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a b s t r a c t

Waveecurrent interaction (WCI) processes can potentially alter tidal currents, and consequently affect
the tidal stream resource at wave exposed sites. In this research, a high resolution coupled wave-tide
model of a proposed tidal stream array has been developed. We investigated the effect of WCI pro-
cesses on the tidal resource of the site for typical dominant wave scenarios of the region. We have
implemented a simplified method to include the effect of waves on bottom friction. The results show that
as a consequence of the combined effects of the wave radiation stresses and enhanced bottom friction,
the tidal energy resource can be reduced by up to 20% and 15%, for extreme and mean winter wave
scenarios, respectively. Whilst this study assessed the impact for a site relatively exposed to waves, the
magnitude of this effect is variable depending on the wave climate of a region, and is expected to be
different, particularly, in sites which are more exposed to waves. Such effects can be investigated in detail
in future studies using a similar procedure to that presented here. It was also shown that the wind
generated currents due to wind shear stress can alter the distribution of this effect.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

The NW European shelf seas are amongst several regions in the
world where relatively strong waves are present at many locations
that are potentially suitable for the development of tidal stream
arrays [1]. Waves can have a critical effect on planning, operation,
maintenance, and generally, assessment of the interactions of a
tidal energy converter (TEC) device with the marine environment.
For instance, wave-induced loads have an important role in the TEC
design process [2]. Additionally, waveecurrent interaction pro-
cesses affect the turbulence, and the dynamics of sediment trans-
port [3]; therefore, they should be considered when the impact of a
TEC device, or an array of such devices, on the environment is
studied.

Wave effects can be investigated on various forms of ocean
currents e which are driven by forces generated by wind, air
pressure, heating and cooling, Coriolis, and astronomical tidal
currents; however, tidal-stream sites are usually located in shallow
regions of shelf seas which are vertically well mixed and dominated
by tidal forcing [4]. Further, the development of tidal-stream sites is
primarily based on tidally generated currents. Therefore, the
hemi).
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interaction of astronomical tidal currents and waves is of primary
importance at tidal-stream sites, in this respect.

Ocean models are widely used to characterise the tidal energy
resources of potential tidal-stream sites (e.g. Refs. [5e7]), in
conjunction with direct measurement of currents. While these
models can simulate tidal currents using relatively established
procedures, simulating the effect of waves on tidal currents usually
requires additional modelling steps, including the development of a
wave model, and a coupling procedure. Apart from a few studies
[1,6,8,9], the interaction of waves and tidal currents has not
generally been considered in the assessment of marine renewable
energy resources (e.g. Refs. [10e12,7]). In particular, much more
effort has been invested in characterising the effect of tides on the
wave energy resource [1,6,8], in comparison with quantifying the
effect of waves on the tidal energy resource. Nevertheless, previous
research has shown that waveecurrent interaction processes can
change the hydrodynamics of tidal currents via several mecha-
nisms such as wave induced forces and enhanced bottom friction
(e.g. Refs. [13e15]), which could considerably alter the tidal energy
resource of a site. These effects can be significant for water depths
less than 50 m [16], where the majority of first generation tidal
devices are likely to operate [17].

The theory of wave effects on currents has been extensively
developed in previous research, and can be implemented using a
range of coupled Ocean-Wave-Sediment Transport models [18,19].
under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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However, few studies have attempted to simulate the interaction of
tides andwaves over the northwest European shelf seas [20,21]. For
instance, Bolanos-Sanchez et al. [22] and Bolanos et al. [23] coupled
the POLCOMS (Proudman Oceanographic Laboratory Coastal Ocean
Modelling System) ocean model and the WAM (WAve Model), and
implemented several waveecurrent interaction processes,
including wave refraction by currents, bottom friction, enhanced
wind drag due to waves, Stokes drift, wave radiation stresses, and
Doppler velocity. The POLCOMS-WAM coupled modelling system
has been applied in a number of research studies, such as surge
prediction in the Irish Sea [24].

Among coupled modelling systems which can simulate the
interaction of tidal currents and waves, TELEMAC is an open access
code which is used frequently for tidal energy resource assessment,
both for academic research and commercial projects [25,11,26,27].
The TELEMAC numerical discretisation is based on the unstructured
finite element/volume method, and allows the user to refine the
mesh in regions of interest, without encountering complications
which arise from the nesting procedure. In addition to
Table 1
List of symbols.

Symbol Description

A Semi orbital wave excursion, A ¼ UwTw/2p.
C Chezy coefficient, C ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiðg=CdÞ

p
.

C* Enhanced Chezy coefficient due to WCI near the bed.
CD Drag coefficient.
C�
D Enhanced drag coefficient due to WCI near the bed.

Cg Wave group velocity, ½(1 þ 2kh/sinh2kh).
d Grain diameter (d ¼ d50, median grain size).
E Spectral energy density function E ¼ E(s,q).
fw Wave friction factor, fw ¼ 0.237(A/ks)�0.52 [3].
Fx,Fy Wave induced forces; F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2x þ F2y

q
.

h Water depth.
Hs Significant wave height.
I Percentage effect of WCI on current power over a tidal period.
k Wave number.
ks Nikuradse bed roughness.
ka Apparent (enhanced) bed roughness due to WCI.
M Number of data points for computing the mean absolute error.
n Ratio of the wave group velocity to the wave celerity, Cg/C.
N Wave action density function.
p Water pressure.
P Average tidal power.
Q Various source and sink terms in the wave conservation energy.
Sh Source or sink of mass in continuity equation.
Si Source or sink of momentum in i direction (x or y).
Sxx Component of the radiation stress tensor, evaluated by:R R E

2

�
2nðcosqÞ2 þ ð2n� 1Þ

�
dsdq.

Syy Component of the radiation stress tensor, evaluated by:R R E
2 ½2nðsinqÞ2 þ ð2n� 1Þ�dsdq.

Sxy Component of the radiation stress tensor, evaluated by:
Sxy ¼ Syx ¼ R R

Ensinqcosqdsdq.
Tw Wave period.
Tsn Spring neap cycle period, about 14.765 days.
uc Depth-averaged current velocity.; uc ¼ juj.
u�c Depth-averaged current velocity affected by

waveecurrent interaction.
Uw Near bed wave induced orbital velocity.
zs Free surface elevation.
u Depth averaged current velocity vector.
g A coefficient used to compute apparent bed

roughness; g ¼ 0.80 þ 4 � 0.342.
q Angle of propagation for waves.
l Ratio of the pure wave to pure current bed shear stresses.
x Ratio of the enhanced drag coefficient to drag coefficient.
s Wave angular frequency, s ¼ 2p/Tw.
tc Current induced bed shear stress.
tw Wave induced bed shear stress.
tm Mean combined waveecurrent induced bed shear stress.
4 Angle between wave direction and current direction.
hydrodynamic modules, TELEMAC has a spectral wave module,
TOMAWAC (TELEMAC-based Operational Model Addressing Wave
Action Computation), which can simulate the evolution of waves on
a mesh which is common to all modules, and export the wave
parameters to the current model for the inclusion of waveecurrent
interaction processes [28]. TELEMAC has been previously used to
model complex coastal regions where wave-tide interaction plays a
key role in sediment transport [29].

In this research, the effect of waves on the tidal energy resource
at a proposed tidal stream array has been investigated. The site is
within the coastal waters of Anglesey, North Wales, which is one of
the hot spots for tidal stream development, and is likely to be the
site of one of the first commercial tidal arrays in UK waters.

Section 2 introduces the study region, sources of data, and nu-
merical models used in this study. In particular, the details of the
methodology which have been implemented to study the effect of
waves on the tidal energy resource is discussed in Section 2.5. All
symbols used to describe model formulations or wave current
interaction formulae are listed in Table 1. The results are presented
in Section 3, which demonstrate the effect of waves on the tidal
energy resource in various forms: wave forces, enhanced bottom
friction, and combined effects. Section 4 provides additional dis-
cussion on the effect of wind generated currents, and highlights
topics for further research (e.g. 3-D effects). Finally, our conclusions
are summarised in Section 5.
2. Methods

2.1. Study region

The Irish Sea is a highly energetic shelf sea region, with high
tidal velocities generated where flow is constricted around head-
lands [30]. One such example is the northwestern headland of
Anglesey (Fig. 1a), a large island located off the NW coast of Wales,
where tidal flow is constricted by a bathymetric feature called the
Skerries and hence further accelerated.

Due to proximity of the Skerries site to a good grid connection
and Holyhead port, suitable bathymetry and peak spring tidal
currents in excess of 2.5 m/s [25], Marine Current Turbines (MCT)/
Siemens has proposed to install a tidal stream array off the NW
coast of Anglesey. The array site is a sound between the Isle of
Anglesey and a small group of islands known as the Skerries, less
than 1 km from the coast. The proposed tidal stream array consists
of five SeaGen S 2 MW tidal stream turbines, with a total array
capacity of around 10 MW (www.marineturbines.com). More in-
formation on the device can be found at the MCT and SeaGen
websites (www.seageneration.co.uk). Apart from this site, a Crown
Estate tidal energy demonstration zone has been planned to the
west of Holy Island which is close to this site. Other tidal energy
companies are also looking for suitable sites in this region for tidal
energy development.
2.2. Description of models

Although a number of models have been developed for this
region (e.g. Refs. [31,12]), these studies have focused mainly on
tides or sediment transport [25]. Wave characteristics at potential
tidal stream sites should be considered in several respects, such as
wave induced hydrodynamic loading, operation and maintenance,
wave-tide interactions, and sediment transport. Accordingly, a
coupled tide-wavemodel of the region, which includes the effect of
waves on currents and vice versa, was developed using the TELE-
MAC modelling system [32].

http://www.marineturbines.com
http://www.seageneration.co.uk


Fig. 1. Study area, bathymetry, and a view of the unstructured mesh (part of the computational domain) used to discretise the domain. (a) also shows the locations of several points
of interest as follows, MCT: Planned tidal stream array at the Skerries, Anglesey; TG: Holyhead tidal gauge station; ACDP: ADCP deployment; VAL.: Valley Met Office Station; M2: M2
Wave buoy; SWN1, SWN2: SWAN model output points.
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2.2.1. TELEMAC modelling system
TELEMAC is a finite element or finite volume modelling system

which was originally developed to simulate free surface flow. The
theoretical/numerical formulation of TELEMAC is described in
Hervouet [33], and its source codes and manuals are available on-
line: www.telemacsystem.com. TELEMAC comprises a suite of
modules for the simulation of hydrodynamic and morphodynamic
processes in oceanic/coastal environments including shallowwater
(horizontal) flows (TELEMAC-2D), 3-D flows (TELEMAC-3D), sedi-
ment transport and bed evolution (SISYPHE), and waves (TOMA-
WAC). Villaret et al. [28] recently presented several validation test
cases of TELEMAC which involved various modules. In the latest
version of TELEMAC (i.e. v6.3), the hydrodynamic (TELEMAC-2D),
wave, and sediment transport modules are coupled: the modules
exchange data at a user defined time step. More details about
waveecurrent interaction simulation using TELEMAC is provided in
Section 2.5. TELEMAC-2D, which has been used in this study, is
based on the depth-averaged Navier Stokes Equations:

vh
vt

þ u$VðhÞ þ hV$u ¼ Sh (1)

vui
vt

þ u$VðuiÞ ¼ �g
vzs
vxi

þ Sui þ
1
h
V$ðhntVuiÞ; i ¼ x; y (2)

where h is the water depth, Sh represent sources/sinks of mass in
the continuity equation, u is the depth averaged velocity, nt is the
momentum diffusion coefficient (turbulence and dispersion), zs is
thewater elevation, Sui represent other forces (friction, wave forces,
wind stress, etc.), and i represents either x or y directions. TELEMAC
benefits from an unstructured mesh, which allows the use of very
high resolution mesh at locations of interest without resort to
nesting. The model was used to characterise the tide and wave
conditions in and around the Skerries.

TOMAWAC, the wave module of TELEMAC, is a third generation
wave model which solves the evolution of the directional spectrum
of the wave action. In realistic sea states, the wave energy is
distributed over a range of frequencies and directions. The spectral
energy density function is the intensity of the wave energy per unit
frequency, per unit direction (E¼ E(s,q); see Table 1 for definition of
symbols), and can represent the wave sea state at a particular time
and location. In spectral models like TOMAWAC or SWAN, ‘wave
action density’, rather than wave spectral density, is used as the
state variable, since it is conserved in presence of ambient currents
[34,35]. The wave action is defined as: Nð x!; k

!
; tÞ ¼ E=ðrgsÞ, and is

conserved as follows.

vN
vt

þ �
cg þ u

�
$V

x!; k
!ðNÞ ¼ Q (3)

where cg¼ (cgkx/k, cgky/k), andQ represents various source and sink
terms. TOMAWAC includes deep and shallow water physics such as
refraction, white-capping, bottom friction and depth-induced wave
breaking, as well as non-linear waveewave quadruplet and triad
interactions. TOMAWAC can be applied to a range of scales from
continental shelf seas to coastal zones [34].

http://www.telemacsystem.com


Fig. 2. Wave and wind roses for two locations (SWN1 & SWN2) near the tidal stream site (See Fig. 1a). The results are based on 10 years (2003e2012) of SWAN simulation for the
NW European shelf seas. The colour scales for the waves and wind roses are significant wave height (m) and wind speed (m/s), respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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2.2.2. TELEMAC settings
An unstructured mesh of the region was created with variable

resolution, being relatively fine (15e250 m) around the site and
Anglesey, and coarser (500e2000 m) elsewhere in the Irish Sea
(Fig. 1b). The model domain covers the whole Irish Sea, extending
from 8+ W to 2.5+ W, and from 50+ N to 56+ N, which is necessary
for wave modelling in order to generate sufficient fetch. Gridded
Admiralty bathymetry data available at 200 m resolution (dig-
imap.edina.ac.uk) was mapped on to the mesh. TELEMAC2D, the 2-
D hydrodynamic module of TELEMAC, solves the 2-D shallowwater
equations using finite element method to simulate tidal currents,
which is a good approximation for the fully mixed barotropic flows
in this area. Tidal currents in the NW European shelf seas are
dominated by M2 and S2: principal lunar and solar semidiurnal
components, respectively [36]. The next three tidal constituents,
which are relatively significant in some areas of the NW European
shelf seas, are K1 and O1 lunar diurnal components, and the lunar
elliptic semidiurnal constituent, N2 [37]. Therefore, the open
boundaries of the tidal model were forced by 5 tidal constituents
(M2, S2, N2, K1, O1) interpolated from FES2004 tidal data [37]. For
friction, a constant Chezy's coefficient of 70 (approximately
equivalent to CD ¼ 0.0025) was used, which led to convincing
validation for water level and current speed for the astronomical
tides at observation locations. The friction coefficient was then
enhanced based on the wave parameters for WCI effects (Section
2.5.2).

TOMAWACwas applied to the samemesh and bathymetry as the
TELEMAC2D model. Hourly wind forcing data was provided by the
UK Met Office Integrated Data Archive System (MIDAS; for Valley
station see Fig. 1). TOMAWAC was run in third-generation mode,
including Janssen's wind generation (WAM cycle 4), whitecapping,
and quadruplet waveewave interactions. The bottom friction and
depth induced wave breaking were also included in the numerical
simulations.

2.2.3. SWAN wave model
Since the high resolution coupled TELEMAC model was expen-

sive to run for long periods of time, a SWAN (Simulating WAves
Nearshore) model of the NW European Shelf seas was used to
characterise the temporal variability of the wave climate over a
decade of simulation. The SWAN model was developed and vali-
dated extensively in a previous research study [38].

SWAN is another open source third-generation numerical wave
model which simulates randomwaves from deep waters to the surf
zone and coastal regions in the spectral domain. SWAN has been
described in Booij et al. [35] and is based on the Eulerian formu-
lation of the discrete spectral balance of action density. It has been
widely used for simulating waves at various scales (e.g. Refs.
[38,39]). It accounts for refractive propagation over arbitrary ba-
thymetry and ambient current fields. The physics and formulation
of SWAN are similar to those of TOMAWAC described in Section
2.2.1; however, in SWAN, the wave action is formulated as a func-
tion of wave frequency and direction rather than wave number
(used in TOMAWAC). Several processes including wind generation,
whitecapping, quadruplet waveewave interactions, and bottom
dissipation are represented explicitly in SWAN.

2.2.4. SWAN settings
The SWAN wave model setting and its validation, which was

applied for a decade (2003e2012) of simulation, are described in



Fig. 3. Distribution of the average and maximum significant wave height at point
SWN1 (See Fig. 1a) over a decade (2003e2012) of simulation. January 2005, and
December 2007 are the most extreme months with 6.7 m and 6.8 m significant wave
heights, respectively. According to error-bars, which are based on 95% CI, the proba-
bility of these events is less than 5%.
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detail in Neill and Hashemi [38]. It consisted of a parent model
which included the entire North Atlantic at a grid resolution of 1/
6� � 1/6�, extending from 60� W to 15� E, and from 40� N to 70� N.
2-D wave spectra were output hourly from the parent model and
interpolated to the boundary of an inner nested model of the NW
European shelf seas. The inner nested model had a grid resolution
of 1/24+�1/24+, extending from 14+ W to 11+ E, and from 42+ N to
62+ N.Wind forcing was provided by European Centre for Medium-
Range Weather Forecasts (ECMWF; www.ecmwf.int). ERA (Euro-
pean Research Area) Interim reanalysis full resolution data, which
are available 3-hourly at a spatial resolution of 3/4��3/4� were
used. SWAN was run in third-generation mode, with Komen linear
wave growth, white-capping, and quadruplet waveewave
interactions.

2.3. Wave climate of the region

In contrast to the astronomical tides, the wave climate of a
region is highly variable. It has been previously shown that the
wave climate of the NW European shelf seas is strongly related to
the North Atlantic Oscillation, which has high inter-annual vari-
ability [38]. Fig. 2 shows the wave and wind roses at two points
(Fig. 1a) off the NW of Anglesey based on the 10 year SWAN
simulation. As this figure shows, the strongest and most frequent
winds and waves are southwesterly. It is also clear that the
probability of waves with significant wave height (Hs) greater than
5 m, or wind speeds in excess of 15 m/s, is quite low. Fig. 3b shows
the variability of extreme significant wave heights during winter
months to the west of Anglesey over the decade of simulation
(Point SWN1, Fig. 1). According to this figure, the probability of
waves with Hs exceeding 5.5 m is very low. Further, January 2005
and December 2007 are the most extreme months in our record,
with maximum significant wave heights of 6.7 m and 6.8 m,
respectively. The expected (i.e. average) value of an extreme sig-
nificant wave height during the winter period is 3.9 m. In terms of
mean wave conditions (Fig. 3a), January is the most energetic
month in this region, with expected significant wave heights of
approximately 1.6 m (on average). Based on these wave statistics,
the TOMAWAC model was forced with different southwesterly
wind scenarios; wind speeds of 10 m/s and 15 m/s seemed
appropriate to capture mean and extreme wave scenarios, with
significant wave heights of 4.0 m and 1.8 m, respectively at SWN1
(Fig. 1). In the next sections, TELEMAC2D and TOMAWAC are first
validated, and then used to study the effect of waves on tidal
energy resources of the site for these scenarios.

2.4. Model validation

The tidal model was validated at several tidal gauge stations
within the Irish Sea. The validation results relatively near to the site
is presented here. ADCP (acoustic Doppler current profiler) data
collected during August 2013, at Holyhead Deep (ADCP1, Fig. 1a),
and February 2014, off the northern coast of Anglesey (ADCP2,
Fig. 1a), were used for current validation. Fig. 4a shows the com-
parison of model outputs and observed data at Holyhead tidal
gauge. Table 2 also shows the performance of the model for water
elevation and current velocity. The mean absolute error, which is
reported in Table 2, is defined as.

MAE ¼ 1
M

XM
i¼1

��uoc ðiÞ � umc ðiÞ
�� (4)

where M is the number of data points, uoc and umc are observed and
predicted values of depth averaged velocities, respectively. The
current ellipses for M2 and S2 based on the model results and ob-
servations have also been compared in Fig. 4b. The model error for
M2 and S2 amplitudes were 5 cm and 8 cm, and for phases were 2�

and 1�, respectively. For ADCP1, the errors of the current ellipse axes
directions were 7� and 8� for M2 and S2 while less than 2% for
magnitudes of the ellipses major axis. The small error in tidal el-
lipse directions may be associated with the 3-D nature of the flow
[40] at this location, which is deeper than the surrounding areas.
Similar discrepancies for current velocities have been reported in a
previous study of the region which used ADCIRC depth averaged
model [12]. Similar results can be seen for ADCP2. The mean ab-
solute error of current velocity for two measurement locations is
less than 0.20 m/s. Overall, given the magnitudes of the errors,
model performance for both tidal elevations and currents is
convincing.

The theoretical average tidal stream energy per unit area (i.e.,
P ¼ 1=2Tsn

R
r

���uc���3dt) over a spring-neap cycle has been plotted in
Fig. 5. As this figure shows, the Skerries and west coast of Holyhead
are hot spots for tidal energy in northwest Wales. The peak tidal

http://www.ecmwf.int


Fig. 4. Sample validation of the tidal model for elevation and current velocity. See Table 2 for error magnitudes.

Table 2
Performance of the tidal model (in terms of absolute error) for tidal elevation and
velocity at a tidal gauge and 2 ADCP measurement points (see Fig. 1 for locations).
The mean absolute error is presented for uc. The variables in this table are defined as
follows: ah and ah, tidal elevation amplitude and phase, respectively; Cmax and Ca,
current ellipse major axes magnitude and direction, respectively; uc is the depth
averaged velocity.

Variable Error

TG

M2 ah 5 cm
fh 2� ACDP1 ADCP2
Cmax 0.02 m/s 0.04 m/s
Ca 7� 4�

S2 ah 8 cm
fh 1� ACDP1 ADCP2
Cmax 0.02 m/s 0.09 m/s
Ca 8� 3�

uc 0.20 m/s 0.14 m/s
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current velocity exceeds 3 m/s in parts of this region, and there is a
relatively large area where peak tidal velocities exceed 2 m/s.

The TOMAWAC model of the region was validated for January
2005, which represents one of the most extreme months during
our analysed period (Fig. 3). Within this month, periods of high, low
and average wave condition existed, which provides a highly var-
iable basis for testing the model. Fig. 6 shows the validation of
significant wave height and wave period at the M2 wave buoy
(Fig. 1), which is the closest available wave buoy to the site. The
mean absolute errors for wave height and period are 0.38 m and
0.65 s, respectively, which is within an acceptable range of accu-
racy, compared with other models of this region (e.g. Ref. [38]). In
particular, the model was able to capture the peak wave height on
the eighth of January, which is important in the extreme wave
scenario.

2.5. Formulation of wave effects on currents

Two important wave effects on currents are: wave induced
momentum (or wave radiation stresses), and the enhancement of



Fig. 5. Simulated mean theoretical tidal stream power (Pavg) and peak tidal current velocity (umax) over a spring-neap cycle. The ACDP deployment points are also shown for
comparison.
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the bottom friction felt by currents due to the interaction with the
wave boundary layer. Both effects can be included in coupled wave-
tide models by exporting the appropriate wave parameters to the
tidal model, and modifying the corresponding parameters in the
momentum equation. The effect of these processes on tidal energy
is evaluated here by running the tidal model with and withoutWCI,
and then computing the average tidal power. The relative differ-
ence, or the effect of a process, was computed using.
Fig. 6. Comparison of high resolution TOMAWAC results with observed data at M2 wave buo
of 1 s, while model results show more temporal fluctuations.
I ¼ 100�

Z
r

���u�c ���3dt �
Z

r

���uc���3dtZ � �3 (5)

r
��u�c�� dt

where u�c is the tidal current affected by awaveecurrent interaction
process, I is the percentage effect, and r is the water density. In a
coupled TELEMAC2D-TOMAWAC model, the wave radiation forces
y (See Fig. 1a) during January 2005. The observed mean wave periods have a resolution



Fig. 7. Ratio of the pure wave to the pure current stresses (l) for different wave and current conditions.
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are automatically computed and fed back to the hydrodynamic
model [41]. Further, although the effect of wave induced bed shear
stresses are incorporated in the sediment transport module [42],
the enhanced bottom friction due to WCI is not included in the
hydrodynamic model (i.e. TELEMAC2D) formulations [41]. How-
ever, it is possible in the TELEMAC modelling system to modify the
subroutines associated with bottom friction and include this pro-
cess according to the wave parameters (Section 2.5.2).
Fig. 8. Enhancement of the bottom drag coefficient due to WCI for a range of tidal current
2.5.1. Wave radiation stresses
Wave radiation stresses are the excess flow of momentum due to

the presence of waves [43]. The wave induced forces are computed
based on the gradient of the wave radiation stresses as follows [44],

Fx ¼ �
�
vSxx
vx

þ vSxy
vy

	
; Fy ¼ �

�
vSyy
vy

þ vSyx
vx

	
(6)
s. x is the ratio of the enhanced drag coefficient to the ‘pure current’ drag coefficient.



Fig. 9. Spatial distribution of the significant wave height (Hs) for a hypothetical sce-
nario of a southwesterly 15 m/s wind. The colour scales are Hs in m. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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where F represents the wave force per unit surface area, and the
wave radiation stresses (i.e., Sij) have been defined in Table 1. By
analogy, pressure forces are another form of body force, which are
stresses generated by the gradient of the water pressure (i.e., vp/
vx ¼ rgvh/vx). In general, wave forces are dominant in the near-
shore zone, where the gradients of the radiation stresses are high,
and can explain wave set-up and longshore currents. In addition,
they can potentially change the current velocity in a tidal stream
site, especially if there is a dominant wave climate, and this can
consequently affect the tidal energy resource.

2.5.2. Enhanced bottom friction
The interaction of waves with the current boundary layer leads

to near-bed turbulence, and consequently the bed shear stress. This
effect can reduce tidal currents, and since tidal power is propor-
tional to velocity cubed, it can potentially decrease the tidal energy
resource at a site. For instance,Wolf and Prandle [13], observed that
the amplitudes of tidal currents reduce due to WCI. The WCI effect
on the bottom boundary layer has been extensively studied in
previous research (e.g. see Refs. [15,14,45,46]). Here, we investigate
the sensitivity of bottom friction to this effect, and its implications
in tidal energy resource assessment.

In general, ocean hydrodynamic models, like TELEMAC, have
several options available to quantify bottom friction [32,47].
Therefore, to empirically account for enhanced friction due to WCI,
the bed roughness length corresponding to the Nikuradse law of
friction, the bottom drag coefficient corresponding to quadratic
friction law, or Chezy coefficient corresponding to the Chezy law,
can be modified. For instance, Van Rijn [45] introduced the
following relation to enhance the bed roughness in the presence of
waves.

ka ¼ ksexp
�
g
Uw

uc

	
<10; g ¼ 0:80þ 4� 0:342 (7)

where ka and ks represent the apparent and physical roughness,
respectively; 4 is the angle between wave direction and current
direction in radians. In practice, the apparent bed roughness due to
WCI can be an order of magnitude greater than the physical bed
roughness. Alternatively, we applied the concept of mean (over the
wave period) drag coefficient due to combined waves and current
to increase bottom friction in the present research. The mean bed
shear stress due to the combined action of waves and currents is
given by Refs. [46,3],

tm ¼ tc

"
1þ 1:2

�
tw

tc þ tw

	3:2
#

(8)

where tc and tw are bed shear stresses due to current alone or wave
alone, respectively. The bed shear stresses are related to depth
averaged current velocity through the drag coefficient,

tc ¼ rCDu
2
c ; tm ¼ rC�

Du
2
c (9)

where CD and C�
D are the drag coefficients in the absence and

presence of waves, respectively; therefore, Eq. (8) can be written as,

x ¼ C�
D

CD
¼

"
1þ 1:2

�
l

1þ l

	3:2
#
<2:2; l ¼ tw

tc
(10)

Eq. (10) gives the ratio of the combined waveecurrent drag
coefficient to the pure current drag coefficient (i.e. x) as a function
of the ratio of the wave induced shear stress to the current induced
bed shear stress (i.e. l). The wave induced bed shear stress is a
function of the bottom wave orbital velocities (Uw), and can be
computed using the wave parameters output from awavemodel as
follows [3],

tw ¼ 1
2
fwU2

w; fw ¼ 0:237
�
A
ks

	�0:52
(11)

where fw is the wave friction factor, ks is Nikuradse bed roughness,
and A is the semi orbital wave excursion (see Table 1). Given the
dominant wave climate of a region, Eq. (10) (or alternatively Eq. (7))
can be implemented as a simple procedure to assess the effect of
waves on the tidal energy resource in terms of enhanced bottom
friction. Although more complex and computationally expensive
methods are available in 3-D coupled wave-tide models like
COAWST (Coupled Ocean Atmosphere Wave Sediment Transport
[9,48]), we used this method which is more convenient and
significantly less expensive. It is worth mentioning that other
friction factors like the Chezy coefficient can be modified using x.
Since C ¼ g=C2

D, the modified Chezy coefficient will be: C� ¼ C=
ffiffiffi
x

p
.

Figs. 7 and 8 show the enhancement of the bottom drag coef-
ficient due toWCI as a function of the wave induced orbital velocity
for several wave and current scenarios. The sensitivity analysis has
been carried out for the usual operational condition of a tidal
stream site with currents of greater than 1.0 m/s (lower cut-in
speed of TECs). In terms of the bed friction, ks values of 0.005,
0.0125, and 0.025 correspond to seabed sediment grain sizes of
2 mm, 5 mm, and 10 mm, respectively (assuming ks ¼ 2.5d50),
values that are typically observed at high energy sites [25].
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The wave orbital velocity, estimated near the bed, which is the
basis for the above computations can be directly output from a
wave model like TOMAWAC. Alternatively, it can be parameterised
using the surface wave parameters [49,50] or approximated by
linear wave theory.

Uw ¼ pHs

TwsinhðkhÞ (12)

where the wave number, k is computed using the linear dispersion
equation (s2 ¼ gktanhkh). In the absence of coupled wave-tide
models, the above equation (or similar procedures) along with
Fig. 8 give a quick estimate of the enhanced bottom friction, which
then can be used to approximately compute the effect ofWCI on the
tidal energy.

3. Results

Based on the wave statistics of the site (Section 2.3), the TOM-
AWAC model was forced with different southwesterly wind sce-
narios in stationary mode; wind speeds of 10 m/s and 15 m/s were
selected to capturemean and extremewave scenarios, respectively.
To simulate the effect of waves on tidal currents, TELEMAC was run
in fully coupled mode, where two-way feedbacks between the
wave and the tide models were implemented.
Fig. 10. Wave radiation stresses and wave forces (i.e. F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2x þ F2y

q
) for two wind scenarios a

have been normalised by water density and water depth. The wave radiation stresses have
3.1. Effect of wave forces on tidal energy

The spatial distribution of significant wave height for the
extreme wave scenario is plotted in Fig. 9, which indicates a wave
height of about 4 m at SWN1. Further, Holy Island has a signifi-
cant effect on the wave distribution over the NW part of Angle-
sey, including the Skerries site, for this scenario. The validated
TOMAWAC wave model was then used to study the effect of WCI
as an element of the coupled wave-tide model of the region.
Fig. 10 shows the computed wave radiation stresses, and the
corresponding wave forces for two typical wave scenarios. As this
figure shows, apart from nearshore zones, the wave forces are
also significant in the Skerries tidal stream site, particularly for
the extreme wave scenario. Referring to Eq. (6), the gradient of
the wave radiation stresses in this area generates the wave
forces. Since wave radiation stresses are proportional to wave
energy (see Table 1), the spatial change (i.e. gradient) in the wave
height distribution leads to the generation of wave induced
forces. Referring to Figs. 9 and 10, as a complex result of changes
in the bathymetry and coastline, and Holy Island acting as an
obstacle in the wave field, the wave height distribution, and
consequently wave radiation stresses have a significant gradient
around the Skerries. Fig. 11 shows the mean effect of these forces
on tidal energy (in percent) over a tidal cycle. Considering the
percentages of the impacts, the wave forces have slightly
round the Skerries tidal stream site. Wave forces, which are usually expressed in N/m2,
been normalised by water density (consistent with the TOMAWAC model outputs).
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modified the tidal energy for the average wave scenario (3%),
while they have more significant impact for the extreme scenario
(7%). Since it is the difference of coupled wave-tide model and
decoupled tide model that has been plotted, the effect is an
overall reduction of the tidal energy, on average. It is worth
mentioning that for the above scenarios, the direction of the
wave forces do not change during a tidal cycle, as opposed to
tidal currents. Therefore, wave forces, on average, had more ef-
fects on opposing currents in contrast to following currents.
Nevertheless, the presence of wave forces leads to a new hy-
drodynamic current field which, in general, is spatially and
temporally different from that produced in the absence of waves.
Considering the tidal asymmetry of the site [12], further research
is needed to study the implication of this asymmetry for tidal
energy and sediment transport [51].

3.2. Effect of enhanced bottom friction on tidal energy

To implement the method described in Section 2.5.2, the orbital
velocities, and other wave parameters, were computed for the two
wave scenarios using TOMAWAC, and used to modify the bottom
friction coefficient. The modified bottom friction coefficients were
then fed back into the tidal model. This step can either be imple-
mented with a separate code as in this research, or included in the
subroutines of TELEMAC. Fig. 12 shows the near-bed wave orbital
Fig. 11. Effect of wave forces on the tid
velocities for the twowave scenarios. As this figure shows, thewave
orbital velocities are about 0.30 m/s and 0.08 m/s for the two sce-
narios, which is equivalent to about a 5% and 1% increase in the bed
friction enhancement factor (x), respectively (Fig. 8), or lower
depending on the current speed and bed roughness. After
computing the tidal power based on the modified friction, the ef-
fect as a percentage has been plotted in Fig. 13 which is, like the
effect of wave forces, significant (6%) for the extremewave case and
very small (2%) for the average wave scenario. Since the effect is
always negative (reduction in power), the absolute value has been
plotted in this figure.

3.3. Combined effects

In the case of a fully coupled simulation, where wave radia-
tion stresses and enhanced bottom friction are both incorporated
in the tidal modelling, the impact of WCI is magnified due to the
nonlinear nature of these processes. In other words, due to
nonlinearity in the friction and wave induced force terms in the
momentum equations, these effects are not simply super-
imposed. Fig. 14 shows the average effect of both processes on
tidal power. As a consequence of WCI, tidal power can decrease
by up to 20% and 15%, respectively, for the extreme and average
scenarios, which represents a significant effect on the tidal
stream resource.
al stream power for two scenarios.



Fig. 12. Wave orbital velocities, Uw (m/s), around the Skerries tidal stream site, assuming two different wave scenarios.
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4. Discussion

Another process of interest is wind-driven currents. The effect of
wind generated currents can be added to wave effects by including
wind shear stresses in the hydrodynamic model (TELEMAC-2D).
Fig. 15 shows the results of superimposing the effect of wind
generated currents onwave effects for the extreme scenario. As this
figure shows, overall, the magnitude of the impact on the tidal
energy resource does not change considerably e compared with
Fig. 14 e while the distribution changes (reduction) in the vicinity
of the tidal-stream site. The depth of penetration of wind generated
currents in relation to hub heights of tidal energy devices is another
topic of interest, which can be studied using 3-D models. This
process can be examined in more detail in future studies. The re-
sults are generally in agreement with previous 3-Dmodel studies at
tidal energy sites 5.

The Skerries project is likely to be one of the first tidal stream
arrays installed in UK waters. The wave climate of this region is
moderate, so not as extreme as at other potential tidal stream sites
such as NW Scotland, or the west coast of Ireland [38], both
coastlines that are directly exposed to North Atlantic waves. Due
to the highly non-linear nature of WCI effects, separate studies
should be undertaken for other sites, but this research has
attempted to provide a simple methodology for a popular hy-
drodynamic model (TELEMAC) which is used in research, and by
Fig. 13. Effect of enhanced bottom friction due to WCI on tidal stream ener
developers, for tidal energy studies. It is expected that the effect of
WCI processes will be much larger at more exposed tidal stream
sites of the NW European shelf seas, but site specific modelling
and analysis are required to confirm this and quantify these
effects.

Moreover, to protect turbines from extreme wave loads, tidal-
stream devices do not operate in extreme wave conditions.
Therefore, the effect of waves on the practical tidal energy resource
of a region may be unimportant for the extreme scenarios; never-
theless, the effect is still considerable for the averagewave scenario,
when tidal energy devices still operate. Due to various limitations
such as the interactions of tidal devices at array scale, the available
extractable tidal energy at a site is usually less than the theoretical
tidal energy considered here [52]. The impact of wave-tide inter-
action on the practical extractable energy resource depends on
specific devices and array configurations, and can be investigated as
another step. Further, the sensitivity of the tidal resources of a re-
gion to bottom friction decreases as a result of substantial drag from
a large tidal array [7]. This may reduce the effect of enhanced
bottom friction due to waves. The interaction of waves and tidal
currents has implications in design, efficiency, and loading of tidal
energy devices which is the subject of other research (e.g. Refs.
[53e55]).

The analysis whichwas accomplished in this researchwas based
on depth-averaged quantities. The effect of various WCI processes
gy around the Anglesey Skerries site, for two different wave scenarios.



Fig. 14. Combined effect of the enhanced bottom friction (due to WCI) and wave radiation stresses on the tidal stream energy around the Anglesey Skerries site, for two different
wave scenarios (15 m/s as the extreme and 10 m/s as the mean scenario).
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varies throughout the water column, and given the hub-height of a
particular TEC device, it will be useful to assess the vertical vari-
ability of these effects using 3-D models [9]. For instance, there is a
debate over using depth-averaged radiation-stress gradient as a
depth-uniform body force in ocean models [56]. The depth-
dependent form of horizontal radiation stress gradient terms has
also been proposed [57] and applied in 3-D models [48]. Other
aspects such as tidal asymmetry and turbulence can be also
addressed in future research [5].

Finally, although Eqs (7) and (8) are based on extensive ob-
servations made in previous studies, and it is current practice in
ocean models to use similar relations to include waveecurrent
interaction processes, the simultaneous measurement of tidal
currents and waves at proposed tidal stream arrays can provide
more insight into WCI related issues. Traditionally, deployment of
wave buoys in regions of strong tidal currents is more challenging,
and so wave data tends to be sparse in such regions. Referring to
Fig. 15. Combined effect of the enhanced bottom friction (due to WCI), wave radiation
stresses, and wind-generated currents on tidal stream power assuming a southwest-
erly wind of 15 m/s.
Eq. (5), it is easy to show that dP/Pf3�duc/uc, where d is the
variation.1 Therefore, to observe a 6% change in power, one should
be able to detect 2% change in the current measurement, which is
likely to be about the order of magnitude of the measurement
errors.
5. Conclusions

The effect of WCI processes on the tidal energy resource at the
proposed Skerries tidal stream array has been investigated for
mean and extreme wave scenarios. In terms of wave radiation
stresses, it was shown that both wave forces, and their effect on
the tidal energy resource, are significant for the extreme wave
scenario, and can reach 7%. A simplified method developed here,
which was presented to include the effect of WCI on bottom
friction, can be used to assess the sensitivity of the tidal currents
and tidal power to these processes, based on the wave climate of a
region.

As a result of the combined effects of wave radiation stresses
and enhanced bottom friction, the tidal energy resource can be
reduced by up to 15% and 20% for mean and extreme winter wave
scenarios, respectively, at the Skerries tidal stream site. The impact
of these two processes is magnified when they are considered
together, rather than separately, due to the nonlinear nature of the
forces. For more exposed sites, e.g. NW of Scotland, the impact is
expected to be greater. Also, wind generated currents change the
distribution of this effect in the vicinity of the tidal-stream site.

The effect of WCI processes on tidal energy increases as the ratio
of wave stress to current stress increases. Therefore, this effect is
more significant for lower tidal energy sites which are exposed to
strong waves, rather than higher tidal energy sites which are
exposed to moderate waves.

Simultaneous measurement of waves and tidal currents at po-
tential tidal stream sites is necessary to further investigate the
impact of waves on various aspects of tidal energy development.
However, it should be stressed that very high accuracy measure-
ments would be required due to relatively small values of WCI
processes compared with main parameters of the flow. Neverthe-
less, the effect of these processes can become significant with
respect to other parameters like tidal energy or sediment transport.
1
Pf

��uc��3, therefore dPf3
��uc��2duc ¼ 3

��uc��3duc=��uc��, which leads to
dPf3Pduc=jucj.
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