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An alternative metric for assessing nearshore hydrodynamic impact due to Wave Energy Converter (WEC) arrays
is presented that is based on the modeled changes in alongshore radiation stress gradients in the lee of the array.
The metric is developed using a previously observed relationship between measured radiation stresses and
alongshore current magnitudes. Next, a parametric study is conducted using the spectral model SWAN to analyze
the nearshore impact of different WEC array designs. A realistic range of array conﬁgurations, locations, and
incident wave conditions are examined and conditions that generate alongshore radiation stress gradients
exceeding a chosen impact threshold on a uniform beach are identiﬁed. Finally, the methodology is applied to two
permitted WEC test sites to assess the applicability of the results to sites with more realistic bathymetries. For
these sites, the overall trends seen in the changes in wave height, direction, and radiation stress gradients in the
lee of the array are similar to those seen in the parametric study. However, interactions between the wave ﬁeld
and real bathymetry induce additional alongshore variability in wave-induced forcing. Results indicate that arrayinduced changes can exceed the natural variability up to 15% of the time with certain array designs and locations.

1. Introduction
For wave energy extraction to be commercially viable at utility scales,
wave energy converters (WECs) will need to be deployed in arrays that
include several to hundreds of devices. Understanding the potential impacts of WEC arrays on marine ecosystems and the coastal environment is
crucial in order to ensure the sustainability and success of the nascent
marine energy industry. For WECs designed for offshore sites
(depth  35 m), nearshore effects primarily arrive via the modiﬁed wave
ﬁeld created in the lee of a WEC array.
Interactions between WEC devices and the incident wave ﬁeld can be
separated into interactions that modify the wave ﬁeld within the array
(near-ﬁeld interactions) and those that alter the wave climate in the lee of
€
the array (far-ﬁeld effects) (Ozkan-Haller
et al., 2017). The far-ﬁeld effects of WEC arrays include a redirection of waves and a reduction in
wave height in the lee of the array, referred to as the wave shadow. The
extent and signiﬁcance of the far-ﬁeld effects of WEC arrays are a function of the array design, its location, and the incident wave conditions.
Quantifying the changes in the far-ﬁeld wave conditions as a result of
WEC arrays is the ﬁrst step in determining whether the WEC arrays will
inﬂuence nearshore processes.

The far-ﬁeld effects of WEC arrays have been investigated using
spectral models (primarily the wave model SWAN, Booij et al., 1999) in
past studies. Although spectral models of this type do not capture the
near-ﬁeld scattering processes that occur in WEC arrays and handle
diffraction in an approximate fashion, they are less computationally
expensive than phase-resolving models and thus can be applied to large
€
domains, a necessity when studying far-ﬁeld effects. Ozkan-Haller
et al.
(2017) compared the results of model simulations of WEC arrays using
both a phase-resolving model (WAMIT) and SWAN. Their results showed
that SWAN can be effective at modeling the wave shadows in the lee of
WEC arrays when the majority of wave energy lies at periods near or
above the peak period of WEC energy extraction.
Most past studies conducted using spectral models have represented
an array as a single or multiple partially transmissible objects with a
frequency-independent transmission coefﬁcient (Millar et al., 2007; Rusu
and Soares, 2013; Carballo and Iglesias, 2013; Abanades et al., 2014a,
2014b, 2015a, 2015b; and Iglesias and Carballo, 2014). However, use of
a frequency-independent transmission coefﬁcient fails to capture the
frequency-dependent energy extraction characteristics that are inherent
to WEC devices. The amount of energy that WEC devices extract is a
function of the device's power transfer function (PTF), deﬁned as the
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distance from shore inﬂuence the nearshore forcing, and to determine
which array designs and incident wave conditions generate alongshore
forces that exceed the Fy threshold established in the previous section. As
a ﬁnal objective, we ask the question as to whether natural bathymetric
and climatologic variability at actual ﬁeld test sites will exceed the
variability induced by the WEC array. In the ﬁnal part we conduct a
similar assessment of two existing wave energy sites in order to determine whether the general conclusions made in the idealized study are
valid at ﬁeld sites with realistic bathymetries.

proportion of available wave power extracted at each frequency by a
particular device. Smith et al. (2012) altered the SWAN source code to
allow for a frequency-dependent extraction of energy using a theoretical
PTF to assess the far-ﬁeld effects of WEC arrays in the UK. In the present
work, WEC devices are represented in SWAN through the external
modiﬁcation of the wave spectra at individual device locations within a
WEC array using an experimentally determined, frequency dependent
PTF established in an earlier laboratory study that utilized an array of
point-absorber WECs operating mostly in heave (Rhinefrank et al., 2013;
€
Ozkan-Haller
et al., 2017).
Changes in wave height and direction in the lee of WEC arrays imply a
change in nearshore forcing; yet, the forcing terms in the nearshore hydrodynamic balances are more directly quantiﬁed through the spatial
gradients in radiation stress (Svendsen, 2006). These gradients in radiation stress drive alongshore currents, rip currents, and nearshore sediment transport. Although some recent studies on far-ﬁeld effects of WEC
arrays have coupled spectral wave models with current or sediment
transport/morphologic models (Rusu and Soares, 2013; Gonzalez-Santamaria et al., 2013; Mendoza et al., 2014; Abanades et al., 2014a;
Abanades et al., 2014b; Abanades et al., 2015a; Abanades et al., 2015b),
many studies have only focused on the differences in wave height (or
wave power) and direction in the lee of the array (Millar et al., 2007;
Carballo and Iglesias, 2013; Palha et al., 2010; Smith et al., 2012; and
Iglesias and Carballo, 2014).
In order to assess nearshore impact, Iglesias and Carballo (2014) used
indicators based on relative and absolute changes in wave power at the
10 m depth contour. Such an approach depends on changes in wave
height but does not include changes in wave-induced nearshore forcing
directly. In a follow-on approach, Abanades et al. (2014a; 2014b; 2015a;
2015b) modeled the response of a beach in Cornwall, England to storm
conditions both with and without a WEC array using a wave propagation
model (SWAN) and a coupled coastal processes model (Xbeach). To
interpret the observed differences in predicted beach response, they
deﬁned impact indicators based on changes in the sea bed level and net
erosion rates (2014a; 2014b; 2015a), and the reduction in wave heights
at ﬁxed distances (2, 4, and 6 km) in the lee of the array (2015a), or
change in wave power along a given contour and changes to the
morphological classiﬁcation of the beach due to the presence of the array
(2015b).
In all such applications, the designer must choose a particular
threshold for impact that is representative of something useful or relevant to the study area. Changes in wave parameters are an obvious
choice. Additionally, coupling wave and coastal process models can
provide detailed information of the potential changes to nearshore currents and sediment transport due to WEC arrays; however, this is a more
computational expensive approach. In the present study, we propose an
alternative threshold for hydrodynamic impact based on changes in
nearshore hydrodynamic forcing parameters. Since these parameters are
calculated directly from the wave information, this is a computationally
inexpensive method for characterizing nearshore impact that is directly
focused on the driver of physical change in the nearshore.
Independent of the speciﬁc criterion, the impact of WEC arrays will
ultimately depend on the characteristics of the array (number of devices,
array conﬁguration, and distance from shore) and the characteristics of
the site (wave climate, bathymetry). However, the use of generalized
descriptions of the impacts of WEC arrays as a basic guideline in the
design process would allow for a more rapid assessment of candidate
sites. One goal of this study is to assess nearshore impacts of WEC arrays
on a generic nearshore environment in order to draw general conclusions
that could be used to facilitate the preliminary design and development
of future arrays.
This study can be separated into three parts. The objective of the ﬁrst
part is to develop and test a threshold metric for alongshore force, Fy, that
would link changes in the wave climate to meaningful changes in nearshore processes. Using this proposed threshold for alongshore force, the
objective of the second part is to determine how array spacing and

2. Methodology for assessing nearshore impact
Changes in wave parameters (such as wave height and direction)
induced by the energy extraction of WEC arrays will alter the waveinduced radiation stresses, which are deﬁned as the excess ﬂux of momentum due to the presence of waves (Longuet-Higgins and Stewart,
1964). Here, the SWAN wave model is used to simulate wave transformation in the lee of WEC arrays and to calculate the cross-shore and
alongshore wave radiation stress gradients.
2.1. Model overview
SWAN is a third-generation spectral wave model and uses the spectral
action balance equation to calculate the transformation of wave spectra
across realistic bathymetry. The spectral action balance is shown in
Equation (1),

∂N ∂cx N ∂cy N ∂cσ N ∂cθ N
þ
þ
þ
¼ Stot
þ
∂t
∂x
∂y
∂σ
∂θ

(1)

where N is the wave action, cx and cy are the velocity components of N in
geographical space, θ is the wave direction, σ is the relative frequency,
and cσ and cθ are the propagation velocities of N in σ - and θ-space. In this
study, the coordinate system is deﬁned such that the positive x-axis is
pointing onshore and the y-axis is parallel to the shoreline, with the
origin located at the offshore edge of the model domain. The term Stot
represents the sum of the physical processes that result in the generation,
redistribution, and dissipation of wave energy. The physical processes
represented in SWAN include the processes of wave growth through
energy transfer from wind (energy generation), nonlinear transfer of
wave energy through quadruplet and triad interactions (energy redistribution), as well as the loss of energy through wave breaking, bottom
friction, and white-capping (energy dissipation). García-Medina et al.
(2013) previously demonstrated that neither bottom friction nor wind
input are dominant processes for SWAN simulations over the shelf in the
Paciﬁc Northwest. Hence, following their lead, we only include
depth-induced breaking in our SWAN simulations, as it is the most
relevant physical dissipation mechanism and the primary process leading
to wave-induced currents.
Although diffraction can be approximated by SWAN with a phasedecoupled refraction-diffraction approximation (Holthuijsen et al.,
2003), the spatial resolution used in this model was signiﬁcantly ﬁner
(9 m, smallest nested grid) than the suggested resolution for the activation of diffraction, (SWAN team, 2006a), and the model did not converge
when diffraction was activated. In order to use the SWAN diffraction
approximation, it would have been necessary to coarsen the spatial resolution of the domain, which essentially requires treating the WEC array
as a single object, similar to past studies. Previous studies have demonstrated that diffraction is much less important when the input wave
€
spectrum contains realistic directional spreading (Ozkan-Haller
et al.,
2017), as was done here. For these reasons, the SWAN diffraction
approximation was not utilized in this study.
2.2. Wave forcing
Spatial gradients in radiation stresses result in cross-shore and
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offshore), the Sxy measured at any given point outside of the surf zone
will therefore be representative of the total alongshore forcing in the surf
zone for beaches with limited alongshore variability.
Guza et al. (1986) and Feddersen et al. (1998) have empirically
validated this correlation in ﬁeld studies and showed an approximately
linear relationship between Sxy/ρg measured outside the surf zone (at
approximately the 6.5 m depth contour and 8 m depth contour, respectively) and the observed alongshore current velocity (see Guza et al.
(1986) Fig. 12 and Feddersen et al. (1998) Fig. 4). Here, we deﬁne
20 cm/s as a threshold alongshore current magnitude, with currents
above 20 cm/s considered signiﬁcant. This threshold is of course arbitrary but is a reasonable bound the initiation of sediment mobility. For
example, a simple critical Shields stress calculation suggests that a steady
current of 20 cm/s would begin to mobilize very ﬁne sands (e.g. Reeve
et al., 2012); including wave-induced motions would begin to mobilize
even coarser sediment. Using the Guza et al. (1986) data set, this
alongshore current value translates to a threshold Sxy/ρg value of
approximately 31.2 cm2 (at the 6.5 m contour line), or a Sxy/ρ value of
0.0306 m3/s2.
In order to relate the alongshore current of this magnitude to value of
the local alongshore forcing Fy, we ran a set of simulations using SWAN
over a generic planar beach and compared the resulting Sxy and Fy values.
The beach had a slope of 1:25, chosen to roughly match the average
measured slope of the ﬁeld site in Guza et al. (1986). The simulations use
a range of signiﬁcant wave heights (0.5 m–6 m) and dominant wave directions (0 –45 ). The radiation stress was calculated using Equations
(4)–(6) at the 6.5 m contour line (chosen to match the location of the Sxy
observations) using the signiﬁcant wave height calculated in SWAN and
the remaining parameters determined using linear wave theory. The
alongshore force Fy was calculated by SWAN and was assessed at the
point of interest, deﬁned in this study as the location of maximum
dissipation.
The resulting radiation stress Sxy and alongshore force Fy were plotted
as a function of root mean square wave height Hrms and the mean wave
direction θm (Fig. 1). As expected, both Sxy and Fy showed an increase in
magnitude with increasing Hrms and θm. By ﬁnding the Fy contour that
most closely matches the Sxy/ρ ¼ 0.0314 m3/s2 contour line, we were
able to map the chosen Sxy/ρ threshold value to an equivalent Fy value,
which was found to be 0.44 N/m2.
To determine whether the alongshore force value at the location of
maximum dissipation is dependent on the slope of the surf zone, the same
process was repeated using the Feddersen et al. (1998) data set, taken
from a ﬁeld site near Duck, North Carolina. With this data set, an
alongshore current velocity of 20 cm/s translated to a threshold Sxy/ρ of
approximately 0.08 m3/s2 at the 8 m contour line. The same input

alongshore forces that generate changes in the mean water level (wave
setup and setdown), and nearshore currents (Svendsen, 2006). The
depth-averaged, steady state formulations for wave-induced forces in the
cross-shore (Fx) and the alongshore (Fy) direction used in SWAN are
shown in Equations (2) and (3), respectively,
dSxx dSxy
Fx ¼ 

dx
dy

(2)

dSyx dSyy

Fy ¼ 
dx
dy

(3)

where Sxx, Sxy, Syx, and Syy are components of the radiation stress tensor
(SWAN team, 2006b) which are functions of wave energy (and therefore
the square of the wave height), wave direction, wave number, and water
depth, as shown in Equations (4)–(6),



 1
Sxx ¼ E n cos2 θ þ 1 
2

(4)




 1
Syy ¼ E n sin2 θ þ 1 
2

(5)

Sxy ¼ Syx ¼

En
sin2θ
2

(6)

where E is the wave energy, θ is the wave direction, and n is the ratio of


2kh
group velocity to phase speed, given by n ¼ 12 1 þ sinh2kh
, with k as the
wave number and h is the water depth.
We begin with the alongshore force balance since the wave-driven
alongshore current is easily one of the best understood nearshore processes. The term dSxy
dx results from the breaking of waves obliquely incident to the shoreline, and it is the predominant driver of alongshore
currents. It is generally accepted that the primary dynamical balance is
between the cross-shore gradient in Sxy and the frictional bottom stress
acting on the alongshore current. The net alongshore force across the surf
zone is then given by the cross-shore integral from the shoreline to the
breaker line:
Z

x¼xbreaking
x¼xshoreline




dSxy
dx ¼ Sxy x¼xbreaking  Sxy x¼xshoreline ¼ Sxy x¼xbreaking
dx

(7)

where xbreaking is the cross-shore position of the initiation of wave
breaking and xshoreline is the shoreline (where Sxy  0). Because Sxy is a
conserved quantity when energy is not lost to wave breaking (i.e.

Fig. 1. Radiation stress and alongshore force as a function of Hrms and θm. a) Sxy/ρ at the 6.5 m contour line, and b) Fy at the location of maximum dissipation. The Sxy/
ρ ¼ 0.0314 m3/s2 contour line is shown in red and the Fy ¼ 0.44 N/m2 contour line in green.
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3.2. Input conditions

conditions were then used in SWAN simulations on a planar beach with a
slope of 1:100, which roughly matched the average beach slope to the
8 m contour at the ﬁeld site. Following the methodology described above,
the threshold Fy value was found to be 0.42 N/m2, which is very similar
to the Fy value of 0.44 N/m2 determined from the Guza et al. (1986) data
set, suggesting that this threshold forcing value is applicable on a range of
beach slopes. Using Fy ¼ 0.44 N/m2 as a threshold for impact, we
examined which WEC array conﬁgurations lead to changes in Fy (jΔFyj)
that exceed this threshold.

All trials in the parametric study were initiated with JONSWAP
spectra (Hasselmann et al., 1973), at the offshore boundary. Trials were
conducted with two input signiﬁcant wave heights (2 m and 6 m) and
nine input peak periods (6, 7, 8, 9, 10, 12, 14, 16, and 18 s). All trials
were conducted with a directional wave ﬁeld with shore normal as the
dominant direction, and two levels of directional spreading were
assessed (14 and 35 ). A total of 36 sets of wave conditions were
simulated. Trials were conducted with these input conditions using two
array conﬁgurations (closely-spaced and widely-spaced) and with arrays
located at three distances from shore (5, 10, and 15 km). Simulations
were also made without an array for each set of input conditions. A total
of 252 trials were conducted.

3. Parametric study of impact
3.1. Model domain
For the parametric study on the nearshore impacts of WEC arrays, we
used a 24 km by 70 km model domain discretized into a regular grid with
a spatial resolution of 200 m. Within this domain, four smaller, higher
resolution grids were nested. The bathymetry was an alongshore uniform, generic shelf and planar beach with wave propagation starting in
deep water. The offshore section was a constant 400 m depth with a
cross-shore length of 2 km, followed by a 2 km shelf break section of 1:10
slope, and a 20 km nearshore section with slope of 1:100. The idealized
bathymetry with the location and size of the nested grids is shown in
Fig. 2. Within the outer 200 m resolution grid there was nested a 20 km
square grid at 50 m resolution centered in the alongshore (grid 1). WEC
devices could only be represented at the outer edge of nested grids.
Because the array conﬁgurations included two rows, two high resolution
9 m grid were used (2.7 km  9 km and 2.2 km  8.6 km, grids 2 and 3,
respectively), which varied in distance from the shore (WEC arrays were
either 5, 10, or 15 km offshore). Shoreward of the WEC array grid was a
nested nearshore grid of 18 m resolution (grid 4).
In SWAN, the wave action density spectrum is discretized into a given
number of frequency and directional bins as deﬁned by the user. Trials
were run with 180 directional bins over a 360 directional range. The
wave action density spectrum was discretized logarithmically into 40
frequency bins (0.04118–0.5 Hz), which is consistent with the frequency
spread and resolution used in other similar studies using SWAN.

3.3. Representation of WECS in SWAN
The PTF versus frequency as speciﬁed for the array of point-absorber
WECs employed in the SWAN modeling is shown in Fig. 3. As shown, the
laboratory PTF was scaled to have a peak period of extraction at 9 s,
which is the average annual energy period on the Oregon coast
(Lenee-Bluhm et al., 2011).
The PTF represents the proportion of wave energy extracted across
the diameter of a device as a function of frequency. Subtracting the PTF
from 1 (at each frequency) therefore gives the proportion of wave energy
not captured by the device. As is evident from Fig. 3, the PTF measured in
the laboratory work exceeds one for a narrow range of frequencies. This
is indicative of increased energy capture efﬁciency and is made possible
through the process of wave diffraction (in the laboratory tests). In order
to capture this behavior in the model it would be necessary to artiﬁcially
increase the device diameter (so it could capture more energy). Instead,
where the experimental PTF was greater than 1.0, we chose to cap the
PTF at a value of 1.0, meaning the simulated ﬁeld scale WECs are slightly
less efﬁcient than the lab scale WECs.
WEC devices were incorporated in the model domain using the
following method. First, SWAN was used to propagate waves from the
offshore boundary to the edge of nest 2, where the ﬁrst row of the WEC

Fig. 2. Model bathymetry and nested grid locations for an array located a) 5 km from shore, b) 10 km from shore, and c) 15 km from shore. The location of a widely
spaced WEC array is shown in red, with the shoreline on the right and waves approaching from the left. Nested grids, shown with black lines, are numbered in subplot
c). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
325

A. O'Dea et al.

Ocean Engineering 161 (2018) 322–336

Fig. 3. The experimentally determined PTF as a function of wave frequency determined from Rhinefrank et al. (2013).

devices is located. The wave spectra were then externally modiﬁed using
the same method at the locations of each WEC device in the second row.
The resulting alongshore-varying wave ﬁeld was then propagated
through nests 3 and 4 to the shoreline.
Here we study large-scale WEC arrays that included 60 devices in two
staggered rows. Each device had a diameter of 18 m. To assess the
importance of spacing between devices, both closely-spaced and widelyspaced arrays were simulated for each set of input wave conditions.
Closely-spaced arrays had a distance of 72 m (4 times the WEC diameter)

array is located (see Fig. 2). The SWAN-produced spectra were externally
modiﬁed at the location of each WEC device in row 1 using
Safter ðf Þ ¼ Sbefore ðf Þ*ð1  PTFðf ÞÞ

(8)

where Sbefore is the spectral energy density in the wave ﬁeld just offshore
of the device and Safter is the spectral energy density in the wave ﬁeld just
onshore of the device. SWAN was then used to propagate these modiﬁed
waves through nest 2 to the edge of nest 3, where the second row of WEC

Fig. 4. Array conﬁguration for a) closely-spaced and b) widely-spaced WEC arrays located 15 km from shore (white dots). Black lines indicate the location of nested
grids 2 and 3.
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Fig. 5. Reduction in wave height (ΔHs) and changes in mean wave direction (Δθm) due to a WEC array, with a) ΔHs and b) Δθm in the lee of a widely-spaced array
(10x), c) ΔHs and d) Δθm in the lee of a closely-spaced array (4x). Input conditions: Hs ¼ 6 m, Tp ¼ 12 s, low directional spread (14⁰), and array located 15 km from
shore. The dotted lines show the located of nested grids.

between devices and rows, and widely-spaced arrays had a distance of
180 m (10 times the WEC diameter) between devices and rows. Array
spacing and conﬁguration were selected based on past studies on optimal

WEC array conﬁgurations (Beels et al., 2009, 2010a, 2010b; Babarit,
2013; Palha et al., 2010). The array conﬁgurations used in the SWAN
simulations are shown in Fig. 4.

Fig. 6. Reduction in wave height (ΔHs) and changes in mean wave direction (Δθm) due to a WEC array, with a) ΔHs and b) Δθm in the lee of a widely-spaced array
(10x) , c) ΔHs and d) Δθm in the lee of a closely-spaced array (4x). Input conditions: Hs ¼ 6 m, Tp ¼ 12 s, high directional spread (35⁰), and an array located 15 km from
shore. The dotted lines show the located of nested grids.
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3.4. Model outputs

and mean wave direction θm due to the WEC array were determined.

For each trial, the signiﬁcant wave height Hs, mean wave direction θm,
peak period Tp, and the wave-induced forces Fx and Fy were calculated at
each grid point across the domain. Spatially periodic variations in Hs, θm,
Fx, and Fy were seen in the lee of the arrays. The short-scale (device scale)
variations were dependent on model directional resolution and did not
appear to converge, even with directional resolution as high as 720 bins.
Since our focus here is on the changes caused by the presence of the WEC
array over surf zone length scales (and since wave diffraction becomes
much more important at short length scales), a resolution of 180 direction bins was selected and the output forcing parameters were lowpass
ﬁltered in the forward and reverse alongshore direction with a 270 m
cutoff. This ﬁlter removed much of the differences in the output parameters as a function of directional resolution and meant that model
results were converged, even in the absence of diffraction. In order to
best characterize the changes in the surf zone where nearshore forcing is
strongest, the cross-shore location of maximum dissipation was chosen
for the analysis. The model was run both with and without the WEC array
and the net difference ΔFy at the location of maximum dissipation in the
direct lee of the array was determined and demeaned for each trial. Trials
generating jΔFyj above the deﬁned threshold were then identiﬁed. The
net difference ΔFx was similarly found at the location of maximum
dissipation, and both the total change and the percent change were
calculated. As an additional indication of the changes in wave ﬁeld due to
the presence of the WEC array, the changes in signiﬁcant wave height Hs

3.5. Model results
3.5.1. Changes in signiﬁcant wave height Hs and mean wave direction θm
The modeled changes in Hs and θm were used to broadly assess how
input conditions, array conﬁgurations, and distance between the WEC
array and the shoreline affected the nearshore wave conditions. Figs. 5
and 6 show the differences in Hs (5a and 5c) and θm (5b and 5d) between
simulations with and without a WEC array in the lee of both widelyspaced (5a and 5b) and closely-spaced (5c and 5d) WEC arrays across
the domain for trials with Hs ¼ 6 m, Tp ¼ 12 s, directional spread of 14⁰
(Fig. 5) and 35 (Fig. 6), and the array located 15 km from shore. The
differences were found by subtracting the model results across the
domain for each parameter from simulations with a WEC array from
simulations without a WEC array. The reduction in Hs (ΔHs) and the
change in the mean wave direction (Δθm) due to the WEC array are
clearly visible in Figs. 5 and 6.
The alongshore gradients in wave height are reduced within the
shadow in the lee of the array because the effect of directional spreading
allows wave energy to propagate into the lee of the array as the waves
proceed toward shore. Both directional spreading and the distance between the WEC and the shore were important factors in the magnitude of
the changes in wave parameters seen in the nearshore. When the WEC
arrays were located closer to shore, the wave ﬁeld had less distance to
recover and the wave shadow essentially impinged on the nearshore zone

Fig. 7. Alongshore Fx transects in the lee of a closely-spaced array (4x) located a) 5 km and b) 10 km offshore, as well as a widely-spaced array (10x) located c) 5 km
and d) 10 km offshore with an input Hs ¼ 6 m, an input Tp ¼ 12 s, and low directional spread (14⁰). The transects were taken from the location of the maximum
dissipation in the direct lee of the array. The vertical black lines show the alongshore location of the edges of the WEC array.
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input Tp ¼ 12 s, low directional spread (14⁰), and with arrays located 5
and 10 km from shore (Fig. 7).
The maximum decrease and percent decrease in Fx at the location of
interest in the direct lee of the array were found for all trials. The
maximum percent change for all cases was 17.1%, which occurred in the
lee of a closely-spaced array located 5 km from shore in trials with low
directional spread. The maximum decrease in Fx at the location of interest for each trial can be seen in Fig. 8. The impact of this reduction in
forcing would be a reduction in shoreline water elevations (wave setup)
due to the shadowing effect of the array.

leading to the largest differences in the surf zone between cases with and
without arrays (see Figs. 7–10).
High directional spreading leads to faster reduction of the wave
shadow in the lee of the array. This resulted in a decrease in the
magnitude of ΔHs, but an increase in the alongshore extent of the WEC
shadow. The changes in θm in the direct lee of the array were more signiﬁcant in cases with high directional spreading. The impact of low
versus high directional spread is evident in the plots of ΔHs and Δθm
shown in Figs. 5 and 6, respectively (with an input Hs ¼ 6 m, an input
Tp ¼ 12 s, and an array located 15 km from shore).
WEC array spacing also played a signiﬁcant role in the magnitude of
ΔHs and Δθm in the lee of the array. When devices were closer together,
more signiﬁcant reductions in both Hs and θm were seen in the immediate
lee of the array (see Figs. 5 and 6). As directional spreading increases or
array distance from shore increases, the effect of array spacing is less
evident in the nearshore (see Figs. 8 and 10).
The maximum percent reduction in signiﬁcant wave height at the
edge of the surf zone (deﬁned as the nearshore location of maximum
wave height) was 8.3%, and the maximum change in mean wave direction at the same location was less than 1 (0.25 ). Both maxima occurred
in the lee of a closely-spaced array located 5 km from shore. The smallest
changes in wave parameters in the nearshore occurred with a widelyspaced array located 15 km from shore, with a less than 0.1% reduction in wave height for some input conditions.

3.5.3. Changes in alongshore force Fy
Alongshore variability in Fx and Fy both contribute to the formation of
rip currents in a complex balance. Alongshore currents (and thus
alongshore sediment transport) are driven by Fy. Fy is similar to Fx in that
it is a function of the spatial gradient of the wave-induced radiation
stresses, and is also strongest in the outer portion of the surf zone. Also,
because Fy depends on the radiation stress component Sxy, its magnitude
and direction are highly dependent on the incident wave angle close to
shore.
To visualize the spatial variability in Fy in the surf zone, alongshore Fy
transects were plotted at the location of maximum dissipation for trials
with an input Hs ¼ 6 m, an input Tp ¼ 12 s, and low directional spread
(14⁰) (Fig. 9). The Δθm on either side of the array results in a spatial
variability in the sign of Fy. The wave-induced forcing on either side of
the array is therefore directed toward the area directly behind the array.
From all trials, the maximum change in the magnitude of Fy (jΔFyj) at
the location of maximum dissipation in the direct lee of the array were
found. Larger input Hs and Tp values were found to result in larger jΔFyj
values in the surf zone. Only trials with an input Hs ¼ 6 m and an input Tp
greater than 8 s resulted in jΔFyj values over the chosen threshold. The
trials that met the threshold jΔFyj value are shown in Fig. 10.
Similar to the previously discussed parameters, the distance between

3.5.2. Changes in cross-shore force Fx
Cross-shore force Fx and alongshore force Fy are dependent on the
gradient of the wave-induced radiation stresses, and are strongest in the
surf zone due to wave breaking. The decrease in Hs in the lee of the array
demonstrated in the previous section resulted in a similar decrease in the
magnitude of Fx at the location of maximum dissipation. To visualize the
decrease in Fx in the surf zone, alongshore Fx transects were plotted at the
location of maximum dissipation for trials with an input Hs ¼ 6 m, an

Fig. 8. Maximum decrease in Fx at the location of maximum dissipation for all trials in the parametric study, including trials with widely-spaced arrays (10x) and
closely-spaced arrays (4x) and with arrays located 5 km, 10 km, and 15 km from shore.
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The domain bathymetry was generated using the 1/3 arc-second
Central Oregon Coast Digital Elevation Map from the National
Geophysical Data Center (Carignan et al., 2009). The same 17 km by
75 km local domain was used for both the NETS and SETS sites (Fig. 11).
The domain was rotated 5 so the coastline was approximately parallel to
the offshore domain boundary and the bathymetry was ﬁltered using a
54 m low-pass ﬁlter (representing three grid points) in both the
cross-shore and alongshore direction. Similar to the parametric study, the
domain was discretized into a regular grid with a spatial resolution of
200 m. Within the domain, two sets of ﬁve smaller, higher resolution
grids were nested, one for each site. The spatial resolution increased from
200 m in the largest grid to 50 m in the ﬁrst nested grid (grid 1), followed
by 30 m in the second nested grid (grid 2). Similar to the parametric
study, a spatial resolution of 9 m was used in the vicinity of the WEC
array (grids 3 and 4), followed by a spatial resolution of 18 m in the
nearshore zone (grid 5). Fig. 11 shows these ﬁve nested grids for each of
the study sites.
The wave action density spectra were discretized into 180 directional
bins over a 360 directional range and discretized logarithmically into 40
frequency bins (0.04118–0.5 Hz). Model WEC arrays were located
approximately equidistantly from the east and west boundaries of the
permitted test sites, but the arrays extended beyond the north and south
boundaries of the test sites (Fig. 11).
4.2. Model validation
The SWAN model was ﬁrst validated using existing data from an
Acoustic Wave and Current Meter (AWAC) previously deployed within
the model domain (Vardaro et al., 2011). The AWAC was deployed from
March to August 2011 at a location just south of Yaquina Head (shown in
Fig. 11). Model validation runs used input wave spectra derived from a
WAVEWATCH III hindcast for the Paciﬁc Northwest (García-Medina
et al., 2014). Model runs were conducted for each hour of the deployment
period. The signiﬁcant wave height measured by the AWAC was
compared with the signiﬁcant wave height calculated by SWAN at the
device location. The AWAC collected wave height measurements every
80 min, and SWAN was run using hourly wave spectra, so the SWAN
results were interpolated to the AWAC sampling interval and the error
statistics were calculated using the interpolated values. Fig. 12 shows a
time series of modeled and measured signiﬁcant wave height for the
duration of the AWAC deployment. The model achieved a coefﬁcient of
determination (R2) of 0.82, a Root Mean Square Error (RMSE) of 0.32 m
and an average percent error of 15.8%, which is very comparable to
similar studies, for example by Abanades et al. (2014a and 2014b).
SWAN was run in stationary mode without active wind generation, which
may explain some of the difference between the modeled and measured
data. However, the goal of the study was not to replicate the hindcast
conditions as accurately as possible, but instead to ensure that the nested
modeled domains and bathymetry functioned appropriately.

Fig. 9. Alongshore Fy transects in the lee of a closely-spaced array (4x) located
a) 5 km and b) 10 km offshore, as well as a widely-spaced array (10x) located c)
5 km d) 10 km offshore with an input Hs ¼ 6 m, an input Tp ¼ 12 s, and low
directional spread (14⁰). The transect was taken from the location of maximum
dissipation in the direct lee of the array. The vertical black lines show the
alongshore location of the edges of the WEC array.

the WEC array and the shore was found to have a signiﬁcant impact on
the magnitude the Fy generated in the surf zone. Only trials with an array
located 5 km from shore result in jΔFyj values over the established
threshold (shown in Fig. 10). Although an increase in directional spread
resulted in a decrease in ΔHs, signiﬁcant changes in Fy in the surf zone
were still seen in trials with high directional spread with an array located
5 km from shore. A total of 11 trials were found to meet the threshold
jΔFyj value, six of which are from cases with low directional spread and
the remaining ﬁve from cases with high directional spread (Fig. 10).
WEC array spacing had an effect on both the magnitude and the
extent of the far-ﬁeld changes. Closely-spaced arrays resulted in a
signiﬁcantly larger change in wave parameters in the direct lee of the
array (Fig. 10). The magnitude of ΔFy at the location of maximum
dissipation was found to be larger in the lee of closely-spaced arrays in all
trials, but the differences between cases based on WEC spacing decreased
with increasing distance from the array and with increasing directional
spread. No trials with a widely-spaced array resulted in jΔFyj values
above the established threshold.

4.3. Input conditions
The input directional wave spectra for the NETS and SETS simulations
were obtained from a 2005–2011 coupled WAVEWATCH III and SWAN
hindcast for the Paciﬁc Northwest. The low-resolution SWAN domain
extended from Northern California to Washington and covered the entire
continental shelf (García-Medina et al., 2014). Our local, higher resolution 17 km  75 km SWAN domain that includes the NETS and SETS sites
was then nested into this coupled system (along with the additional 5
nested grids for each site). The wave processes included in these SWAN
runs are the same as were included in our parametric study and in the
previous studies of this site (García-Medina et al., 2013, 2014).
Input conditions for the NETS and SETS trials were selected to be
representative of the normal range of wave conditions experienced on the
Oregon coast. Hourly wave spectra from 2005 to 2011 at the offshore
boundary of the low-resolution SWAN domain of García-Medina et al.

4. Nearshore impact at ﬁeld sites
4.1. Model domain
To assess the applicability of the conclusions made in the parametric
study to sites with more realistic bathymetries, the same methodology
was applied to two Northwest National Marine Renewable Energy Center
(NNMREC) test sites off the coast of Newport, Oregon (USA), the North
Energy Test Site (NETS) located north of Yaquina Head, approximately
5 km offshore, and the South Energy Test Site (SETS) located south of
Newport, approximately 11 km offshore.
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Fig. 10. Maximum alongshore jΔFyj at the location of maximum dissipation for all trials in the parametric study, including trials with widely-spaced arrays (10x) and
closely-spaced arrays (4x) and with arrays located 5 km, 10km, and 15 km from shore. The threshold for impact is shown as a horizontal black line.

lee of the array was determined for each trial, and ΔFy were assessed at
this cross-shore location. Nonrealistic force values were seen directly
adjacent to coastal features extending into the surf zone. To address this,
the areas directly adjacent to the Newport jetties and Yaquina Head (the
two major coastal features in the domain) were removed from the
domain and only open coastal regions were included in the analysis. The
area removed was the same in both the SETS and NETS domains, and can
be seen in Figs. 13 and 15.
Plots of Hs at the SETS site are shown in Fig. 13, from a trial with input
conditions (Tp, Hs, θm) ¼ (12.61s, 5.45 m, 27.11⁰). A total of seven trials
with a closely-spaced array at the SETS site resulted in a change in
alongshore force magnitude jΔFyj above the threshold impact value
(jΔFyj ¼ 0.44 N/m2) at the point of interest, along with three trials with a
widely-spaced array. All seven trials that met the threshold jΔFyj value
had an input Hs over 5 m and four had an Hs over 5.5 m, and all had a Tp
of over 13 s. Of the seven sets of input conditions that met the threshold
with a closely-spaced array, three of those sets also met the threshold
jΔFyj in trials with a widely-space array.
The previously discussed analysis identiﬁed 10 trials that generated
signiﬁcant jΔFyj values at the location of maximum dissipation at some
alongshore location. However, this analysis did not give any indication of
the alongshore extent of these changes. To address this, the exceedance
length was calculated for each of the trials that resulted in jΔFyj above the
impact threshold. The exceedance length, deﬁned as the total length of
coastline where the threshold was exceeded at the location of maximum
dissipation, was determined by multiplying the number of points where
the threshold was exceeded by the grid resolution. The exceedance
length for trials at the SETS ﬁeld site ranged from 126 m to 2988 m, with
a mean of 1148 m and a standard deviation of 851 m. The exceedance
length for each trial that exceeded the jΔFyj threshold is shown in Fig. 14.
Plots of the difference in signiﬁcant wave height Hs at the NETS site
can be seen in Fig. 15, from trials with (Tp, Hs, θm) ¼ (12.61s, 5.45 m,
27.11⁰). Similar to the SETS site, the area adjacent to Yaquina Head and
the Newport jetties were excluded from the analysis. Slightly more than

(2014) were sorted based on their probability of occurrence. First, the
peak period Tp, signiﬁcant wave height Hs, and mean wave direction θm
were extracted at each point along the offshore boundary of the SWAN
domain for each hour in the seven-year hindcast. Each parameter was
averaged across the offshore boundary to generate a single set (triplet) of
peak parameters for each hour. The triplets were then separated into 120
bins each with the same number of triplets (and therefore the same
probability of occurring) using a 3-dimensional probability density
function with 6 frequency bins, 4 wave direction bins, and 5 signiﬁcant
wave height bins. In each group, the centroid of the set of triplets was
computed, and the hindcast hour with the wave parameters closest to the
parameters of the centroid was found. The 120 h selected using this
method were then used as the input conditions in the ﬁnal trials. The Tp
used in the ﬁnal trials ranged from 7.75 s to 17.77s, the Hs ranged from
0.93 m to 6.26 m, and θm ranged from 52 to 82 . The directional
spread ranged from 17.5 to 54.5 .
WECs were represented in SWAN using the same technique as in the
parametric study. Each WEC array included 60 devices, each with a
diameter of 18 m, positioned in two staggered rows. Both closely-spaced
and widely-spaced arrays were simulated at each test site for each set of
input wave conditions (see Section 3.3). For each set of input conditions,
trials were conducted twice with a WEC array in the NETS site (once with
a closely-spaced array and once with a widely-spaced array), twice with
an array in the SETS site, and ﬁnally a single time without an array, for a
total of ﬁve model runs. Similar to the parametric study, all model outputs were lowpass ﬁltered in the forward and reverse alongshore direction with a 270 m cutoff (see Section 3.4).
4.4. Model results
4.4.1. Real sites
The point of interest in the NETS and SETS trials was deﬁned as the
mean location of maximum dissipation in the direct lee of the array. The
alongshore-averaged location of the maximum dissipation in the direct
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Fig. 11. Bathymetry for the a) SETS model domain
and b) NETS model domain including the location of
the SETS ﬁeld site (bottom blue box), the NETS site
(top blue box), and the AWAC used in model validation (black star). The location of a widely-spaced array
is shown in red at each site. Black lines indicate locations of nested grids, with the grid number shown
by the bottom left corner. (For interpretation of the
references to color in this ﬁgure legend, the reader is
referred to the Web version of this article.)

have a greater chance of inﬂuencing nearshore processes, but in many
cases will affect a shorter distance along the coastline. Exceedance
lengths for each trial are shown in Fig. 14.
4.4.2. Comparison between real sites and parametric study
The results of the SETS and NETS trials were compared to the results
of the parametric study with the array located 10 km and 5 km from
shore, respectively. Similar trends were seen in the changes in wave
parameters in both the parametric study and at the real sites, including a
decrease in the Hs and Fx in the lee of the array and a redirection of waves
on either side of the array. The WEC array designs that resulted in the
largest jΔFyj at the ﬁeld sites were consistent with those found in the
parametric study, with the largest changes occurring in the lee of a
closely-spaced array located close to shore. In all cases, the threshold
value was much more likely to be exceeded in trials with large Tp and Hs
values. However, a much wider range of conditions were found to
generate jΔFyj that exceeded the threshold at the real sites, with wave
heights as small as 2 m and wave periods as low as 8 s resulting in jΔFyj
over the threshold in some cases (Fig. 14).
Although the wave conditions (large Hs and Tp) and array conﬁgurations (closely-spaced) that led to larger jΔFyj values were consistent
with the parameterized study, the spatial variability of ΔFy appears to be
heavily inﬂuenced by local bathymetry. Alongshore ΔFy transects can be
seen in Fig. 16, from trials with (Tp, Hs, θm) ¼ (12.61s, 5.45 m, 27.11⁰).
Coastal features that extended out beyond the surf zone (primarily
Yaquina Head, the Newport jetties, and a series of small islands) resulted
in discontinuities in the alongshore ΔFy transect. These transects contain

Fig. 12. Signiﬁcant wave height from the processed AWAC data (black) and the
SWAN trials (red) for the duration of the AWAC deployment period (March to
August 2011).

half of the trials (65 out of 120) with a closely-spaced array at the NETS
site led to jΔFyj above the threshold. Of the 120 trials with a widelyspaced array, 38 resulted in a signiﬁcant jΔFyj at the location of
maximum dissipation. Input conditions that result in jΔFyj over the
threshold value can be seen in Fig. 14c and d (colored dots). Similar to
the SETS site, the exceedance length was calculated for each of the 103
trials that exceeded the impact threshold. The maximum exceedance
length was found to be 3762 m and the minimum length was 18 m, with a
mean of 656 m and a standard deviation of 743 m. Although signiﬁcantly
more trials met the threshold jΔFyj at the NETS site, the mean exceedance
length for these trials was much smaller (1148 m at the SETS site versus
656 m at the NETS site). These results suggest that arrays close to shore
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Fig. 13. Difference in signiﬁcant wave height in the lee of a) a closely-spaced array and b) a widely-spaced array at the SETS site for trials with an input Hs ¼ 5.45 m,
an input Tp ¼ 12.61 s, and an input Δm ¼ 27.11⁰. The dotted white lines indicate the areas removed from the analysis.

Fig. 14. Scatterplots of 120 sets of input conditions (Hs and Tp) used in NETS and SETS trials, with colors indicating the exceedance length of all trials that met the
impact threshold jΔFyj. Open circles indicate that the trial did not reach the impact threshold jΔFyj. Results are from a) a widely-spaced array at the SETS site, b) a
closely-spaced array at the SETS site, c) a widely-spaced array at the NETS site, and d) a closely-spaced array at the NETS site.

signiﬁcantly more alongshore variability in ΔFy when compared to the
alongshore ΔFy transects from the parameterized study, and the ΔFy
variability at the scale of individual bathymetric features was found to be
of similar magnitude to any observed variability at the scale of the entire
WEC array. This increase in the spatial variability of alongshore forcing
could have signiﬁcant implications for nearshore circulation.

4.5. Analysis of real sites
The standard deviation in Fy was determined at each point across the
domain using the ﬁltered results for all 120 trials, and was seen as an
indicator of the natural variability in Fy at each the two test sites. In
addition to determining whether WEC arrays induce jΔFyj over the
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Fig. 15. Difference in signiﬁcant wave height in the lee of a) a closely-spaced array and b) a widely-spaced array at the NETS site for trials with an input Hs ¼ 5.45 m,
an input Tp ¼ 12.61 s, and an input Δm ¼ 27.11⁰. The dotted white lines indicate the areas removed from the analysis.

Fig. 16. Alongshore ΔFy transects at the location of maximum dissipation in the lee of a) a closely-spaced array and b) a widely-spaced array at the SETS site for trials
with an input Hs ¼ 5.45 m, an input Tp ¼ 12.61 s, and an input Δ ¼ 27.11⁰. The vertical lines mark the alongshore edges of the WEC array.

deviation was determined for each point across the surf zone. Because the
input conditions in the trials were selected to be representative of the
annual wave climate at the site, the percent of trials with jΔFyj exceeding
the standard deviation at each location was considered to be the percent

established threshold at the location of maximum dissipation, we also
assessed whether the WEC arrays induce jΔFyj that exceed the natural
variability in these regions. To do this, the number of wave conditions
(out of the climatology of 120) where the jΔFyj exceeds the standard
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Fig. 17. Percent of time that jΔFyj exceeds the Fy standard deviation at the NETS site, with a) a closely-spaced array and b) a widely-spaced array. The location of the
NETS ﬁeld site is shown in black and the devices are shown in red.

radiation stress and alongshore current magnitude as demonstrated in
ﬁeld observations. Using the new indicator of impact, a parametric study
was conducted using the SWAN model. WEC arrays were incorporated in
the SWAN domain through the external modiﬁcation of the wave spectra
at the device locations using an experimentally determined PTF that allows for a realistic representation of energy extraction by WEC devices.
Larger maximum changes in the magnitude of the alongshore forcing
jΔFyj induced by WEC arrays corresponded to larger input signiﬁcant
wave heights and larger input peak periods. Changes in wave parameters
in the nearshore were found to increase with a decrease in the distance
between the array and the shore and with a decrease in directional
spreading, implying that the largest differences in the nearshore forcing
due to WEC arrays will occur in high energy swell seas with a WEC array
located close to shore. Closely-spaced arrays had a much larger impact on
wave height and direction in the direct lee of the array, but the differences between cases due to WEC spacing decreased with increasing
distance from the array.
The same methodology was then applied to two permitted NNMREC
test sites after ﬁrst validating the wave model for the region and developing a representative wave climatology. Results from the parametric
trials were compared to the ﬁeld trials to assess the validity of the conclusions made in the parametric study when applied to sites with more
realistic bathymetries. Similar trends were seen in the wave conditions
and array conﬁgurations that resulted in jΔFyj values above the established threshold. However, the alongshore variability of the ΔFy due to
the arrays was also signiﬁcantly inﬂuenced by the local bathymetry.
Additionally, a larger number of trials were found to result in signiﬁcant
jΔFyj when the array was closer to shore, but the average exceedance
length for these trials was shorter (with a mean exceedance length of
1148 m when the array was ~11 km offshore versus 656 m when the
array was ~5 km offshore). Finally, as an additional measure of nearshore impact, the induced jΔFyj were compared to the existing natural
variability (without the array) based on the wave climatology. It was

of time that the standard deviation was exceeded at this location. The
percent exceedance was assessed in the surf zone only. Because the
location of maximum dissipation varies between trials, the percent exceedance was assessed from the maximum dissipation line the farthest
offshore up to the shoreline. Fig. 17 shows the percent exceedance across
this area at the NETS site. Certain locations in the domain experience
jΔFyj due to the WEC array that exceed the standard deviation at that
location up to 15.8% of the time in the lee of a closely spaced array, and
up to 3.3% of the time in the lee of a widely spaced array. At the SETS
site, the jΔFyj due to the WEC array exceeded the standard deviation up to
4.2% in some locations. Modeling sediment transport in the lee of an
array would be an important step in order to determine whether the
aggregate nearshore effects of these changes in alongshore forcing due to
WEC arrays could signiﬁcantly impact long-term sediment transport and
coastal processes.
In order to test the sensitivity of our results to the chosen alongshore
current threshold of 20 cm/s (see Section 2.2), we compared the number
of trials that exceeded the jΔFyj threshold using the jΔFyj thresholds
associated with current velocities of 10 cm/s and 30 cm/s as well. At the
NETS site, we found that the number of trials that exceed the jΔFyj
thresholds associated with current velocities (10, 20, 30) cm/s were (81,
38, 11) for a widely-spaced array and (90, 65, 35) for a closely-spaced
array. At the SETS site, we found that the number of trials that exceed
the jΔFyj thresholds were (21, 3, 2) for a widely-spaced array and (17, 7,
6) for a closely-spaced array. This gives some perspective as to how
sensitive the results are to the chosen design impact threshold.
5. Conclusions
A new methodology for assessing the potential nearshore impact of
WEC arrays was developed based on the net change in hydrodynamic
forcing in the alongshore direction induced by the array. A metric for
impact was established based on the linkage between alongshore
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demonstrated that, for the analyzed WEC array conﬁgurations, arrayinduced changes could exceed the natural variability as much as 15%
of the time. More research is necessary to determine how the ΔFy at the
shoreline could inﬂuence long-term sediment transport and other coastal
processes.
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