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Abstract: The wave energy in a shallow water location is evaluated considering the influence of the
local tide and wind on the wave propagation. The target is the coastal area just north of the Portuguese
city of Peniche, where a wave energy converter operates on the sea bottom. A wave modelling system
based on SWAN has been implemented and focused on this coastal environment in a multilevel
computational scheme. The first three SWAN computational belonging to this wave prediction
system were defined using the spherical coordinates. In the highest resolution computational domain,
Cartesian coordinates have been considered, with a resolution of 25 m in both directions. An in-depth
analysis of the main characteristics of the environmental matrix has been performed. This is based
on the results of eight-year model system simulations (2005-2012). New simulations have been
carried out in the last two computational domains with the most relevant wave and wind patterns,
considering also the tide effect. The results show that the tide level, together with the wind intensity
and direction, may influence to a significant degree the wave characteristics. This especially concerns
the wave power in the location where the wave converter operates.
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1. Introduction

Wave energy represents at this moment the largest untapped form of renewable energy in the
world. Ocean waves are consistent and sea states can be accurately predicted usually more than 48 h
in advance. Besides predictability, another factor that makes wave energy particularly attractive for
electricity generation, compared to the power density of solar or wind energy, is its high power density.
This is the power per meter of wave front. From this perspective, in future decades, ocean waves are
expected to produce at least 10% of the global energy demand [1]. Moreover, by 2050, the electric
power delivered by wave energy farms could exceed the global installed capacity of wind and solar
power together [2].

The combination of the Earth’s rotation and the westerly direction of the prevailing winds induces
a high level of wave energy resources along the western coasts of the continents. This is especially true
for locations where waves can travel without obstacles for thousands of miles. The coastal environment
of continental Portugal satisfies these conditions [3-5], since it is the westernmost country of Europe
and is bordered on its west side by the Atlantic Ocean. That is why in recent years this nearshore has
captured the interest of wave energy developers for implementing pioneering projects [6].

The area of the present study, located north of Peniche, has a special feature that is caused by
the vicinity of the Nazaré Canyon. This is the biggest underwater ravine in Europe. It runs 125 miles
from the abyssal plain out into the Atlantic Ocean less than half a mile from the coastline. At its
deepest point, the sea bed is more than 3 miles beneath the surface and it rises rapidly to a canyon
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“headwall”. Thus, in the case of the Nazaré canyon, the fact that its head is situated near the shore
causes a significant influence on the hydrodynamic and sediment transport processes. This leads
to particular oceanographic conditions, intrinsically connected with its morphology. It has to be
highlighted that only a few miles north from this area is Praia do Norte, near the fishing village of
Nazaré. At that location the waves are famed for being among the largest in the world [7]. In this
particular coastal area, the currents through the canyon combine with the swell driven by the wind
from further out in the Atlantic. They converge as the canyon narrows and drive the swell directly
towards the lighthouse that sits on the edge of Nazaré.

The wave height is influenced, among others factors, by the tidal conditions, due to wave—current
interactions. A hindcast study has been conducted by Sebastido et al. [8] to determine the time history
of the water level at the Portuguese coast resulting from tides and storm surges. Other studies have
also addressed the modelling of tides at the Portuguese coast as well as the induced tidal currents [9,10].
They show that the area north of Peniche is a site of intensified currents.

The WaveRoller device is installed near Peniche [11,12] in a water depth of around 15 m. This area
is located about 75 miles north of Lisbon and was identified as having high wave conditions [13].
After almost a decade of R&D in wave energy and after testing the prototype WaveRoller at the
real scale at EMEC in Scotland and in Portugal, a second prototype was installed and tested in the
Portuguese seas. It is a nearshore technology, designed to operate at a depth between 8-20 m and
fixed at the sea bottom. It uses the horizontal movement of the waves at low depth to move its vertical
wings. The WaveRoller device is in fact a vertical plate rotating an axis located at the bottom edge of
the plate. The back and forth movement of bottom waves moves the plate and the motion produced
moves a piston. This energy is further converted into electricity by a hydraulic system in combination
with a hydraulic motor/generator device [14].

Following extended marine trials of the WaveRoller prototypes in Peniche in 2007 and 2008,
the wave energy farm consisted of three 100 kW WaveRoller units (total nominal capacity of the farm
300 kW). They were deployed in 2012 and are still in operation.

The main objective of the present work is to evaluate the influence on the wave conditions of
some other components of the environment in the coastal area where the WaveRoller farm operates.
This especially concerns the tide and the wind.

2. Wave Modelling in the Portuguese Nearshore

Nowadays, spectral phase-averaged wave models are among the most appropriate tools for
providing reliable information related to wave conditions on large geographical spaces. For this
purpose, some previous studies were performed in Centre for Marine Technology and Ocean
Engineering (CENTEC). These consider a wave prediction system based on WAM (Wave Model) [15],
for the wave generation and propagation at the level of the entire North Atlantic Ocean, and SWAN
(Simulating Waves Nearshore) [16], for the wave transformation at the level of the western side of the
Iberian Peninsula [17,18]. This system was subsequently focused on the most relevant coastal areas,
such as the Portuguese harbours [19,20]. At the same time, extended validations have been carried
out against nearshore in situ measurements [21,22]. The tide influence was also considered in some
high-resolution computational domains [23].

Starting in 2008, this system has been implemented to produce operational forecast products of
the main wave parameters [24] in the Portuguese continental coastal environment. The boundary
conditions for SWAN were the 2D wave spectra from WAM, with 0.5° spatial resolution and 1 h time
resolution. Some data assimilation schemes have been also implemented in order to increase the
accuracy of the wave predictions [25-27]. Using the same component considered for wave generation
and ocean scale propagation, similar wave prediction systems were also focused on the Portuguese
archipelagos, Azores and Madeira. They have been used there to assess the spatial distribution of the
wave energy and to identify potential hot spots [28,29].
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Later on, in some studies, the WaveWatch III model (WW III) [30], covering almost the entire
North Atlantic basin, was considered instead of WAM as an alternative for providing the ocean forcing
to SWAN. WW 1II, like SWAN and WAM, is a third-generation model that describes the evolution
of the wave energy spectra in time, geographical, and spectral spaces. Besides Portugal [31,32],
this scheme was also adopted for other areas applications [33-36]. The first three computational
domains considered in the present work and corresponding to its nearshore focusing are illustrated
in Figure 1. The target area is represented by the coastal environment north of the city of Peniche,
where the WaveRoller farm operates.
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Figure 1. The geographical spaces of the first three computational domains considered for the SWAN
model simulations (Levels I-III). In the background the bathymetry is represented, while in the
foreground the most common pattern for the mean wave propagation is suggested.

The meanings of the quantities used in SWAN are displayed in Table 1, and they are presented
in more detail in the SWAN user manual [37]. The main characteristics of these quantities,
the computational domains defined for SWAN simulations, and the physical parameterizations
activated at each computational level are presented in Table 2.

The wind used was obtained by the weather research and forecasting (WRF) model [38]. This is
a mesoscale model with capabilities for forecasting and atmospheric research. Its development
is a joint effort between the National Center for Atmospheric Research (NCAR), the National
Oceanic and Atmospheric Administration, the National Centers for Environmental Prediction (NCEP),
the Forecast Systems Laboratory (FSL), the Air Force Weather Agency (AFWA), the Naval Research
Laboratory, the University of Oklahoma, the Federal Aviation Administration (FAA), and several other
university scientists.

At this point, it has to be highlighted that the wind used in this study was based on the output of
the WRF model, version 3.5.1 (http://www.wrf-model.org/index.php). This represents one of the
latest versions released. The simulations were performed for a grid dimension of 96 x 148 (points)
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with a horizontal resolution of 9 km offshore the Portuguese coast [39,40]. The initial and boundary
conditions were retrieved from the data of the Meteorological Archive Retrieval System (MARS) with
a 0.25° spatial resolution.

Table 1. SWAN parameters significance.

Nomenclature Significance

Ax/Ay Resolution in the geographical space
A6 Resolution in the directional space
At Time resolution

nf Number of frequencies in the spectral space
no Number of directions in the spectral space
ngx Number of grid points in x direction
ngy Number of grid points in y direction
np Total number of grid points

wave Wave forcing

wind Wind forcing

tide Tide forcing

cur Current field input

gen Generation by wind

wcap Whitecapping process

quad Quadruplet nonlinear interactions
tri Triad nonlinear interactions

dif Diffraction

bfr Bottom friction

set up Wave induced set up

br Depth induced wave breaking

Table 2. Characteristics of the computational domains defined for the SWAN simulations and
description of the physical processes activated at each level.

SWAN Model Origin Ax x Ay A6 (°)  Mode nf no ngx X ngy = np
Level I Iberian Xo1 = *1}, W 0.05 x 0.1 (°) 10 nonstat 29 36 100 x 100 = 10,000
Yo1 =35° N
Xop = —10.25° W . _
Level IT Coastal Yo = 38.25° N 0.02 x 0.02 (°) 10 nonstat 29 36 75 x 90 = 6750
Level III Local X03 =975 W 305 % 0.005 (°) 10 nonstat 29 36 161 x 161 = 25,921
Y03 =39.2° N
Level IV High Xo4 = —9.315° W _
Resolution Yo = 39.398° N 25 x 25 (m) 5 stat 34 36 112 x 96 = 10,752
Input/Process Wave Wind Tide Cur Gen Wcap Quad Tri Dif  Bfr Setup  Br
Level I Iberian X X 0 0 X X X 0 0 X 0 X
Level I Coastal X X 0 0 X X X 0 0 X 0 X
Level III Local X X X 0 X X X X X X X X
Level IV High X X X 0 X X X X X X X X
Resolution

Considering the wave prediction system focused towards the target area, simulations have been
performed for an eight-year period (2005-2012). As an example of the wave transformation in the
Portuguese coastal environment in three subsequent computational levels, some results in terms
of significant wave height scalar fields and wave vectors are illustrated in Figure 2. This presents
a relevant pattern of the wave propagation corresponding to average to high winter time energy
conditions (the time frame 2011/11/18/h21).

On this basis (model system simulations for the eight-year time interval 2005-2012), an analysis
of the wave conditions in the vicinity of the external boundary of the local computational domain,
denoted in Table 2 as Level III, has been carried out. This was performed in terms of significant wave
height and wave direction and is presented in Figure 3.
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A similar analysis has been carried out in relation to the wind conditions and the corresponding
results are presented in Figure 4. The results presented in Figures 3 and 4 are structured in total
time and winter time. In the present work the winter time is defined as the interval between October
and March.
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Figure 2. Example of the wave transformation in terms of significant wave height scalar fields and
wave vectors in the first three computational levels considered. These are model system results for the
time frame 2011/11/18/h21 corresponding to average to high winter time energy conditions.
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Figure 3. Analysis of the wave conditions in the vicinity of the external boundary of the local
computational domain (Level III) (39.8° N, 9.75° W), corresponding to eight-year of model system
simulations (2005-2012). Directional distribution of significant wave height, structured in total and
winter time, respectively.

Following the analysis of the results presented in Figures 3 and 4, four different relevant situations
from the point of view of the magnitude of the significant wave height (Hs) have been defined.
They are denoted as case studies and will be further considered and studied in more detail. The above
case studies considered as more representative are: CSI—total average conditions; CSII—average
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wintertime conditions; CSIII—high (no storm) wave conditions, and CSIV—extreme wave conditions.
For the conditions of the last case (CSIV), it has to be highlighted that the wave model, as it is known,
underestimates the wave parameters, as Rusu et al. showed [41]. However, it was also found by
Rusu and Guedes Soares [42] and by Conley and Rusu [43] that even in such extreme situations the
high-resolution computational framework SWAN provides generally reliable results, although they
are less accurate than in the case of the average wave conditions. The definitions of these case studies
in terms of significant wave height and peak period, corresponding to the offshore boundary of the
third computational level considered (denoted as local), are presented in Table 3. At the same time,
for these case studies, Figure 5 presents the wave transformation in the third computational level,
considering the most frequent direction of the incoming waves, waves coming from the northwest.
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Figure 4. Analysis of the wind conditions in the vicinity of the external boundary of the local
computational domain (Level III) (39.8° N, 9.75° W), corresponding to eight-year model system
simulations (2005-2012). Directional distribution of wind, structured in total and winter time, respectively.
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Figure 5. Wave propagation patterns in the target area corresponding to four representative case studies.
CSI—total average conditions; CSIl—average wintertime conditions; CSIII—high wave conditions;

CSIV—extreme conditions.
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Table 3. Main characteristics of the four case studies considered (CSI, CSII, CSIII, and CSIV) in terms
of the values of the parameters Hs and T, and the subsequent parameterizations corresponding to
each subcase.

Case Study H; (m) T, (s)
CSI (total average) 2.0 10.1
CSII (winter average) 243 11.0
CSIII (high waves) 45 15.0
CSIV (extreme conditions) 8.7 18.0
Mean Wave Direction (°) Wind Conditions
Nautical Convention Wind Velocity (m/s) Wind Direction (°)
WO (no wind) 0 -
. FW (following wind) 305
Dirl 270 W7 (average wind) 7 OW (opposite wind) 90
. . FW (following wind) 305
W22 (high wind) 2 OW (opposite wind) 90
WO (no wind) 0 -
. FW (following wind) 305
Dir2 300 W7 (average wind) 7 OW (opposite wind) 120
. . FW (following wind) 305
W22 (high wind) 2 OW (opposite wind) 120
WO (no wind) 0 -
. FW (following wind) 305
Dir3 330 W7 (average wind) 7 OW (opposite wind) 150
. . FW (following wind) 305
W22 (high wind) 2 OW (opposite wind) 150
Tide Level T1 T2 T3 T4 T5
(m)-above the hydrographic zero 0.16 1.1 2.04 2.98 3.92

3. Study of the Tide and Wind Influences in the High Resolution Computational Domain

A more realistic understanding of the uncertainties in the wave energy resources assessment,
especially as regards their variability and predictability, is key to any wave energy project [44,45].
From this perspective, this section will focus on evaluating the influence on the wave conditions of
some parameters of the environmental matrix, especially tide and wind. Thus, the main objective
of the work is to study in more detail the wave transformation in the coastal area that includes the
WaveRoller farm and also to assess in a more accurate way the local effects of the tide and wind
on the waves propagating in the vicinity of the wave energy converters. For this, a high-resolution
computational domain (denoted as level IV) was also defined and it was connected to the wave
prediction system. The geographical space of this high-resolution computational domain is illustrated
in Figure 6. Its main characteristics are presented in Table 2, together with those corresponding to the
other computational levels.

Five reference points (denoted P1, P2, P3, P4, and P5) have been considered for further analysis
and their positions are also illustrated in Figure 6. The point P3 is close to the location of the
WaveRoller farm.

The tide conditions were evaluated according to the Tide Tables provided by the Hydrographic
Institute of the Portuguese Navy [46] for the years 2012-2014. According to these data, five different
levels have been defined, between the low and high tide conditions. They correspond to 0.16 m, 1.1 m,
2.04 m, 2.98 m, and 3.92 m above the hydrographic zero, respectively, and are accounted for in the
high-resolution wave model simulations. These five tide levels are presented in Table 3, denoted as T1,
T2, T3, T4, and T5. The variation of the water depth due to these five tide levels along the reference
points is illustrated in Figure 7. The importance of adding tides into the wave energy study is that they
significantly alter the wave’s properties and consequently the local wave power resource [47].
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Figure 6. Location in geographical space (corresponding to the third computational level) of the
high-resolution computational domain (corresponding to the fourth computational level) and the
positions of the five reference points considered, denoted P1, P2, P3, P4, and P5, from shallow to deep
water. In the background the bathymetric map is illustrated, while in the foreground the wave vectors
corresponding to the most common propagation pattern.

Having as a basis the analysis of the wave conditions presented in Figure 3, three different mean
wave directions of the wave propagation on the external boundary of the high-resolution computational
domain have been considered for each case study. These are, in nautical terms, Dirl = 270°, Dir2 = 300°,
and Dir3 = 330°. For more efficiency, the position of the wave farm should be perpendicular to the
wave direction that contributes with more wave power. Following now the wind conditions presented
in Figure 4, three different intensities for the wind speed have been considered. These are denoted as:
WO (no wind situation), W7 (average value for the wind speed, V, =7 m/s), and W22 (high value of
the wind speed, V;, = 22 m/s). Furthermore, for cases W7 and W22 both directions of following and
opposite wind have been taken into account.
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Figure 7. Variation of the water depth along the reference points (P1, P2, P3, P4, and P5) corresponding
to the five tide conditions considered (T1, T2, T3, T4, and T5) from low to high tide.

Corresponding to this set of simulations, the main wave parameters analysed were significant
wave height (Hs) and mean wave direction (Dir) computed by the spectral model using the standard
definitions [37]. Additionally, two other wave parameters were also evaluated. The first is the
significant wave height of the swell (Hsy), which is the significant wave height associated with the low
frequency part of the spectrum, defined as:

Wy 27T
Hyp — 4 //E(w,e)dwde (1)
0 0

where E (w, 0) represents the wave energy spectrum in terms of absolute radian wave frequency (w),
(0) is the wave direction, and wg;, = 27fsy, the swell frequency (fsw) was considered here to be 0.1 Hz.

The second is the wave power over one meter of wave front. In SWAN, the wave power
components (expressed in W/m, i.e., energy transport per unit length of wave front) are computed
with the relationships:

Py= pgjf cx E(w,0)dwdo

Py =og [ ¢y E(w,0)dwdo

where x, y are the problem coordinate system (for the spherical coordinates x axis corresponds to the
longitude and y axis to the latitude), p is the water density, g is the gravity acceleration, and cy, c, are
the propagation velocities of the wave energy in the geographical space. The absolute value of the

wave power is:
P=,/P}+P; 3)

The dynamics of the above mentioned wave parameters in relationship with the case studies and
all the situations considered (as defined in Table 3) is analysed in the next section.

@

4. Results and Discussion

The first group of results is presented in Figure 8. This illustrates for all four case studies
considered (CS1, CS2, CS3, and CS4) the situations corresponding to the no-wind condition.
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Figure 8. No-wind conditions: variations along the reference points corresponding to the three different
directions considered for the incoming waves (D1 =270°, D2 = 300°, D3 = 330°) and to the five tide
conditions (T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4): (a) significant
wave height (Hs); and (b) significant wave height of the swell (Hs).

This figure presents the variations of the parameters significant wave height (Figure 8a) and
significant wave height of the swell (Figure 8b) along the five points (P1, P2, P3, P4, and P5), for the
three wave directions (D1 = 270°, D2 = 300°, and D3 = 330°) and the five tide conditions (T1, T2, T3, T4,
and T5). The plots show that as the wave direction became more from the north, the wave parameters
(Hs and Hgy) for all points of all cases increased, but to a lesser extent for CS1 and CS2, which are the
cases for total and winter averages, respectively. With the increase of the tide, the parameters tend to
decrease and this becomes more visible in CS3. The differences in these decreases become higher from
deep to shallow water. Although the variations of Hs and Hj, are similar, Hy,, presents slightly lower
values. For all the case studies except CS4, the lowest values of the parameters are encountered at the
reference point P5 (which is located in the deepest water), increasing as the water becomes shallower.
This feature is best visible for CS3, but it is also characteristic for CS1 and CS2. The explanation of this
behaviour is the shoaling process that induces an enhancement of the waves as they propagate from
intermediate water depth to shallow water.

The average (7 m/s) and high (22 m/s) wind conditions, resulting from the analysis of Figure 4,
considering the situations of following wind, when the wind and the wave directions are almost the
same, and of opposite wind, when the wind and wave direction are opposite, were introduced into the
model simulations at levels III and IV. The corresponding results for the parameters H; and Hgy are
presented in Figures 9-12, following the same representation as in Figure 8.

In each of these figures, subplot (a) is related to the situation of the following wind while subplot
(b) is related to the situation of the opposite wind. In Figure 9 (H; in average wind), the general
tendencies are rather similar to those presented in Figure 8. We can observe, however, that in the
case of the following wind (Figure 9a), the significant wave heights are higher than in the case of the
opposite wind (Figure 9b). The same trend is also noticeable in Figure 10 (Hsy in average wind).
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Figure 9. Average wind conditions (Vi =7 m/s): Hs variations along the reference points corresponding
to the three different directions of the incoming waves (D1, D2, D3) and to the five tide conditions
(T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4): (a) following wind
(FW); and (b) opposite wind (OW).
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Figure 10. Average wind conditions (Vi = 7 m/s): Hg, variations along the reference points

corresponding to the three different directions of the incoming waves (D1, D2, D3) and to the five tide
conditions (T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4): (a) following

wind; and (b) opposite wind.

Although the general trends of Figures 11 and 12 (high wind) are in some sense similar to the
corresponding ones in Figures 9 and 10 (average wind), there are some particularities that can be better
noticed in high-wind situations. In terms of significant wave heights, in the situation of the following
wind, this implies an enhancement of more than 2 m for CS1 and CS2; this enhancement decreases to
about 1.5 m and 1 m in CS3 and CS54, respectively.
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Figure 11. High wind conditions (V, =22 m/s): H, variations along the reference points corresponding
to the three different directions of the incoming waves (D1, D2, D3) and to the five tide conditions
(T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4): (a) following wind;

and (b) opposite wind.

5.5

50—

45 /csa
Epof 1
i 3.5
E-he FOLLOWING WIND

3.0

2.5 cs2

20 i ;
T1=0.16 T2=1.1 T3=2.04 T4=2.98 T5=3.92

4.5

Cs4

e —————]

35 D1=270°
—_ CS3
Bl ——=———————-
3251 T ) =
20 OPPOSITE WIND

15 cs2

1.0 3] —

6.0 ) 6.0
551 o—
5.0 J
45— 45— cs3
4.0 Vw=22m/s 4.0
35 cs2 35 cs2
30| = — 30| P ———
25 25
B s s 5 —= .
T1=0.16 T2=1.1 T3=2.04 T4=2.98 T5=3.92 2.1(')1=0.16 T2=11 T3=2.04 T4=2.98 T5=3.92
(a)
5.0 = —— — 5.5
45— csa 5.0 —es,
40 D2=300° 45 3=330°
35 4.0
. cs3 o cs3
=== Wl=———————— ]
= E — 3.0 "
25 25
2.0 2.0
cs2 cs2
1.5 =2 15 .
1.0 cs1 1.0 cs1

0.5
T1=0.16 T2=1.1 T3=2.04 T4=2.98 T5=3.92

0.5
T1=0.16 T2=1.1 T3=2.04 T4=2.98 T5=3.92

Tide (m)

(b)

0.5
T1=0.16 T2=1.1 T3=2.04 T4=2.98 T5=3.92

—+—Point 1
—+—Point 2
——Point 3
—+—Point 4

Point 5

Figure 12. High wind conditions (V;, = 22 m/s): Hg, variations along the reference points
corresponding to the three different directions of the incoming waves (D1, D2, D3) and to the five tide
conditions (T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4): (a) following

wind; and (b) opposite wind.

In the case of the opposite wind, some interesting results can be noticed in relationship with
CS1 and CS2 when an enhancement of about 0.5 m (or more) occurs. On the other hand, for CS3 and
CS4 there are no notable differences in comparison with the average wind situation. As regards Hgy,
the general tendencies are similar to those related to H;. In the situation of the following wind this
implies now an enhancement of about 1.5 m for CS1, CS2, and CS3 and this enhancement decreases to
less than 1 m in CS4. Nevertheless, in the case of the opposite wind an enhancement of about 0.5 m
(or more) occurs again in CS1 and CS2, but only for the direction D1. For the other two directions
considered (D2 and D3), there is no enhancement of this parameter, and moreover even a small decay



Energies 2016, 9, 761 13 of 19

appears. In order to better assess the variation range of the main wave parameters, the numerical
results corresponding to the reference points of the WaveRoller device and seaward (P3, P4, and P5)
and to the extreme values of the tide level (T1 and T5) are presented separately for each case study in
Tables 4-7, respectively. The values show what was mentioned before, that with the wave direction
coming more from the north (330°), there is an increase of the wave parameters Hs and Hsw. In the case
of tidal variations, the values decrease as this parameter increases. For CS1 and CS2 the differences
between these points (P3, P4, and P5) are insignificant, but increase from CS3 to CS4, with P3 having
the highest values and P5 the lowest.

Table 4. SWAN results for CS1, corresponding to the reference points P3, P4, and P5, the tide levels T1
and T5, and the wind conditions W0, W7, and W22, in terms of the wave parameters Hs, Hsyy, and Py.

P3 P4 P5
Cs1 Hg Hgy Py Hg Hgy Py Hg Hgy Py
m m kW/m m m kW/m m m kW/m
Wo T 107 067 516 108 066 526 106 064 506
TS 106 065 515 107 065 522 106  0.64 507
wrpw T 125 077 691 126 077 703 124 075 676
- T5 124 075 690 125 075 698 124 074 678
T 109 067 519 109 066 527 107 065 506
DL W7-OW 15 107 065 517 108 065 523 107 064 508
woppy TL 368 221 578 368 219 S84 362 213 5591
- T5 364 215 5770 366 215 5798 362 211 5607
woow TL 178 097 1200 18 099 1290 184 100 1310
- TS 180 097 1244 184 099 1317 185 100 1335
Wo T 135 084 821 136 083 832 133 081 797
T5 134 08 819 135 08 825 133 081 800
wopw TL 151093 1041 1532 093 1024 149 090 981
- T5 149 091 1008 151 091 1016 149 089 985
T 136 084 821 137 083 831 134 081  7.96
D2 WZ-OW 15 135 082 818 136 082 825 134 081  7.99
woopy TL 389 23 604 389 232 6566 382 226 675
- T5 385 229 6479 387 228 6505 382 224 6287
TI 147 080 728 148 079 738 147 077  7.08
W2-OW 15 145 078 728 147 078 734 146 077 7.2
wo TT 147 091 971 148 091 98 145 088  9.40
T5 145 089 968 147 089 974 145 088 943
wopy T 16 101 1178 16t 100 1190 161 097 1139
- TS 161 098 1174 162 098 1181 161 096 1144
TI 148 091 970 149 091 981 146 088 939
D3 W7-OW 15 146 089 967 147 089 974 146 088 943
wopw TL 3% 239 765 397 237 6825 390 231 6521
- TS 392 233 6740 394 233 6762 389 229 6535
woow TU 151 083 766 153 083 774 132 080 737

T5 1.49 0.81 7.64 1.52 0.81 7.68 1.52 0.80 7.41

Table 5. SWAN results for CS2, corresponding to the reference points P3, P4, and P5, the tide levels T1
and T5, and the wind conditions W0, W7, and W22, in terms of the wave parameters Hs, Hg;y, and Py.

P3 P4 P5
CSZ HS st Pw HS HSW Pw HS st Pw
m m kW/m m m kW/m m m kW/m

T1 1.28 1.00 7.77 1.28 0.99 791 1.25 0.96 7.57

wo TS 126 097 780 127 098 790 125 096  7.65

wrpw TL 146 L1307 1d6 112 1015 143 19 97

- T5 144 110 1001 145 110 1013 143 108 981

™ 132 102 816 132 102 829 130 099  7.93

DL W7-OW 15 430 100 819 131 100 828 129 098 801
woopy TL 382 230 @275 38 228 641 37 22 606k

- T5 378 224 6251 380 224 6282 376 220 6075

womow TL 200 142 leds 203 143 1735 203 142 1730

T5 2.00 1.40 16.90 2.03 1.42 17.65 2.03 1.42 17.65
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Table 5. Cont.
P3 P4 P5

CSZ HS st Pw HS HSW P'lv HS st Pw
m m kW/m m m kW/m m m kW/m
Wo T 167 130 1313 166 129 1330 163 125 1270
TS 164 127 1317 165 127 1328 162 124  12.83
wipw T 180 139 1510 179 138 1530 176 134 1461
- TS 177 136 1515 178 136 1527 175 133 1475
T 167 130 1313 167 129 1329 164 125  12.69
D2 WZ-OW 15 463 127 1317 165 127 1327 163 124  12.82
wopy TL 415 315 7844 414 312 7926 405 303 7553
- T5 409 307 7865 409 306 7899 403 300 7615
woow T 173 123 1170 174 122 1179 173 119 11.22
- ™S 171 121 1172 172 120 1178 171 118 1135
Wo T 183 142 1577 18 141 1595 178 137 1522
T5 18 139 158 181 139 1593 178 136 1538
wipw T 195 151 1774 194 149 1794 190 145  17.12
- TS 192 147 1780 192 147 1792 190 144 1730
T 183 142 1576 183 141 1594 179 137 1520
D3 WZ-OW 15 480 139 1582 181 139 1592 179 136 1537
wopy TL 424 323 8218 423 319 8302 414 310 79.09
- T5 418 315 8245 419 314 8276 413 308 7976
woow T 183 132 1325 184 131 1338 182 127 1272
- T5 180 129 1329 182 129 1336 181 126 1285

14 of 19

Table 6. SWAN results for CS3, corresponding to the reference points P3, P4, and P5, the tide levels T1
and T5, and the wind conditions W0, W7, and W22, in terms of the wave parameters Hs, Hgyy, and Py.

P3 P4 P5
Cs3 Hg Hgy Py H, Hgyy Py Hg Hgy Py

m m kW/m m m kW/m m m kW/m

T1 244 231 3275 241 227 3329 233 219 3157

Wo TS 239 225 3369 237 223 3409 232 217 3270

TI 253 238 3475 249 234 3533 241 226 3351

WZEW 15 247 232 3575 245 230 3617 239 224 3470

TI 247 233 3333 244 229 3387 236 221 3211

DI W7OW 15 240 227 3429 240 225 3468 234 219 3326
T1 454 421 10968 448 414 11141 433 399 10534

W2FW 15 444 410 11273 440 406 113.60 429 395 10873

TI 301 275 4659 297 270 4722 289 262 4476

W22-0W 15 296 269 4796 293 266 4835 287 259 4638

TI 314 297 5408 310 292 5476 300 281 518

wo T5 307 290 5563 305 286 5609 298 279 5370

TI 319 301 5554 314 295 5625 304 285 5323

WZEW 15 312 293 5713 309 290 5761 302 283 5515

T 319 301 5552 314 295 5622 304 285 5320

D2 WZ-OW 15 312 203 5711 309 290 5758 302 283  55.13
TI 506 461 13341 503 456 13670 488 440 12946

W2-FW 15 499 450 13828 495 448  139.18 484 437 13325

TI 324 299 5463 320 293 5521 310 283 5216

W220W 15 318 291 5614 316 288 5652 309 281 5404

TI 355 336 6904 350 329 6991 339 318 6608

wo T5 347 327 7098 344 323 7149 336 315 6842

TI 360 340 7071 355 333 7159 343 322  67.67

W7-EW 15 35 331 7269 349 327 7321 341 319 7006

TI 356 336 6903 350 329 6989 339 318  66.06

D3 WZ-OW 15 348 327 7096 345 323 7147 337 315 6840
TI 527 481 14520 527 478 15001 511 462 14218

W2-FW 15 503 474 15212 519 470 15303 508 458 14651

TI 357 331 6678 353 325 6754 343 313 6375

W220W 15 349 3220 6862 347 319 6907 339 310 6603
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Table 7. SWAN results for CS4, corresponding to the reference points P3, P4, and P5, the tide levels T1
and T5, and the wind conditions W0, W7, and W22, in terms of the wave parameters Hs, Hsyy, and Py.

P3 P4 P5
CS3 Hs st Pw HS HS'lU P'I.U Hs st Pw

m m kW/m m m kW/m m m kW/m

Wo T1 407 394 9421 401 387 9584 386 372 9059

TS 397 384 9764 393 380 9871 383 369 9445

wrpw TL 408 394 9423 401 387 958 387 372 906l

- T5 398 384 9766 394 380 9873 384 369 9446

TI 407 393 9379 400 386 9538 386 372  90.14

DI W7-OW 15 397 383 9720 393 379 9824 38 368 9398

woopy TL 530 507 15625 527 503 16248 509 484 15365

- T5 524 500 16623 518 494 16784 504 480 16026

woow TU 427 408 10059 420 399 10207 406 385 9626

- T5 418 397 10426 413 392 10508 403 381 10034

Wo TI 506 490 14529 500 483 14932 483 465 14098

T5 498 481 15291 492 475 15430 479 461 14730

wopw  TL 505 488 1425 499 481 14818 481 46t 13990

- T5 496 479 15176 491 473 15313 478 460 146.17

TI 506 490 14476 500 482 14873 482 465 14042

D2 WZOW 15 500 480 15233 492 474 15370 479 461 14672

woopy TL 580 55 18831 588 56 20292 570 544 1932

- T5 588 563 20982 58 556 21207 566 540  202.40

woow TL 507 487 318 502 480 14730 486 463 13902

- TS 500 478 15093 495 472 15222 482 459 14524

Wo TI 551 534 17214 550 532 18055 532 513 17096

T5 549 530 1857 543 524 18744 529 509 17893

wopw T 551 53 L8155 531 18028 532 513 17079

- T5 549 530 18567 543 524 18741 529 509 17891

TI 55 535 17272 552 533 18139 534 514 17188

D3 WZ-OW 15 551 53 18687 545 525 18863 531 511  180.08

woopy TL 592 570 1967 604 579 21467 587 561 20516

- TS 607 581 22335 601 574 22615 585 558 21577

woow TL 550 530 16933 551 528 17800 534 510 16861

T5 5.50 5.28 183.41 5.45 5.21 185.08 531 506  176.60

Another wave parameter that will be analysed, also presented in the previous tables, is the wave
power over one meter of wave front (Py). Figures 13-15 illustrate the variation of this parameter along
the five reference points, for the three wave directions previously considered (D1 = 270°, D2 = 300°,
and D3 = 330°) and for the five different tide levels, just like in the preceding figures.

Comparing the variations of the wave power presented in Figures 13-15, with the variations
of the parameters Hs; and Hy, presented in Figures 8-12, it can be seen that Py, is a very sensitive
parameter to both wind and tide conditions. At this point, it can be also highlighted that the variations
of the wave power presented in Figures 13-15 give a quantitative representation of the way how this
parameter is changed under various wave conditions and tide levels. These can be used to directly
estimate the wave power in the target area for various conditions and also compared with similar
results obtained in other coastal environments where wave energy farms are operating, or are going to
be implemented.
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Figure 13. No-wind conditions: wave power (Py) variations along the reference points corresponding
to the three different directions of the incoming waves (D1, D2, D3) and to the five tide conditions
(T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4).
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Figure 14. Average wind conditions (Vy = 7 m/s), P, variations along the reference points
corresponding to the three different directions of the incoming waves (D1, D2, D3) and to the five tide
conditions (T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4): (a) following
wind; and (b) opposite wind.
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Figure 15. High wind conditions (V;, = 22 m/s): Py, variations along the reference points corresponding
to the three different directions of the incoming waves (D1, D2, D3) and to the five tide conditions
(T1, T2, T3, T4, and T5) for all the case studies considered (CS1, CS2, CS3, CS4): (a) following wind;
and (b) opposite wind.

In relationship to the variation of the mean wave direction, the same trend as in the case of
the previous parameters analysed (Hs and Hyy) is observed. However, this time the differences are
relatively more significant. Thus, Py, increases as the incoming wave direction on the external boundary
is increased from 270° to 330°. In the case of the wind, until we get to the average speed values for both
the following and opposite wind directions, the influence is not really visible. As for tides, the variation
of P, is much more visible than H; and Hg, in the shallowest points (P1 and P2).

Taking into account the analysis of the mean wave direction in the target area presented in
Figure 3, the most frequent wave conditions correspond to mean wave directions between D2 and
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D3. From this perspective, the results corresponding to these two directions should be considered
statistically more relevant. Corresponding to the wave directions between D2 and D3, the wave power
for the average wind has values in the ranges 10-20 kW /m for CS1 and CS2 and 50-70 kW /m for CS3.
As regards CS4, which is the most energetic case, the range is considerably wider, 100-180 kW /m.
For the high wind conditions, while the opposite wind does not much influence the Pw variation,
the following wind leads to an enhancement of this parameter between the directions D2 and D3 to
values in the ranges 50-80 kW /m for CS1 and CS2 and 90-140 kW /m for CS3. For C54, the range of the
wave power now becomes 110-220 kW /m. Finally, it has to be highlighted that in this situation of high
wind conditions, the tide level influenced all the cases, C54 in a strong way and CS2 and CSl1less so.

5. Conclusions

The present work presents a study on the influence of the local tide and wind on the wave
conditions at the Portuguese nearshore, close to the city of Peniche. For this purpose, a wave prediction
system, based on the spectral phase averaged model SWAN, was focused on the target area in
a multi-level modelling scheme. This included four computational levels, corresponding to the entire
west Iberian nearshore (Level I), the central part of the Portuguese nearshore (Level II), the vicinity of
Cape Peniche (Level III), and finally a high-resolution computational domain centred on the site where
the WaveRoller devices operate (Level IV), respectively. In these new set of simulations, the tide effect
has been also accounted for.

The results show that Py, is the most sensitive parameter when comparing with Hs and Hg.
For the same H; of the incoming waves, the highest sensitivity occurs in relationship with the wave
direction. Thus, the expected wave power is lower when the wave direction is from the west and
increases gradually, but in a substantial way, as the direction of the incoming waves moves to the
north. As regards the tide, its influence becomes visible mostly for the high waves (when the process
of wave breaking starts earlier). This especially concerns reference points P1 and P2, which are
located in shallower water (between 7.5 m and 14 m, as a function of the tide conditions). While the
average wind conditions (7—8 m/s) do not significantly influence the distribution of the wave power,
the high-intensity following wind leads to a visible enhancement of the wave power, but also to
a higher sensitivity of this parameter to the tide variations.
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