conditions A and B sharing387

Tp = 2.1 s, the significant wave height Hs predictions of our calibrated model are more fitting388

to the observed values (black dots, Fig. 5a,c) in intermediate waters (5 m ≤ x ≤ 16 m) in389
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comparison to the other models exhibited.390

On the other hand, models in the literature simulate with more precision Hs nearshore391

(x ≥ 20 m in Fig.5a,c,e; Table 9). This superior performance nearshore is also exhibited in392

η (Fig. 5b,d,f), since Roland et al. (2012) and Marsooli et al. (2017) capture the shape of η393

profile more accurately, even though they generally overestimate it. This behaviour is expressed394

through the higher values of the Pearson correlation coefficient r in conjunction with the lower,395

for Roland et al. (2012), or equivalent, for Marsooli et al. (2017), R2 (Table 9) compared to our396

calibrated results.397

Figure 5: Left column: Significant wave height Hs profile across the domain depicted in Fig. 3b for wave
conditions A, B, and C, respectively. Right column: Water elevation η profile in the Boers (1997) experiment for
wave conditions A, B, and C, accordingly.

4.3. Roelvink and Reniers (1995) case on wave-induced undertow current398

The Roelvink and Reniers (1995) experiment was studied to evaluate the model ability of399

Marsooli et al. (2017) to simulate wave-induced undertow currents. Firstly, Marsooli et al.400
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(2017) (dashed blue line, Fig. 6) predicts more accurately the water elevation in waters of401

transitional depth (30 m ≤ x ≤ 120 m); a drop inHs is instead observed for our calibrated model402

results (continuous red line, Fig. 6). Nonetheless we provide a more accurate Hs prediction403

nearshore (x ≥ 150 m). Overall, comparable statistics (Table 10) are derived, with our model404

showing a marginally better performance. Concerning Hs, both models bear identical profiles405

in agreement with the observed values
(
R2 ≈ 0.97

)
(black dots, Fig. 6a).406

Table 10: Model performance against measurements from the Roelvink and Reniers (1995) experiment by the
statistical quantities of Table 6

Variable Model R2 [-] r [-]
r.m.s.e
[m]

m.a.e
[m]

bias
[m]

d [-]

Hs

Marsooli et al. (2017) 0.974 0.989 0.033 0.028 -0.008 0.993

SWAN-Thetis (def.) 0.973 0.993 0.034 0.027 -0.021 0.993

SWAN-Thetis (cal.) 0.979 0.992 0.030 0.022 -0.014 0.995

η

Marsooli et al. (2017) 0.889 0.974 0.006 0.005 0.002 0.963

SWAN-Thetis (def.) -0.240 0.981 0.021 0.016 -0.010 0.860

SWAN-Thetis (cal.) 0.929 0.966 0.005 0.004 0.000 0.982

Figure 6: (a): Profile of significant wave height Hs; and (b) water elevation η profile for the Roelvink and Reniers
(1995) case

4.4. Lai et al. (1989) case on a strong opposing current407

The experimental investigation of Lai et al. (1989) has been previously considered by Roland408

et al. (2012) and Ris and Holthuijsen (1996). Although our model (continuous red line, Fig. 7a)409
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deviates from other model results that simulate current-induced wave-breaking, as calculated410

by Roland et al. (2012) (green triangles, Fig. 7a) and Ris and Holthuijsen (1996) (dashed blue411

line, Fig. 7a), it exhibits the best overall R2 = 0.69 (Table 11), as models in the literature over-412

predict H near the false bottom (6 m ≤ x ≤ 11 m). Even though our modelling exhibits the413

best statistical performance, the ineptitude to capture the reduced H after the bar is universal414

across all models.415

On the current velocity u, our calibrated prediction (continuous red line, Fig. 7b) slightly416

underestimates the measured profile (continuous black line, Fig. 7b), even though a noticeable417

difference is seen due to the scale of the y-axis. Specifically, (i) the predicted velocity over the418

bar is 0.213 m s−1 against the measured 0.217 m s−1; and (ii) the velocities near the bottom419

of the bar are marginally smaller, i.e. 0.125 m s−1 against the observed 0.13 m s−1. These420

inconsistencies induce the small m.a.e. of 0.004 m s−1 and a Willmott index d = 0.99 (Table421

11).422

Table 11: Model performance against the experimental data of the Lai et al. (1989) setup by the statistical
quantities of Table 6

Variable Model R2 [-] r [-]
r.m.s.e
[∗]

m.a.e
[∗]

bias
[∗]

d [-]

H

Roland et al. (2012) 0.486 0.888 0.004 0.004 -0.003 0.865

Ris and Holthuijsen
(1996)

0.653 0.938 0.004 0.003 -0.003 0.887

SWAN-Thetis (def.) 0.244 0.840 0.005 0.004 -0.003 0.674

SWAN-Thetis (cal.) 0.692 0.876 0.003 0.003 0.000 0.874

u
SWAN-Thetis (def.) 0.981 0.994 0.005 0.003 0.003 0.995

SWAN-Thetis (cal.) 0.973 0.994 0.006 0.004 0.004 0.993
∗ The units are m for the wave height H and m s−1 for the current velocity u.

4.5. Dingemans (1987) 2-D setup on waves over a submerged bar423

Roland et al. (2012) (black dots, Fig. 8) also made use of the experiment by Dinge-424

mans (1987) to validate their model performance with regards to the significant wave height425

Hs and the current velocities u, v in a 2-D setup. Their overestimation of the smaller Hs426

(for Hs ≤ 0.10 m) results in a much lower R2
(
R2 = 0.59

)
compared to R2 = 0.89 (Table 12)427

for our calibrated setup (red circles, Fig. 8a).428

Similarly, we simulate the v-velocity with marginally more precision
(
R2 = 0.79

)
since429

Roland et al. (2012) tends to slightly under-estimate −0.1 m s−1 ≤ v ≤ 0.1 m s−1 with R2 =430

0.74. Concerning the other component of current velocities, i.e. u (Fig. 8b), the mod-431

els exhibit similar results in relative accordance to the measurements with R2 = 0.81 and432

r.m.s.e = 0.04 m s−1 (Table 12).433

5. Discussion434

5.1. Sensitivity analysis435

An exploration of a series of parameters was performed through sensitivity analyses for each436

case study. The initial setup containing the “default” values is arranged alongside the calibrated437

model (Table 3) with the value range summarised in Table 4 for completeness.438
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Figure 7: (a): Profile of wave height H; and (b) current velocity u profile for the Lai et al. (1989) setup

Table 12: Model performance against measurements from the Dingemans (1987) experiment by the statistical
parameters of Table 6

Variable Model R2 [-] r [-]
r.m.s.e
[∗]

m.a.e
[∗]

bias
[∗]

d [-]

Hs

Roland et al. (2012) 0.590 0.912 0.011 0.008 -0.007 0.859

SWAN-Thetis (def.) 0.731 0.898 0.009 0.007 -0.004 0.935

SWAN-Thetis (cal.) 0.918 0.965 0.005 0.004 0.002 0.979

u

Roland et al. (2012) 0.819 0.910 0.043 0.032 -0.006 0.944

SWAN-Thetis (def.) 0.199 0.859 0.090 0.067 0.011 0.373

SWAN-Thetis (cal.) 0.810 0.927 0.044 0.035 -0.006 0.934

v

Roland et al. (2012) 0.738 0.876 0.035 0.027 0.010 0.915

SWAN-Thetis (def.) 0.223 0.694 0.061 0.048 -0.013 0.503

SWAN-Thetis (cal.) 0.791 0.910 0.031 0.024 0.004 0.928
∗ The units are m for the significant wave height Hs and m s−1 for the current
velocities u, v.

5.1.1. Temporal and mesh convergence439

The analysis commenced with the mesh resolution of SWAN (dx) and Thetis (∧h) assuming440

that the time-steps ∆tSWAN = ∆tThetis = 1 s are small enough for the CFL condition to be met.441

Ordinarily, the coarser resolutions investigated (Table 4) yield insubstantial differences except442

when refraction is prominent (Roelvink and Reniers, 1995; Dingemans, 1987). The sensitivity443
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Figure 8: The observed (x-axis) against the predicted (y-axis) values for the Dingemans (1987) experiment for:
(a) the significant wave height Hs, (b) the current velocity u; and (c) the current velocity v.

Table 13: Computational cost expressed as CPU time for the default and calibrated setup

Case
Default setup
CPU time TD

Calibrated setup
CPU time TC

TD
TC

Longuet-Higgins and Stewart (1964) 00:06:53 00:02:59 2.3

Boers (1997) (Exp. B) 00:40:27 00:03:46 10.7

Roelvink and Reniers (1995) 00:18:03 00:07:26 2.4

Lai et al. (1989) 00:51:22 00:02:45 18.7

Dingemans (1987) 03:12:56 00:04:13 45.8

of results accuracy to refraction in non-stationary simulations is a known SWAN issue (SWAN444

Team, 2019) here exhibited for smaller dx in the Dingemans (1987) cases (Table 4); there,445

the Lipschitz criterion is violated allowing the energy to travel over a number of directional446
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bins (SWAN Team, 2019). Hence, the imposition of a Courant number limiter is necessary447

for accurate predictions, which is insufficient to resolve non-convergence issues for dx ≤ 2.5 m448

in the Roelvink and Reniers (1995) case; this is another known issue of SWAN (Booij et al.,449

2004)) though the limiter restricts the problem locally. Lastly, in the Lai et al. (1989) case,450

larger ∧h values result to a poor representation of the bathymetry with the u-profile near the451

bar transforming to a shape resembling the letter Λ instead of the anticipated Π as resolution452

decreases (Table 4). Poor results nearshore with coarser resolution are also exhibited in the453

large-scale experiment of Roelvink and Reniers (1995). Hence in the last two aforementioned454

cases, an unstructured mesh is employed in Thetis utilising a finer resolution focused specifically455

in the area of interest.456

The other resolution variables related to computational cost are the time-steps employed by457

the models, ∆tSWAN and ∆tThetis. Considering that the ranges tested exhibited no apparent458

impact on the results, but immensely influenced the CPU and convergence time, their selection459

was made on the basis of limiting convergence duration. Imposing a limit on the convergence460

time of 5 min for the quasi-1-D cases (Longuet-Higgins and Stewart, 1964; Boers, 1997; Roelvink461

and Reniers, 1995; Lai et al., 1989) and 10 min for the Dingemans (1987) experiment, the time-462

step with the minimum CPU time conforming to this restriction is chosen (Table 3) resulting463

in relatively large time-steps for SWAN (generally ∆tSWAN ≥ 10 s) and smaller time-steps for464

Thetis (∆tThetis ≤ 5 s). SWAN’s limitations on refraction resulting in non-convergence necessi-465

tated the change of SWAN’s numerical scheme for refraction to a first-order upwind and a small466

time-step (∆tSWAN = 3 s) in the Roelvink and Reniers (1995) experiment. Refraction’s numer-467

ical scheme was also converted to a first-order upwind in the Dingemans (1987) experiment to468

decrease the convergence time. Additionally, for the model to converge within the specified469

time frame, ν was increased to 1 m2 s in Thetis. The time and mesh sensitivity analyses led470

to reduced CPU time requirement ranging from an acceleration of 2.3× for the idealised case471

of Longuet-Higgins and Stewart (1964) to 45.8× for the 2-D experiment of Dingemans (1987)472

(Table 13), substantially constraining the computational cost for the subsequent analyses.473

5.1.2. SWAN parameters474

Considering the monochromatic or narrow-band wave conditions implemented, the suggested475

directional standard deviation σθ = 30o by SWAN (Booij et al., 2004) was not contemplated.476

Decidedly smaller σθ values are investigated (Table 4) with the majority of cases employing477

σθ ≤ 3.5o (Table 3). The relatively high σθ = 5o in the case of Lai et al. (1989) is chosen478

to reduce the wave height providing more precise H predictions downstream of the bar, since479

it has been observed that higher values of the spreading index s or as denoted in SWAN m480

correspond to higher values of H (Venugopal et al., 2005), while m is negatively correlated with481

σθ (Holthuijsen, 2010; Booij et al., 2004).482

On the bed losses, the shallow water depths dominating the Boers (1997) experiment require483

a decreased value from the suggested kn = 0.05 m (Table 3) to avoid overestimating bed friction484

dissipation. This issue does not arise on the large-scale (Roelvink and Reniers, 1995) and the485

2-D experiment (Dingemans, 1987) (0.04 m ≤ kn ≤ 0.05 m) most likely due to the bathymetry486

resembling “regional” applications. No analysis is performed for the Longuet-Higgins and Stew-487

art (1964) idealised setup as all phenomena except for depth-induced wave-breaking have been488

neglected.489

Similar findings are observed for the parameters describing the depth-induced dissipation,490

αBJ and γ. Specifically, Roelvink and Reniers (1995) and Dingemans (1987) employ the default491

values αBJ = 1 and γ = 0.73 to accurately represent the phenomenon. On the other hand, a492

slight adjustment of αBJ = 1.5 is crucial in the small scale setups (Longuet-Higgins and Stewart,493

1964; Boers, 1997) due to dissipation under-estimation. On the breaker index, the analytical494

solution of Longuet-Higgins and Stewart (1964) considers γ = 0.83, confirmed by the investi-495
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gation (Table 4) since smaller γ results in wave-breaking shifting towards deep waters. In the496

Boers (1997) experiment, γ = 0.63 and γ = 0.73 procure statistically similar predictions, with497

the former capturing better the second wave-breaking severely under-calculated by the latter.498

Considering the small wave height (H < 0.02 m) traversing the domain and the relative deep499

waters (h ≥ 0.45 m) no depth-induced wave-breaking occurs in the Lai et al. (1989) experiment,500

verified by the analysis for αBJ (Table 4, 3).501

Lastly, in addition to the sensitivity summarised in Table 3, an investigation on of the502

high-frequency cut-off limit fmax was performed specifically for the Lai et al. (1989) case. fmax503

together with the low-frequency cut-off fmin define the spectrum’s prognostic range (fmin < f <504

fmax) where energy density develops unrestricted and the diagnostic range (f < fmin and505

f > fmax) where the wave-wave interactions at high frequencies and integral wave parame-506

ters are calculated (Holthuijsen, 2010). The “default” fmax = 1 Hz suggested for conditions507

at sea does not capture accurately wave-blocking. A range of fmax = [1, 2] Hz was examined508

with higher fmax generating smaller H downstream the bar. However, for fmax > 1.8 Hz the509

model does not accurately capture H on the left side where the wave condition is imposed,510

most likely due to excluding significant frequencies from the diagnostic spectrum range. Hence,511

fmax = 1.8 Hz was employed to accurately account for wave-blocking conditions.512

5.1.3. Thetis parameters513

Moving on to the remaining Thetis parameters, apparent is the effect of eddy viscosity ν in-514

vestigations on the cases where current measurements are provided (Lai et al., 1989; Dingemans,515

1987). Considering how a constant eddy-viscosity turbulence modelling approach is imposed516

for simplicity, higher values of ν are accompanied by a decline in current magnitude due to517

the smoothing effect of the viscosity term. Consistently, smaller ν was encouraged to accu-518

rately predict wave-current interactions (Table 3). However, depending on the domain and the519

bathymetry, smaller ν could lead to convergence complications as exhibited in the test case of520

Boers (1997) where for ν ≤ 0.25 m2 s the model failed to converge, while for the Roelvink and521

Reniers (1995) experiment this was observed for ν ≤ 1 m2 s (Table 4). On the cases where522

only wave height and water elevation are examined (Longuet-Higgins and Stewart, 1964; Boers,523

1997; Roelvink and Reniers, 1995) apart from a decrease on convergence time as ν escalates,524

the results remained constant. Thus, while low values of ν are recommended in low turbulence525

regions to minimise turbulent diffusion for accurate current predictions there is a constraint526

associated with the convergence. Finally, to eliminate any spurious oscillations in the bound-527

aries resulting in our model diverging, a viscosity sponge is employed in the numerical setup of528

Roelvink and Reniers (1995).529

The wetting and drying parameter αwd modifies the bathymetry by shifting it downwards,530

the larger the αwd the bigger the depth increase. Hence, considering the under-estimation of531

currents already present in the Dingemans (1987) case and the slight under-evaluation of u in the532

Lai et al. (1989) experiment, no wetting-and-drying is considered (αwd = 0) (Table 3, 4) lest the533

velocities decrease further. In the remaining cases, αwd is proportional to the bathymetric range534

of each domain, with αwd = 0.1 m for the small setup of Longuet-Higgins and Stewart (1964)535

(h ≤ 0.45 m) and αwd = 0.5 m for the Boers (1997) experiment (h ≤ 0.80 m). A distinctively536

high value of 2.5 m considered in the undertow-current case (Roelvink and Reniers, 1995) is537

a result of the sensitivity analysis (Table 4). The undertow-current formulated by the waves538

and the bathymetry varies in depth; the top part travels shorewards and the bottom seawards,539

a behaviour not captured by a depth-averaged model. Hence, by considerably deepening the540

waters, a greater depth-averaged current is recovered that can represent the higher flow velocity541

near the surface interacting with the waves.542

The manning coefficient nM has virtually no effect on the results due to the small velocities543

(with magnitude ≤ 0.004 m s−1 for the Longuet-Higgins and Stewart (1964), Booij et al. (1999)544
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and Roelvink and Reniers (1995) case and |U | ≤ 0.217 m s−1 for the Lai et al. (1989) setup)545

in the quasi 1-D setups (Table 1). Its influence is only significant in the 2-D case (Dingemans,546

1987), where bed shear stress τb are generated in the submerged bar area affecting the velocities547

(Fig. 8b,c). The formation of τb is facilitated by shallow waters and the decrease of η due to548

radiation stress. Hence, a decrease of nM (Table 3) provides more accurate velocities on the549

bar, as the dissipation due to bottom friction is not being over-estimated. An influence on the550

results of Lai et al. (1989) was also expected, but for nM ≤ 0.06 (Table 4) the results were551

identical with negligible difference for nM = 0.060. This behaviour is attributed to the small552

velocities in conjunction with the deep water conditions relative to the wave height.553

5.2. Model cross-comparison observations554

5.2.1. On the numerical implementation and computational cost555

Computational cost is a critical aspect of numerical models. With CPU times under 5 min556

for the small setups and approximately 8 min for the large-scale experiment of Roelvink and557

Reniers (1995) (Table 5), our model has promising computational efficiency while linking both558

wave and current models. The coupled model competency is also demonstrated through its559

rapid convergence in its results; this is under 4 min for the quasi-1-D cases (Longuet-Higgins560

and Stewart, 1964; Boers, 1997; Roelvink and Reniers, 1995; Lai et al., 1989) and nearly 10561

min for the sole 2-D setup (Dingemans, 1987). Equivalent information in the literature is562

scarce, with Roland (2008) documenting some convergence times but abstaining from any CPU563

times, while the other coupled models (Xia et al., 2004; Marsooli et al., 2017) do not expand564

on computational details, omitting in some cases the simulation times (Table 7). Based on565

convergence rates, our model converges faster than Roland et al. (2012); the ratio ranging from566

1.4× for the Dingemans (1987) experiment to 18× for the idealised setup (Longuet-Higgins and567

Stewart, 1964), respectively.568

Thetis semi-implicit numerical scheme alongside SWAN’s implicit allow the employment569

of sufficient large time-steps, with SWAN utilising ∆tSWAN = [3, 60] s and Thetis ∆tThetis =570

[1, 5] s resulting in coupling time-step ∆tcoupling ranging from 3 to 60 s (Table 3). The latter571

is at least 120× larger (Dingemans 1987 experiment) and utmost 104× larger (Xia et al. 2004572

for the Longuet-Higgins and Stewart 1964 setup) than the coupling time-steps employed by573

the models we use for comparison (Table 7), though more iterations may be required by our574

model constituents to reach the subsequent time-step. Furthermore, the schemes applied in575

the coupled model support coarser meshes with the same level of accuracy in the results, with576

SWAN structured mesh resolution being 3.2× to 25× coarser than the mesh applied in the577

other coupled models (Table 3,7). The unstructured nature of Thetis mesh permits resolution578

refinement only in the area of interest without needlessly increasing the computational cost,579

such as in the Roelvink and Reniers (1995) setup where ∧h = 0.5 m was employed nearshore580

with ∧h = 2.5 m near the deep waters (Table 3) compared to the constant 1 m resolution of581

Marsooli et al. (2017) (Table 7). Therefore, the combination of larger timesteps, coarser mesh582

resolution and local refinement could culminate in a substantial reduction of computational583

resources compared to the existing coupled models.584

5.2.2. On the depth-induced wave-breaking and wave setup585

On depth-induced wave-breaking investigation in small scales (Longuet-Higgins and Stewart,586

1964; Boers, 1997) our water elevation prediction η is more accurate than Roland et al. (2012)587

and Xia et al. (2004), when applicable. In the idealised setup (Longuet-Higgins and Stewart,588

1964) this is attributed to their models applying η ≈ 0 m as boundary condition instead of the589

calculated one in the ocean model (Fig. 4b) leading to R2 ≤ 0.90 against R2 = 0.99 for our590

calibrated setup (Table 8). On the experimental study of Boers (1997), superior performance591

against Roland et al. (2012)
(
R2 ≈ 0.76 opposed to − 0.91 ≤ R2 ≤ 0.64; Table 9

)
lies in the592
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overestimation of η nearshore from the latter (Fig. 5b,d,f), most likely as a consequence of the593

different formulations employed for the calculation of radiation stress. Roland et al. (2012) im-594

plement a simplified formulation of Longuet-Higgins and Stewart (1962) without accounting for595

any other wave-induced effect, while we introduce wave roller effects alongside the formulation596

of Mellor (2015).597

Although statistically the cross-model performance for H is comparable in the Longuet-598

Higgins and Stewart (1964) setup (Table 8), we do not capture the sharp peak of wave-breaking599

(Fig. 4a) presumably due to SWAN’s inability to represent such acute crests to avoid introducing600

instabilities. Another reason could lie in the coupled model framework which assumes parallel601

computations by default; even when the coupled model is run on a single core, SWAN assumes602

that it runs in parallel with one core, disabling some of its functionality supported solely in603

serial (Booij et al., 2004). One such commands is the inclusion of wave setup. Such differences604

are not observed in the Boers (1997) experiment with both Roland et al. (2012) and SWAN-605

Thetis exhibiting similar Hs profiles and statistical parameters (Fig. 5a,c,e; Table 9) attributed606

to both models employing the JONSWAP spectrum. The difference in spectrum could explain607

the superior performance of Marsooli et al. (2017) in wave condition C (Fig. 5e) with R2 = 0.87608

(Table 9) capturing the peaks representing wave-breaking, since they utilised the Donelan et al.609

(1985) spectrum. The distinct features among models, notably between SWAN-Thetis and610

Roland et al. (2012), become apparent in the adjustments utilised to accurately capture depth-611

induced wave-breaking dissipation. Roland et al. (2012) adjusted their depth-induced wave-612

breaking parameters by decreasing αBJ from 1.0 to 0.5 and increasing γ to 0.8 from 0.73 to613

refrain from over-dissipation. In comparison, we increased the rate of dissipation αBJ to 1.5614

and decreased the breaker index to 0.63 (Table 3). This disparity is attributed to the different615

numerical schemes employed by the models.616

5.2.3. On the large-scale experiment617

Progressing on the Roelvink and Reniers (1995) experiment, even though the models have618

almost identical Hs profiles (Fig. 6a) and similar statistics for η (Table 10), their η predictions619

are quite distinct pertaining to the wave-induced undertow current leading to sandbar formation.620

The 3-D nature of Marsooli et al. (2017) recognises the early influence of waves on currents621

(x ≥ 60 m) thus exhibiting more precision in the intermediate waters while nearshore they are622

under-predicting the gradient of η nearshore (Fig. 6b). The greater performance of our model623

emanates from the distinctively high value of the wetting-and-drying parameter αwd = 2.5 m to624

accurately capture the 3-D nature of undertow-current with depth-averaged velocities. Thus, a625

tremendous adjustment of the bathymetry is fundamental for our satisfying performance, easily626

corroborated by the η profile of our “default” setup (see ”SWAN-Thetis (def.)”, Fig. 6b).627

5.2.4. On the strong opposing current628

Having verified the effects of waves on currents, we investigate our ability to capture the629

effects of currents on waves through the experiment of Lai et al. (1989). Though the case630

has also been utilised by another coupled model (Roland et al., 2012), only energy spectra631

for the wave gauges’ location (Fig. 3d) have been provided, which were converted to wave632

height following E = 1
16ρgH

2 for easier comparison with the other models results. Due to the633

observation scarcity, it is ambiguous if the waves break, reflect as a result of the bar or are634

weakened by the current. Hence, our uniqueness in not predicting an increased H near the635

bar’s top does not indicate an error. Specifically, Ris and Holthuijsen (1996), who although636

not employing a coupled model, exploited this experiment to validate SWAN’s whitecapping637

formulation (dashed blue line, Fig. 7a) do comment on the peculiarity of the elevated H in that638

location, since they expected a reduction of H.639
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5.2.5. On the 2-D configuration640

We conclude with the exclusive 2-D experiment (Dingemans, 1987) where the calibrated641

setup achieves 1.54× more accurate Hs predictions than Roland et al. (2012) with R2 = 0.92 to642

opposed to R2 = 0.59, respectively (Table 12). Though our model favours smaller Hs compared643

to Dingemans (1987), the differences are small ranging from −11.25% to 14.73% with mean644

at −2.12% and s.d.error 5.65%. In contrast, Roland et al. (2012) over-estimates extensively645

Hs ≤ 0.1 m, values which are located on the top and at the right of the bar with differences646

∆Hs/Hs,obs = [−3.74, 44.44]% with 10.63% mean and 12.44% s.d. error. Hence, our model647

appraises the depth-induced wave-breaking dissipation and refraction more appropriately than648

Roland et al. (2012). On the currents performance, we accurately capture the flow pattern649

with some discrepancies in the magnitude. Though both models exhibit comparable current650

predictions by over-estimating the smaller velocities and under-estimating the higher ones (Fig.651

8b,c), these differences are slightly amplified in our model. The current travels faster on the652

top of the bar as a consequence of the elevated bathymetry and the decreased water level653

courtesy of radiation stress, while the smaller velocities occur on the north side of the bar654

(8 m ≤ x ≤ 20 m, 17.5 m ≤ x ≤ 25 m ; Fig. 3f). The culpability lies with the imprecise cal-655

culation of bed shear stress; virtually zero except at the area of the bar. By implementing a656

varying manning coefficient field these predictions could be improved, as a smaller nM value657

assigned to the elevated bottom would consider the effects of waves on currents curtailing the658

bed shear stress miscount.659

5.3. Limitations, extensions and prospective applications660

Considering the coupled framework’s structure, some limitations are inherent by the model661

constituents, such as SWAN’s inability to calculate wave characteristics for really shallow water662

depths and to resolve refraction in non-stationary or large application. Others stem from the use663

of Thetis in its 2-D form, where depth-averaged velocities are unable to capture 3-D phenomena664

such as an undertow current. Furthermore, the implementation of recommended (i.e. “default”)665

parameters could potentially lead to erroneous predictions as showcased by Section 5.1. Hence,666

calibration on both models is required.667

Despite these constraints, the coupled model presents several advantages. The minimal668

modification required for the coupling at source code level maintains the models’ flexibility by669

supporting the further independent development of Thetis and SWAN. These improvements670

can be easily and almost effortlessly included in the coupled framework. In addition, the imple-671

mentation of BMI facilitates the interoperability of either the coupled framework or the model672

components on their own with other models employing BMI. Hence, we align with the goal673

set by the Community Surface Dynamics Modeling System (CSDMS) to promote a flexible,674

inter-operable and continually developing research software ecosystem (Tucker et al., 2021).675

Although not explicitly presented here, parallel implementation of the model is supported re-676

ducing significantly the CPU time. Lastly, the combination of the numerical schemes employed677

by the model combined with the 2-D nature of Thetis promote computational efficiency while678

maintaining the same levels of accuracy presented in 3-D wave-current interactions coupled679

models. Hence, our coupled framework presents opportunities to support optimisation studies680

(Clare et al., 2022), which include iterative simulations, adjoint modelling or data assimilation681

techniques (Warder et al., 2022; Funke et al., 2014).682

This work paves the way to practical applications regional scales. A practical example within683

the coastal ocean domain relates to marine energy such as at the Orkney-Shetland archipelagos684

where both wave and tidal sites have already been leased (Johnson et al., 2012). Earlier efforts685

have demonstrated the simulation and optimisation of tidal energy systems (Jordan et al., 2022;686

Pennock et al., 2022) in the region, but considering the highly energetic wave conditions the687

optimisation approaches that embed broader metocean conditions would be invaluable.688
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6. Conclusions689

A coupling between SWAN and Thetis models to account for wave-current interactions690

occurring by the co-existence of wave and current flows has been developed. SWAN is a 3rd-691

generation spectral wave model (Booij et al., 1999), while the 2-D configuration of the shallow-692

water equation model Thetis is utilised (Kärnä, 2020). A Python interface implemented through693

Basic Model Interface (Hutton et al., 2020) facilitates the coupling with minimal intrusion in694

the refactored source code. The different grids and time-steps employed by the model com-695

ponents allow greater flexibility. The two models run consecutively communicating internally696

when exchanging the necessary parameters. These are the significant wave height, mean wave697

direction, mean wavelength and percentage of wave-breaking calculated by SWAN necessary for698

calculating radiation stress and wave roller effects performed by Thetis, while Thetis provides699

water elevation and currents information.700

A suite of benchmarking cases for wave-current interaction models, consisting of analytical701

and experimental scenarios in quasi 1-D and 2-D configurations, has been established. Their702

implementation by the coupled SWAN-Thetis framework successfully demonstrates its ability703

to represent wave-current phenomena. Specifically, its capability to account for depth-induced704

wave-breaking, wave setup, the effects of strong opposing currents in 1-D and 2-D configura-705

tions has been investigated. Through a systematic analysis, calibration discrepancies between706

the recommended values are acknowledged and explained, highlighting the necessity of cali-707

bration when wave-current interactions are prominent. Some of the parameters showcasing708

such differences are the friction coefficient employed by either model, the depth-induced wave-709

breaking parameters, as well as Thetis eddy viscosity. Our agreement with the data is strong710

for the calibrated setups and often on the same level of accuracy as other 3-D wave-current711

interaction models; this also entails less computational cost, as our model converges faster and712

requires less CPU time compared to other options.713
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