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Abstract

This report describes and presents results from a detailed investigation of the near-shore wave
climate and the near-shore wave energy resource on the west coast of Vancouver Island near the
communities of Ucluelet and Tofino.

Available wave measurements from the region have been obtained and analysed in detail.
Results from a sophisticated wind—wave model of the Eastern North Pacific Ocean were also
obtained and analysed. The offshore wave climate in the region over a five-year period from
October 2002 to September 2007 was determined. A new digital elevation model of the
bathymetry in the region of interest was also created, drawing on data from several sources.

The third-generation spectral wave model named SWAN was employed to simulate the
propagation and transformation of a larger number of offshore wave conditions throughout the
near-coast region. The results of the SWAN modelling have been used to construct numerous
five year time histories of the wave climate and available wave power throughout the near-coast
region.

The results presented herein describe the scale and character of the near-shore wave energy
resource near the communities of Ucluelet and Tofino in considerable detail. The near-shore
wave climate and wave energy resource feature very substantial temporal and spatial variations,
which are described and discussed.

The study has created a wealth of new information on the near-shore wave climate and wave
power available near this portion of the coast. This information is required by project developers
and regulators involved in designing and approving wave energy projects in the region.
Moreover, a new methodology for investigating and quantifying near-shore wave energy
resources has been developed and validated, which can now be applied to other near-coast
regions.
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NEARSHORE WAVE ENERGY RESOURCES,
WESTERN VANCOUVER ISLAND, B.C.

1. Introduction

1.1 Background

Wind waves propagating across the surface of the world’s oceans represent a vast potential
source of renewable energy. Considerable efforts are underway in many countries around the
world to develop commercially viable technologies to convert wave energy into other more
useful forms of energy, such as electricity. Renewable energy extracted from ocean waves may
one day supply a portion of Canada’s electricity demand. Wave energy could be a particularly
attractive option for remote coastal communities.

The first study to investigate and quantify renewable marine energy resources due to tidal
currents and surface waves across Canada was published in May 2006 (NRC-CHC report CHC-
TR-041 by Cornett — available at http://www.oreg.ca/resource.html). This study confirmed that
Canada is endowed with rich marine renewable energy resources and characterized their vast and
important temporal and spatial variations. It also concluded that additional field data, modelling
and analysis was essential to improve the spatial coverage and refine the accuracy of these initial
resource assessments in many regions, particularly in shallow waters close to shore. For
example, the important spatial variations in wave power close to shore were not considered, and
the kinetic energy of the tidal flows in many locations was, by necessity, estimated using
approximate methods.

The wave power resources along Canada’s Pacific and Atlantic coastlines in deep water
(>150 m) are now reasonably well known and well defined. Interested readers are referred to
Cornett (2006a, 2006b) for further information on offshore wave energy resources in Canadian
waters. Global wave energy resources are considered in Cornett (2008b). Despite this previous
work, the character of the wave energy resource in shallower water depths close to shore remains
poorly defined in virtually all regions. And it is in these near-coast regions that projects to extract
energy from waves will most likely be located for the foreseeable future. Hence, there is a
pressing need to investigate, quantify and characterize these near-coast wave energy resources,
particularly in areas where early developments and demonstration projects are likely.

It is well known that since surface waves are affected by the seabed topography (bathymetry) in
coastal waters, the wave energy approaching a shore can vary substantially, even over very small
distances. For example, it is generally true that wave energy will be more abundant near a
prominent rocky headland than near the centre of a neighbouring bay. On a coastline fronted by a
complex seabed bathymetry, the spatial variations in wave energy can be highly irregular and
intricate. Furthermore, the pattern of these near-coast energy variations will depend on the
character of the waves approaching the coast from deep water (their period, height and direction
of propagation), and hence will vary with time. The presence of islands and prominent headlands
will also add to the spatial variability and complexity of the wave energy available near-shore.
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1.2 Terms of Reference

During the summer of 2007, at the invitation of NRCan-CETC, a proposal was developed to
perform detailed resource assessments for three different high-profile regions — areas with
particularly rich resource potential where field deployments are currently proposed and under
active development. The following three regions were identified for detailed investigation:

e Bay of Fundy (tidal currents)
e Western shore of VVancouver Island (nearshore waves)
e St. Lawrence River (river currents)

Since each of these regions features a different type of resource (tidal currents, river currents and
ocean waves) the proposed study also involved the investigation and development of
methodologies that are most appropriate for each region and resource type. Once established,
these methodologies may then be applied in future studies to perform detailed resource
assessments for other areas.

The proposed scope of work for the western shore VVancouver Island was as follows.

The western shore of Vancouver Island is endowed with rich wave energy resources, and several
Canadian companies, including Finavera and SyncWave are currently planning demonstration
projects near Tofino and Ucluelet. This study will apply well-established and powerful modelling
tools, such as SWAN (see http://vIm089.citg.tudelft.nl/swan/), to delineate and quantify the
energy flux throughout the shallow-water region within ~5 km of the shoreline. The study will
identify the temporal and spatial variation of the wave resource along the shoreline, and identify
locations where the wave energy is focused and concentrated by the seabed bathymetry.

Verbal notice to proceed with the work (all three regions) was received during September 2007;
however, funding was not confirmed until November 2007. The study was eventually funded
with resources from the Climate Change Technology and Innovation Research and Development
Program administered by Natural Resources Canada.

This report describes the methodology and results of our study of the near-shore wave energy
resource on the western shore of Vancouver Island near the communities of Ucluelet and Tofino.
Our detailed investigation of tidal current energy resources in the Bay of Fundy is reported in
CHC-TR-52 (Durand et. al., 2008) While our study of river current resources along most of the
St. Lawrence River is reported in CHC-TR-53 (Faure et. al., 2008).

1.3 General Approach

This study has focused on a portion of the western coast of Vancouver Island near the
communities of Ucluelet and Tofino. As shown in Figure 1, Ucluelet is roughly 7 km SE of the
SE edge of the Long Beach Unit of Pacific Rim National Park, while Tofino is roughly 7 km
NW of the NW edge of the Park.
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Figure 1. Map of the Long Beach area including the communities of Ucluelet and Tofino.

Results from a sophisticated wind-wave model of the Eastern North Pacific Ocean spanning a
five year period from October 2002 to September 2007 have been analysed to determine the
character of the offshore wave climate in deep water (>150 m depth). As noted previously, the
wave climate is comprised of a large number of seastates, which can each be characterised in
terms of their significant wave height (Hs), peak period (T,) and dominant wave direction (6g).

A second sophisticated numerical model named SWAN (Simulating WAves Nearshore) has been
applied to simulate the propagation of the various offshore seastates into shallower waters along
the coast. For each combination of Hs, T, and 65, SWAN has been employed to predict the
transformation of the wave field as it propagates over the irregular bathymetry from deep water
into the coast. The SWAN model has been used to predict the near-coast spatial variation of Hs,
T, and 64 for every offshore seastate. For this study, SWAN was used to simulate the coastal
wave propagation of 338 different wave fields, each representing a unique combination of Hs, T,
and 64. The simulations were performed over a 136 km by 90 km rectangular domain on a
regular grid comprised of 158,720 nodes.

The results of these numerical simulations were used to construct a five year history of the near-
coast wave climate at every node of the SWAN grid. The SWAN model was employed to predict
and account for the complex interactions between the incident waves and the irregular contours
of the near-coast seabed, including the effects of refraction, shoaling, non-linear wave-wave
interactions, white-capping, bottom friction and wave breaking.
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The available wave energy resource throughout the near-coast domain was determined by
analysing all of the five year wave time histories that were synthesized at each node of the
SWAN grid. Five year time histories of wave power were computed at each node of the
computational domain. Next, the wave power time histories were analysed to compute monthly,
seasonal and annual statistics for each node. Finally, numerous maps, charts and images were
prepared to illustrate the results of the study.

Long term non-directional wave buoy measurements are available at two stations within the
study area, namely La Perouse Bank (station C46206) and Tofino (station MEDS103). The data
from these two buoys was obtained, analysed in detail and compared with the numerical
predictions of the near-coast wave climate and the available wave energy resource.

2. Calculation of Available Wave Power

In general terms, the offshore wave climate at any arbitrary site is comprised of a superposition
of wave fields including waves generated by local winds and waves propagating to the site from
several different distant sources. The waves generated by the local winds are normally referred to
as seas, while the waves travelling from distant sources are referred to as swells. Seas tend to
contain steeper waves with shorter periods, while swells generally consist of low-steepness
waves with longer periods.

The locally generated sea will include a large number of individual waves featuring a wide range
of individual wave periods, wave heights and propagation directions. The swell will also include
a large number of individual waves, but the range of individual wave heights, periods and
directions is normally narrower.

The concept of a 2D wave spectrum is generally used to describe the distribution of wave energy
with frequency and propagation direction for a seastate or wave field. The frequency with the
most energy is referred to as the peak frequency fj.

The terms “wave field” and “seastate” refer to the short-term condition of the free surface that
generally remains steady for a few hours or less. The term “wave climate” refers to the long-term
aggregation of the numerous seastates that occur at a site over a lengthy duration of a month or
more.

As described in Cornett (2006), the wave energy flux or wave power (P) for a natural seastate
can be defined as

P=pg| [ C,(f.MS(f,O)dfde (1)

where S(f,0) denotes the 2D wave spectrum and Cy(f,h) denotes the wave group velocity, which
can be written as

1 2kh 1 [g
Cy(f =2 {1+—Sinh(2kh)}/  tanh(kn) @)

In these equations, f denotes wave frequency, h denotes the local water depth, p is the water
density (~1,027 kg/m® for seawater), g is the acceleration due to gravity, and k=2x/L is the wave
number where L is the wave length. The wave length, wave frequency and depth are related
through the dispersion relation, which can be written as
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_ 19
L= tanh(kh) . 3)

The wave power per unit width transmitted by irregular waves in any water depth can be
estimated from the significant wave height, peak wave period and local water depth according to
A 02 1
P N — H C T h ’
6 g(an ) ()

where Cy(1/aTp,h) is the group velocity of a wave with period oT, travelling in water depth h. In
deep water where h > L/2, the approximate expression for wave power simplifies to:

2

P, ~ 9 ol JH¢ (deep water) . (5)
64r

The parameter o is a coefficient that depends weakly on the shape of the wave spectrum,

increasing with narrower spectral shapes. A value of a~0.9 is appropriate for many realistic

situations, particularly when the seastate is dominated by waves from a single source and the

spectrum is uni-modal.

Wave power calculations for this study were obtained using Equation 4 with p=1,027 kg/m®,
9=9.81 m/s* and a=0.9. The depth-dependent wave group velocity was computed from Equations
2 and 3.

3. Wave Buoy Measurements

The Marine Environmental Data Services (MEDS) Fisheries and Oceans Canada (DFO)
maintains an on-line archive of wave data measured in Canadian waters dating back to the early
1970’s. MEDS currently acquires wave data from several sources, including:

e buoys operated by the Meteorological Service of Canada (MSC);
e selected buoys operated by the U.S. National Data Buoy Center (NDBC); and

e data submitted by researchers, universities, regional institutes and the oil and gas
industry.

MEDS databases contain over 8 million observed wave spectra from roughly 500 locations in the
Canadian area of interest. However, many of the stations are located in inland waters or contain
data for relatively short periods.

Cornett (2006) investigated and quantified the available wave power off Canada’s Pacific coast
based in part on an analysis of the wave data measured by buoys at 30 stations. In what follows,
results for three stations located west of central Vancouver Island will be considered in detail.

Long term non-directional wave buoy measurements are available from two stations within the
region of interest, namely: MEDS103 (Tofino) located at 125.70°W, 48.99°N and C46206 (La
Perouse Bank) located at 126.00°W, 48.83°N. Station MEDS103 is located in 40 m water depth,
4.8 km from shore, off Long Beach in Pacific Rim National Park. Station C46206 is located
approximately 30 km from shore above the 73 m depth contour, southwest of station MEDS103.
Wave data from a third station C46036 (South Nomad), located far offshore in deep water
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(3,500 m) at 133.90°W, 48.30°N, will also be considered. The location of these stations is
sketched in Figure 2.

Figure 2. Location of wave buoy measurements.

Wave data for these three stations was obtained from the website of the Marine Environmental
Data Service. The measured seastates are described in terms of a characteristic wave height Hs
(derived from the spectral moment) and a peak wave period T,. Only observations classified by
MEDS as “good” or “acceptable” were retained for subsequent analysis. A total of 123,525 good
observations spanning 5,651 days were obtained for station C46036, 112,983 good observations
spanning 5,802 days were available for station C46206, and 63,645 observations spanning 8,958
days were obtained for station MEDS103. The most recent observations from station MEDS103
date from the early 1990’s.

Time histories of significant wave height and peak wave period recorded at station C46206 (La
Perouse Bank) during 2004 are presented in Figure 3 to illustrate the character of this data.
Figure 4 and Figure 5 provide additional detail on the temporal variation of the wave conditions
during the winter and summer seasons.

Wave climate summaries for the three stations, generated from analysis of all available good
quality records, are presented in Figure 6 to Figure 8. Each figure presents:

e a scatter table showing the frequency of occurrence (in percent) for 121 different
combinations of significant wave height and peak wave period.

e aplot showing the cumulative probability of significant wave height; and
e ahistogram of the peak wave period.

The most common seastate at South Nomad, occurring 12.55% of the time, features peak periods
from 9-12s and significant wave heights from 2-3 m. Nearer the coast, at stations La Perouse
Bank and Tofino, the most common seastate features T, from 9-12s and Hs from 1-2 m, which
prevails for roughly 16.5% of the time.
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Figure 3. Time history of Hs and T, measured at station C46206 during 2004.
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Figure 6. Wave climate summary for MEDS station C46036 (South Nomad).
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Figure 7. Wave climate summary for MEDS station C46206 (La Perouse Bank).
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Figure 8. Wave climate summary for MEDS station MEDS103 (Tofino).

The method described in Section 2 was applied to compute the wave power from the wave data
measured at stations C46036 (South Nomad), C46206 (La Perouse Bank), and MEDS103
(Tofino). The resulting time history of wave power at station C46206 during 2004 is plotted in
Figure 9, while Figure 10 and Figure 11 show details of the power fluctuation during the winter
and summer seasons. The available wave power is clearly highly variable over a wide range of
time scales ranging from a few hours up to six months. The intra-monthly and inter-monthly
power variations can be an important factor influencing the sitting, performance and eventual
success of any wave energy conversion project. Sites where the available power is modest and
relatively steady may prove to be more attractive than sites where the wave resource is more
energetic, but also more erratic and highly variable.

On the west coast of B.C., there is a clear and constituent trend towards greater available wave
power in winter than in summer, due to the persistent storminess of the winter season and
relative calm of the summer season at these latitudes. The day-to-day variability in the available
power during winter can be dramatic. For example, during December 2004, the available wave
power at station C46206 increased from 47 kW/m to 785 kW/m over a period of just 16 hours.
Extreme high energy conditions during which the available wave power exceeds 200kW/m
typically occur ~10 times per year, with each event lasting less than 1 day.
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Figure 9. Time history of wave power at MEDS station C46206 during 2004.
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Figure 10. Time history of wave power at MEDS station C46206 from Dec 2003 - Feb 2004.
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Figure 11. Time history of wave power at MEDS station C46206 from June - August 2004.

The variation of the monthly mean wave power at the three stations throughout a typical year is
plotted in Figure 12. Here, the fluctuations at time-scales shorter than one month have been
removed to reveal the strong underlying seasonal trend of increased wave power during winter
and reduced wave power during summer. The mean wave power available during the winter
months is roughly six to eight times greater than during summer.
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Throughout the year, the mean available wave power at the two near-coast buoys (La Perouse
Bank and Tofino) is very similar, and is roughly 2/3 of the power at the South Nomad buoy,
located in deep water ~600 km away from the coast. There is clearly a significant (~1/3)
reduction in the available wave power between station C46036 (South Nomad) and station
C46206 (La Perouse Bank); however very little additional attenuation occurs between station
C46206 and station MEDS103 (Tofino). In fact, the data suggests that for some months the
available wave power at station MEDS103, located 4.8 km from shore, is slightly greater than at
station C46206, located ~30 km from the coast.

Unfortunately, the directional character of the wave climate cannot be discerned from the buoy
data, since the dominant wave direction was never recorded at any of these stations.

120

—— South Nomad
100 +---------L------——-L - —LaPerouseBank |----------------Lf___

Mean wave power (kW/m)

Figure 12. Monthly mean available wave power for stations C46036, C46206 and MEDS103.

4. \WaveWatch-111 Model Results

The Marine Modeling and Analysis Branch (MMAB) of the U.S. National Oceanic and Atmospheric
Administration (NOAA) performs continuous operational forecasts of the ocean wave climate around the
globe. The wave predictions are performed using a sophisticated third generation spectral wind-wave
model known as WAVEWATCH 11l or WW3 (Tolman, 2002). The wind fields used to drive the model
are obtained from operational products prepared by the U.S. National Centers for Environmental
Prediction (NCEP).

WWa3 solves the spectral action density balance equation for wave number-direction spectra. The implicit
assumption of this equation is that properties of the medium (water depth and current) as well as the wave
field itself vary on time and space scales that are much larger than the variation scales of a single wave. A
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further constraint is that the parameterizations of physical processes included in the model do not address
conditions where the waves are strongly depth-limited. These two basic assumptions imply that the model
can generally be applied on spatial scales (grid increments) larger than 1 to 10 km, and outside the surf
zone.

The WW3 model has been validated by comparison with data from buoys and satellites. Results of this
validation can be viewed at http://polar.ncep.noaa.gov/waves/validation.

The MMAB has implemented the WW3 model on several different regular grids, spanning various ocean
basins. Results from the Eastern North Pacific (ENP) grid can be used to describe the wave climate and
the wave energy resource along Canada’s Pacific coast. The ENP grid features a 0.25° by 0.25° resolution
and contains over 81,000 nodes spanning the region between latitudes 5°N to 60.25°N and longitudes
170°W to 77.5°W. The WW3-ENP grid covers all Canadian waters in the Pacific Ocean, however, due to
the relatively coarse resolution of this grid, it cannot provide realistic representation of land boundaries
and the bathymetric undulations affecting wave propagation in coastal waters. As discussed by Pontes
(2003), shallow-water wave transformation models (such as SWAN) and high resolution grids must be
used to provide reliable estimates of wave power in coastal waters. Such models are routinely used to
provide detailed estimates of nearshore wave climates for coastal engineering studies. The location of the
WWS3-ENP grid points near the coast of VVancouver Island are sketched in Figure 21.

In addition to operational forecasting, the suite of WW3 models have been applied, using archived wind
fields and ice cover charts, to hindcast historical wave fields at 3-hour intervals over several years. The
model results (hindcasts and forecasts) are freely available via the internet as binary files in GRIB format.
The hindcast WW3 model results are being used for engineering studies of wave climate around the
globe.

4.1 Analysis Methodology

Data files in binary GRIB format containing results from the WW3-ENP hindcast for a five year period
between October 2002 and September 2007 were obtained from the MMAB ftp server. These files
contained results for the following variables computed at 3 hour intervals for all nodes:

significant wave height of combined wind waves and swell, H

peak wave period, T,

primary wave direction, and

u and v components of the mean 10m wind.

A sub-grid containing 676 nodes focused on Canada’s Pacific coast was defined to reduce the
computational effort. The sub-grid extended from latitude 42°N to 59°N and from longitude -145°W to -
124°W, and featured a 0.25° resolution close to the coast and a 1° resolution in the open ocean.

The following derived variables were computed for all times at each node of the sub-grid:
o the wave energy flux (equation 4 with 0¢=0.9),
e the wind speed; and
o the wind power density.

Next, the five years of data were grouped to form datasets describing conditions annually and during each
month (January to December) and season (winter, spring, summer and autumn). Winter was defined from
December to February, Spring from March to May, Summer from June to August, and Autumn from
September to November. Finally, for every combination of variable, month and season, a set of simple
statistics was computed to describe conditions at every node in the sub-grid. These statistics included the
minimum, maximum, mean, standard deviation and root-mean-square values, plus the values
corresponding to cumulative probabilities of 10%, 25%, 50%, 75% and 90%. The results were grouped
into datasets describing annual, seasonal and monthly conditions, and simple statistical quantities were
computed to characterize the temporal variations at each node during these periods.
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4.2 Results

Several of the WW3-ENP grid points located near the study area have been assigned labels A — H for ease
of reference. These points are mapped in Figure 13 and summarized in Table 1. Figure 13 also shows the
coastal bathymetry above the 200m depth contour.

/ N\

Figure 13. Coastal bathymetry, SWAN model domain, and location of points A-H.
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Label WW3-ENP Node # Longitude °W Latitude °N Depth (m)
MEDS103 - 125.74 48.99 40
C46206 - 126.00 48.83 73
C46036 - 133.86 48.30 3,500
A 251 126.75 49.00 397
B 264 126.25 49.25 43
C 224 126.25 48.75 271
D 255 125.75 49.00 44
E 213 126.00 48.50 193
F 228 125.25 48.75 26
G 225 126.00 48.75 139
H 212 126.25 48.50 673
I 179 124.00 48.00 3,778

Table 1. Location of selected WW3-ENP grid points and MEDS stations.

Time histories of significant wave height and peak wave period extracted from the WW3-ENP wave
climatology at grid point G located at 126.0°W, 48.75°N (not too far from MEDS station C46206) are
presented in Figure 14 for all of 2004. Detailed views of the typical temporal variations during the winter
and summer seasons are presented in Figure 15 and Figure 16. The time histories in these figures, which
were computed by the WW3-ENP model, can be compared with the measured time histories shown
previously in Figure 3 - Figure 5.

Wave roses computed from the results of the WW3-ENP model for six locations (grid points A-F) near
the western shore of Vancouver Island are presented in Figure 17. The locations are shown in Figure 13.
Points A, C and E are located a considerable distance from shore beyond the 150 m depth contour, while
points B, D and F are located in shallower water near the coast. These wave roses show the occurrence
frequency for various combinations of significant wave height and wave direction (approaching from).
The wave climate has been resolved into 22.5° directional bins and 1 m wave height bins.

The directional information available from the WW3-ENP climatology indicates that the wave climate
beyond the 150 m depth contour is dominated by waves approaching from the west (~41% of the time),
with less frequent contributions from the WNW (29%), WSW (12%), SW (7%), SSW (6%) and south
(4%) directions. Near the coast, the waves have become more shore-perpendicular as one might expect
due the effects of wave refraction. These results suggest that the typical nearshore wave climate in this
region is dominated by waves approaching from the west (~53% of the time), with lesser contributions
from the WSW (22%), SW (9%) and SSW (9%) directions.

Figure 18 shows a comparison between the mean monthly wave power estimates derived from analysis of
buoy measurements from station C46036 and the WW3-ENP wave climatology for grid point I. Figure 19
shows a similar comparison of wave power estimates derived from buoy measurements from station
C46206 and the WW3-ENP wave climatology for grid point G. The strong seasonal variability of the
wave energy resource is clearly evident. In both cases, the power levels and seasonal trends in wave
energy derived from the measured and hindcast wave data show overall good agreement. Some of the
small divergence could be due to the fact that the measured and hindcast wave data are not co-located nor
are the two datasets concurrent. Considering these factors, the good agreement indicates that the WW3-
ENP wave hindcast provides a good prediction of the available wave power at these locations.
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Figure 16. Time history of Hs and T, at grid point G from June - August 2004 from WW3-ENP
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A) B)
C) D)
E) F)

Figure 17. Wave roses for grid points A - F computed from WW3-ENP wave climatology.

Figure 20 shows a similar comparison of wave power estimates for station MEDS103 and WW3-ENP
grid point D. In this case, the agreement is less satisfactory even though the MEDS station and the model
grid point are located very close to each other. One likely explanation of the less satisfactory agreement is
that the WW3-ENP model, due to its coarse grid resolution, is unable to simulate the complex wave
transformations that occur in shallower waters near the coast.

The annual mean wave power available off the coast of British Columbia, calculated from the WW3-ENP
wave climatology, is mapped in Figure 21. This figure also shows the location and density of the WW3-
ENP model grid points. The mean wave power available during the winter months (December to
February) is plotted in Figure 22, while the mean wave power available during the summer months (June
to August) is mapped in Figure 23. These figures provide a good overview of the available offshore wave
energy resource along Canada’s Pacific coast; however, they do not give a good description of near-shore
wave energy resources.
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Figure 18. Mean monthly wave power for station C46036 derived from buoy measurements and
WW3-ENP wave climatology.
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Figure 19. Mean monthly wave power for station C46206 derived from buoy measurements and
WW3-ENP wave climatology.
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Figure 20. Mean monthly wave power for station MEDS103 derived from buoy measurements
and WW3-ENP wave climatology.
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Wave Power

Figure 21. Annual mean wave power available near the B.C. coast (derived from analysis of
WW3-ENP wave climatology).

Wave Power
KW/m
Above 100
90 to 100
80to 90
7010 80
60to 70
50 to 60
| [40t0 50
30to 40
20to 30
10to 20
Below 10

Figure 22. Mean wave power available near the B.C. coast during winter (derived from analysis
of WW3-ENP wave climatology).
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Figure 23. Mean wave power available near the B.C. coast during summer (derived from
analysis of WW3-ENP wave climatology).

5. Near-shore Wave Modelling

A main objective of this study is to quantify and characterize the spatial and temporal variations of the
wave energy resource along a portion of the western shore of VVancouver Island, near the communities of
Ucluelet and Tofino.

To do this, a sophisticated numerical model named SWAN (Simulating WAves Nearshore) was applied to
simulate the propagation of waves from beyond the 200m depth contour into the coast over a period of
five years. SWAN is a third-generation spectral wave model for obtaining realistic estimates of wave
parameters in coastal areas. SWAN is able to accurately simulate virtually all of the physical processes
influencing wave propagation in coastal waters, including:

o Refraction due to spatial variations in seabed elevation. and current.

o Diffraction (lateral transfer of energy perpendicular to the direction of propagation).
o Shoaling due to spatial variations in seabed elevation and current.

o Blockage and reflection by obstacles and opposing currents.

e Wave generation by wind.

e Dissipation by white-capping.

o Dissipation by depth-induced wave breaking.

e Dissipation by bottom friction.
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o Non-linear wave-wave interactions in deep and shallow water

The SWAN model is very widely employed around the world for engineering and scientific studies of
coastal wave propagation. For additional information on the SWAN model, interested readers are referred
to the SWAN User Manual and the SWAN Technical Documentation (The SWAN Team, 2007a, 2007D).

A total of 338 different simulations were performed with SWAN. Each SWAN run computed the coastal
wave conditions for a single offshore seastate defined in terms of peak period, significant wave height and
incident wave direction.

The computations were performed over a model domain defined by a 512 by 310 regular grid comprised
of 158,720 grid points with a grid step of 0.00319° (~275 m). The elevation of the seabed was defined at
every grid point. The incident wave conditions for each run are applied along the offshore boundary of the
domain and SWAN computed the corresponding wave conditions throughout the remainder of the
domain. The boundary conditions for the SWAN runs were derived from analysis of the five year WW3-
ENP wave climatology for grid point H (126.25°W, 48.50°N).

By combining results from the various SWAN runs, it was possible to construct five year long time
histories, with a 3 hour time step, of significant wave height, peak period and dominant direction for
every water grid point in the SWAN domain. Next, equation 4 with a=0.9 was applied to compute the
five year time history of available wave power at every water grid point. The results were grouped into
datasets describing annual, seasonal and monthly conditions, and simple statistical quantities were
computed to characterize the temporal variations at each grid point. Finally, a series of maps and images
were prepared to illustrate the results of this modelling and analysis.

5.1 Bathymetry

Good information on the nearshore bathymetry is essential to obtain accurate simulations of wave
transformations in coastal waters. For this reason, a new digital elevation model of the bathymetry in the
region of interest was constructed for this study by blending data from the following three sources.

1. Digital hydrographic datasets purchased from the Canadian Hydrographic Service.
2. Digital and paper nautical charts purchased from the Canadian Hydrographic Service.

3. A digital dataset obtained from a GIS database maintained by the Government of British
Columbia.

The bathymetry in shallow water (above the 50 m depth contour) was based mainly on digital CHS
datasets, supplemented by the hydrographic charts were necessary. The bathymetry below the 50 m depth
contour was based mainly on contour lines extracted from the GIS dataset.

The resulting bathymetry can be seen in Figure 13 and Figure 24.
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Figure 24. 3D model of the coastal bathymetry around the communities of Ucluelet (U) and
Tofino (T).

5.2 Boundary Conditions

The boundary conditions for the SWAN simulations were based on the wave climate at WW3-ENP grid
point H. Figure 25 shows the wave rose for this point, obtained from analysis of the WW3-ENP wave
hindcast. The directional structure of the wave climate here is similar to the other offshore locations
considered previously in Figure 17. Scatter tables showing the frequency of occurrence for 121 different
seastates (different combinations of Hs, T,) approaching from the WNW, W, WSW, SW, SSW and south
directions are presented in Table 2 - Table 6.

A total of 338 SWAN simulations were performed, one for every unique combination of H,, T, and
direction at grid point H. Each wave condition was modelled as a 2D spectrum S(f,0) assumed to be
constant along the offshore boundary of the SWAN model domain.
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Figure 25. Wave rose forWW3-ENP grid point H
Peak Period (s)
0-3 3-6 6-9 9-12 | 12-15 | 15-18 | 18-21 | 21-24 | 24-27 | 27-30 | >30 %
>10 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00
= 9-10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00
= 8-9 0.00 | 0.00 | 0.00 | 0.00 [ 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.01
S 7-8 0.00 | 0.00 | 0.00 [ 0.00 [ 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.02
'% 6-7 0.00 | 0.00 | 0.00 | 0.03 [ 0.22 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.27
= 5-6 0.00 | 0.00 | 0.00 | 0.14 | 043 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.60
< 4-5 0.00 | 0.00 | 0.04 | 060 [ 0.95 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 1.62
= 3-4 0.00 | 0.00 | 038 | 224 | 131 | 0.12 [ 0.00 [ 0.00 [ 0.00 [ 0.00 | 0.00 | 4.05
S 2-3 0.00 | 042 | 298 [ 590 | 1.07 | 0.33 | 0.05 | 0.00 | 0.00 [ 0.00 | 0.00 | 10.74
2 1-2 0.00 | 320 | 711 | 299 [ 0.36 | 0.04 | 0.03 | 0.00 | 0.00 | 0.00 [ 0.00 | 13.73
0-1 0.00 | 0.5 | 0.14 | 0.01 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.31
% 0.00 | 3.77 | 10.65 | 1191 | 437 | 056 [ 0.08 [ 0.00 [ 0.00 [ 0.00 | 0.00 | 31.35

Table 2. Occurrence frequencies (%) for seastates approaching grid point H from the WNW.
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Peak Period (s)
0-3 3-6 6-9 9-12 | 12-15 | 15-18 | 18-21 | 21-24 | 24-27 | 27-30 | >30 %

>10 0.00/ 0.00f 0.00f 0.00f 0.00f 0.00/ 0.00f 0.00/ 0.00f 0.00f 0.00] 0.00

z 9-10 0.00/ 0.00f 0.00f 0.00f 0.04) 0.00/ 0.00f 0.00f 0.00f 0.00f 0.00] 0.04
= 8-9 0.00/ 0.00f 0.00f 0.00f 0.08) 0.05| 0.00f 0.00f 0.00f 0.000 0.000 0.13
S 7-8 0.00/ 0.00f 0.00f 0.02] 0.18) 0.03)f 0.00f 0.00f 0.00f 0.00f 0.00 0.23
'% 6-7 0.00/ 0.00f 0.00f 0.04 0.40) 0.06/ 0.01] 0.00f 0.00f 0.00f 0.000 0.51
= 5-6 0.00f 0.00f 0.00f 035 1.09] 0.32] 0.01] 0.00f 0.00f 0.000 0.000 1.77
< 4-5 0.00f 0.00f 0.02 1.44| 174 0.27] 0.000 0.01] 0.00f 0.00f 0.00] 3.48
= 3-4 0.00/ 0.00f 0.20f 361 296/ 0.68 0.06/ 0.00/ 0.00f 0.00f 0.000 751
S 2-3 0.00/ 0.01f 139 6.71] 337 0.67| 0.08f 0.01] 0.00f 0.00f 0.00] 12.25
2 1-2 0.00f 0.04f 448 564 146| 0.15 0.01] 0.00f 0.00f 0.00f 0.00] 11.78
0-1 0.00f 0.02f 0.39] 0.27] 0.04] 0.00/ 0.00{ 0.00f 0.00{ 0.00f 0.000 0.72

% 0.00] 0.07f 6.49 18.08] 11.37] 2.23] 0.16] 0.02] 0.00f 0.00f 0.00] 38.41

Table 3. Occurrence frequencies (%) for seastates approaching grid point H from the west.

Peak Period (s)
0-3 3-6 6-9 | 9-12 | 12-15 | 15-18 | 18-21 | 21-24 | 24-27 | 27-30 | >30 %
>10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00
e 9-10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01
= 89 | 0.00 | 0.00 | 0.00 | 0.00 | 0.05 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.06
< 7-8 | 0.00 | 0.00 | 0.00 | 0.03 | 0.06 | 0.04 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.12
o 6-7 | 0.00 | 0.00 | 0.00 | 0.06 | 0.19 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.27
= 56 | 0.00 | 0.00 | 0.00 | 0.24 | 0.25 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.53
3 45 | 000 | 0.00 | 003 | 0.88 | 024 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1.16
= 3-4 | 000 | 0,00 | 021 | 164 | 051 | 004 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 2.40
S 2-3 | 000 | 001 | 058 | 195 | 0.40 | 001 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 2.95
@ 1-2 | 0.00 [ 004 | 1.65 | 094 | 0.38 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 3.05
0-1 | 000 | 003 | 0.16 | 0.11 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.32
% 0.00 | 008 | 263 | 584 | 220 | 021 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 10.86
Table 4. Occurrence frequencies (%) for seastates approaching grid point H from the WSW.
Peak Period (s)
0-3 3-6 6-9 | 9-12 | 12-15 [ 15-18 | 18-21 | 21-24 | 24-27 | 27-30 | >30 %
>10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
e 9-10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
= 89 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02
=4 7-8 | 0.00 | 0.00 | 0.00 | 003 | 0.05 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.08
3 6-7 | 0.00 | 0.00 | 0.00 | 0.12 | 0.06 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.18
= 56 | 000 | 0.00 | 0.01 0.30 | 0.04 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.35
3 45 | 000 | 0.00 | 009 | 054 | 002 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.65
= 3-4 | 000 | 0,00 | 0.25 | 0.49 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.75
5 2-3 | 000 | 001 | 0.75 | 059 | 0.06 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1.40
) 12 | 0.00 [ 002 [ 082 | 022 | 047 | 028 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 1.82
0-1 | 0.00 | 0.07 | 006 | 001 | 037 | 0.11 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.62
% 0.00 | 010 | 1.98 | 231 | 1.08 | 0.39 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 5.87

Table 5. Occurrence frequencies (%) for seastates approaching grid point H from the southwest.
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Peak Period (s)
0-3 3-6 6-9 9-12 | 12-15 | 15-18 | 18-21 | 21-24 | 24-27 | 27-30 | >30 %
>10 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00
9-10 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00
8-9 0.00 | 0.00 | 0.00 | 0.01 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.01
7-8 0.00 | 0.00 | 0.00 | 0.03 [ 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.05
6-7 0.00 | 0.00 | 0.00 | 0.14 [ 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.16
5-6 0.00 | 0.00 | 0.06 | 0.26 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.32
4-5 0.00 | 0.00 | 0.30 | 0.47 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.77
3-4 0.00 | 0.01 | 0.69 | 0.33 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 1.02
2-3 0.00 | 011 | 051 | 0.17 [ 0.01 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.82
1-2 0.00 | 014 | 044 | 001 [ 088 | 047 | 0.01 | 0.00 | 0.00 | 0.00 [ 0.00 | 1.94
0-1 0.00 | 0.06 | 0.06 | 0.03 [ 0.27 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.44
% 0.00 | 0.32 | 204 | 145 | 1.18 | 052 | 0.01 | 0.00 | 0.00 | 0.00 [ 0.00 | 5.51

Significant Height (m)

Table 6. Occurrence frequencies (%) for seastates approaching grid point H from the SSW.

Peak Period (s)

0-3 3-6 6-9 9-12 | 12-15| 15-18 | 18-21 | 21-24 | 24-27 | 27-30 | >30 %
>10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9-10 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00
8-9 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00
7-8 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
6-7 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
5-6 0.00 | 0.00 | 0.08 | 0.06 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.14
4-5 0.00 | 0.00 | 0.30 | 0.08 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.38
3-4 0.00 0.01 0.60 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.65
2-3 0.00 0.23 0.30 0.03 0.01 0.04 0.01 0.00 0.00 0.00 0.00 0.63
1-2 0.00 | 0.30 | 0.10 | 0.00 [ 064 | 0.88 | 0.04 | 0.00 | 0.00 | 0.00 [ 0.00 | 1.96
0-1 0.00 | 0.01 | 0.00 | 0.02 [ 0.27 | 0.07 | 0.01 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.38
% 0.00 0.56 1.37 0.28 0.93 0.99 0.06 0.00 0.00 0.00 0.00 4.19

Significant Height (m)

Table 7. Occurrence frequencies (%) for seastates approaching grid point H from the south.

5.3 Results

Figure 26 - Figure 39 show several examples of the results of the SWAN simulations. They also illustrate
the influence of the Hs, T, and the direction of the offshore waves on the wave transformations that occur
and the resulting near-coast wave conditions. In each figure, colour contours are used to indicate the
spatial variation in significant wave height, while vectors are used to indicate the dominant wave direction
throughout the model domain.

Figure 26 shows the near-coast wave conditions resulting from an offshore seastate with H;=3 m and
T,=21 s approaching the coast from the west. The influence of decreasing wave period can be seen by
comparing Figure 26 with Figure 27 - Figure 31. As expected, the longer period waves undergo more
significant and more complex transformations than do the shorter period seastates. The reason for this is
that the longer period waves begin to feel the effects of the seabed at greater depths further away from the
coast. This complex interaction with the irregular seabed topography focuses the wave energy in certain
locations and disperses it in others, producing a patchwork of areas with larger and smaller waves, and
greater and lesser wave energy. It is clear from these figures that the near-coast pattern of wave height
amplification and attenuation depends strongly on the peak period of the offshore waves, as one might
expect.
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The influence of offshore wave direction can be seen by comparing the results in Figure 28 (offshore
Hs=3m, T,=15s from 270°) with those in Figure 32 - Figure 37. It is clear from these figures that the
near-coast pattern of wave height amplification and attenuation also depends on the incident direction of
the offshore waves, as one might expect.

Finally, the influence of offshore significant wave height can be seen by comparing the results in Figure
28 (offshore Hs=3 m, T,=15s from 270°) with those in Figure 38 (offshore Hs=6 m) and Figure 39
(offshore Hs=1 m). The pattern of wave height amplification and attenuation is only weakly influenced by
changes in the height of the offshore wave field. However, the location of the surf zone, where the waves
lose a great deal of energy through depth-limited breaking, will vary with wave height, moving further
offshore for larger waves. A general rule of thumb holds that the outer (deep water) edge of the surf zone
will lie where the water depth decreases to roughly twice the local significant wave height. Hence for
waves with Hg=6 m, the surf zone will lie shoreward of the 12 m depth contour, whereas for wave with
Hs=1 m, the surf zone will begin around the 2 m contour.

Figure 26. Coastal wave conditions, Hs=3m, T,=21s, approaching from 270°.
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Figure 27. Coastal wave conditions, Hs=3m, T,=18s, approaching from 270°.
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Figure 28. Coastal wave conditions, Hs=3m, T,=15s, approaching from 270°.
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Figure 29. Coastal wave conditions, Hs=3m, T,=12s, approaching from 270°.
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Figure 30. Coastal wave conditions, Hs=3m, T,=9s, approaching from 270°.
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Figure 31. Coastal wave conditions, Hs=2m, T,=6s, approaching from 270°.
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Figure 32. Coastal wave conditions, Hs=3m, T,=15s, approaching from 180°.
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Figure 33. Coastal wave conditions, Hs=3m, T,=15s, approaching from 202.5°.
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Figure 34. Coastal wave conditions, Hs=3m, T,=15s, approaching from 225°,
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Figure 35. Coastal wave conditions, Hs=3m, T,=15s, approaching from 247.5°.
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Figure 36. Coastal wave conditions, Hs=3m, T,=15s, approaching from 270°.
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Figure 37. Coastal wave conditions, Hs=3m, T,=15s, approaching from 292.5°.
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Figure 38. Coastal wave conditions, Hs=6m, T,=15s, approaching from 270°.
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Figure 39. Coastal wave conditions, Hs=1m, T,=15s, approaching from 270°.
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6. Near-shore Wave Climate & Available Wave Energy

Five year time histories, with a three hour time step, of the wave conditions (Hs, T, and dominant
direction) at every water grid point of the SWAN grid were constructed by combining the wave
climate time history at WW3-ENP grid point H with the near-shore wave field transformations
computed by the SWAN model. Five year time histories of the wave power available at every
water grid point were also computed by applying the calculation method presented in Section 2.
The numerous time histories have also been analysed to compute monthly, seasonal and annual
statistics throughout the SWAN model domain. These results will be presented and discussed in
what follows.

6.1 Near-shore Wave Energy Resource

The average wave power available during a typical year throughout the near-coast region is
mapped in Figure 40 while Figure 41 shows an enlargement of this image around the
communities of Ucluelet and Tofino. The spatial variations in the near-shore wave energy
resource are clearly significant. These variations result from the interaction of the incoming
waves with the uneven coastal seabed topography.

The annual mean power available along the 20 m isobath varies significantly with location,
ranging from a low below 17 kW/m to a high above 37 kW/m, more than a two-fold increase.
The annual mean wave power available along the 50 m isobath is slightly less variable and
ranges between ~25 kW/m and ~38 kW/m.

These results predict an area within 10 km of Ucluelet where the mean annual available wave
power exceeds 48 kW/m, which is only slightly less than the wave power available around the
South Nomad buoy, located in the open North Pacific ~600 km further west. The water depth in
this area is around 55 - 60 m.

It is clear that detailed studies of the nearshore wave climate, supported by field measurements,
are essential in order to ensure that demonstration and commercial wave energy conversion
projects are sited in the most advantageous locations.

Another important aspect of the near-shore wave power resource in this region is the fact that
substantial wave power resources can be found very close to shore, where development costs
should be lower than for other similar sites located further from shore. One such site is the
prominent headland between Wickaninnish Beach and Florencia Bay in the Long Beach Unit of
Pacific Rim National Park. Here, a wave resource with a mean annual power of 33 kW/m is
available within 600 m of the shore.

Figure 42 - Figure 53 show the spatial distribution of the mean available wave resource during
the months of January — December.
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Figure 40. Mean available wave power during a typical year.
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Figure 41. Mean available wave power during a typical year (detail).
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Figure 42. Mean available wave power during January.
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Figure 43. Mean available wave power during February.
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Figure 44. Mean available wave power during March.
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Figure 45. Mean available wave power during April.
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Figure 46. Mean available wave power during May.
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Figure 47. Mean available wave power during June.
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Figure 48. Mean available wave power during July.
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Figure 49. Mean available wave power during August.
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Figure 50. Mean available wave power during September.
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Figure 51. Mean available wave power during October.
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Figure 52. Mean available wave power during November.
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Figure 53. Mean available wave power during December.

6.2 Reference Points

A number of reference points have been defined to aid in presenting and describing the
predictions of near-shore wave climate and available wave power that have been obtained. The
reference points, named a — z plus aa, are sketched in Figure 54. Points a-1 are all close to the
20 m depth contour, while points m-x all lie near the 50 m isobath. Point y is near the site of
MEDS station MEDS103 (Tofino), point z is near to station C46206 (La Perouse Bank), and
point aa marks the near-coast site with the most available wave power in this region.

Selected statistics for each reference point are presented in Table 8 - Table 10, including
longitude, latitude, water depth and the shortest distance to shore. The following parameters
computed from the derived wave power time histories are also listed for each reference point:

e The mean or average wave power available over a typical year, P .
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e The mean or average wave power available during each month.

e The standard deviation of the available wave power o(P) computed over the whole year
(a measure of the temporal variability of the wave power).

e The coefficient of variation of the available wave power computed over the whole year,
COV (P)=0(P)/P (anormalized measure of the temporal variability).

e The mean available wave power for the months with the least (P;) and most (P12) energy.

e The monthly variability index MV =(P,—P)/P (a measure of the inter-monthly
variability in wave power).



CHC-TR-51

Canadian Hydraulics Centre

55

aa

Figure 54. Location of reference points a — aa.
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Reference Point a b c d e f g h i j k |
SWAN Node # 129421(124269(122184(119077(113925(110818 (106177103582 (101497 (104013 | 095283 | 084507
Longitude (deg) -125.41|-125.51(-125.61|-125.71|-125.81(-125.91|-126.01|-126.11|-126.21|-126.31|-126.41 | -126.51
Latitude (deg) 48.86 | 48.89 | 48.96 | 49.01 | 49.05 | 49.10 | 49.14 | 49.20 | 49.26 | 49.36 | 49.37 | 49.364
Depth (m) 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | 20.00
Distance to shore (km)| 3.30 | 0.75 | 050 | 1.70 | 060 | 1.00 | 150 | 2.00 | 0.75 | 050 | 420 | 1.25

Available Wave Power (kW/m)

Annual Mean 28.74 | 23.26 | 24.36 | 31.82 | 28.35 | 24.68 | 23.76 | 24.85 | 37.08 | 17.53 | 19.89 | 21.64
January Mean 55.04 | 45.70 | 46.28 | 63.84 | 56.62 | 47.15 | 46.58 | 46.41 | 73.20 | 36.02 | 39.93 | 43.57
February Mean 37.84 | 30.69 | 31.19 | 43.02 | 37.41 | 32.24 | 30.94 | 34.35 | 52.00 | 22.54 | 26.20 | 28.49
March Mean 38.55 [ 30.94 | 32.56 | 41.41 | 3751 | 32.91 | 31.89 | 32.94 | 49.26 | 24.08 | 27.41 | 29.08
April Mean 27.49 | 21.67 | 23.01 | 29.27 | 25.98 | 23.42 | 22.07 | 25.14 | 36.20 | 15.57 | 18.39 | 19.49
May Mean 13.34 | 10.82 | 11.81 | 13.74 | 13.12 [ 11.40 | 11.22 | 11.86 | 15.90 | 8.34 | 9.11 | 9.39
June Mean 963 | 785 | 880 | 9.73 | 922 | 828 | 799 | 9.07 | 1156 | 560 | 6.28 | 6.50
July Mean 599 | 519 | 571 | 6.18 | 578 | 520 | 509 | 592 | 7.19 | 363 | 3.97 | 4.27
August Mean 641 | 481 | 586 | 590 | 6.21 | 547 | 521 | 552 | 668 | 3.42 | 387 | 3.86
September 1076 | 834 | 9.76 [ 1081 969 | 9.31 | 856 | 1033 [ 1329 | 552 | 6.74 | 7.13
October Mean 29.47 | 23.33 [ 24.88 | 31.92 | 27.87 | 25.53 | 23.81 | 26.12 | 38.06 | 16.86 | 19.72 | 21.61
November Mean 4547 | 36.44 | 38.33 | 50.60 | 44.12 | 39.56 | 37.37 | 38.64 | 58.94 | 27.34 | 31.47 | 34.82
December Mean 65.65 | 53.87 | 54.68 | 76.28 | 67.32 | 56.31 | 54.93 | 52.68 | 83.95 | 41.77 | 46.04 | 51.99
Annual o(Pw) 37.63 | 32.04 | 31.56 | 47.61 | 40.99 | 32.73 | 32.44 | 28.71 | 48.84 | 26.10 | 26.95 | 31.62
Annual COV(Pw) 131 | 138 [ 130 | 150 | 145 | 133 | 137 | 116 | 1.32 | 149 | 135 | 1.46
Min monthly mean 599 [ 481 [ 571 | 590 | 578 | 520 | 5.09 | 552 | 668 | 3.42 | 3.87 | 3.86
Max monthly mean 65.65 | 53.87 | 54.68 | 76.28 | 67.32 | 56.31 | 54.93 | 52.68 | 83.95 | 41.77 | 46.04 | 51.99
Monthly variability 208 | 211 | 2010 | 222 | 227 | 207 | 220 | 190 | 208 | 229 | 212 | 222
index (MV)

Table 8. Wave power statistics for 12 locations along the 20m depth contour.
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Reference Point m n o] p q r S t u v w X
SWAN Node # 134568|127372|122730|119624(114472(092961|091348|093353(091780(086628|083521| 079902
Longitude (deg) -125.32(-125.42|-125.52|-125.62(-125.72|-125.82|-126.02(-126.12|-126.22(-126.32|-126.42| -126.52
Latitude (deg) 48.83 | 48.85 | 48.89 | 48.94 | 48.98 | 48.89 | 49.03 | 49.13 | 49.19 | 49.23 | 49.28 | 49.34
Depth (m) 50 50 50 50 50 50 50 50 50 50 50 50
Distance to shore (km)| 3.1 45 1.2 1.9 3.9 16.2 | 11.8 7.2 7.7 8.6 10.7 4.4

Available Wave Power (kW/m)

Annual Mean 32.67 | 26.59 | 28.68 | 25.53 | 34.63 | 35.37 | 34.03 | 34.97 | 31.56 | 37.56 | 32.10 | 32.52
January Mean 63.67 | 49.71 | 56.73 | 47.82 | 66.44 | 66.27 | 63.47 | 66.58 | 59.77 | 71.63 | 60.29 | 60.86
February Mean 4456 | 34.81 | 38.19 | 32.57 | 47.39 | 46.77 | 45.08 | 47.10 | 41.60 | 50.64 | 41.80 | 42.36
March Mean 43.50 | 35.37 | 37.60 | 33.95 | 44.60 | 45.79 | 44.15 | 45.19 | 41.18 | 48.38 | 41.93 | 42.42
April Mean 31.56 | 25.77 | 26.51 | 24.22 | 32.96 | 33.79 | 32.58 | 33.12 | 29.77 | 35.36 | 30.12 | 30.43
May Mean 14.19 | 12.45 | 12.91 | 12.45 | 14.37 | 15.70 | 14.85 | 14.75 | 13.94 | 15.44 | 14.18 | 14.11
June Mean 10.05 | 9.36 | 9.40 | 945 | 10.60 | 11.82 | 11.34 | 11.08 | 10.57 | 11.63 | 10.92 | 10.95
July Mean 6.18 | 6.06 | 6.20 | 6.17 | 6.72 | 744 | 731 | 715 | 690 | 750 | 7.21 7.31
August Mean 619 | 621 | 573 | 648 | 692 | 831 | 755 | 7.10 | 6.88 | 7.32 | 7.09 7.14
September 11.45 | 10.68 | 10.29 | 10.67 | 12.66 | 14.27 | 13.85 | 13.32 | 12.42 | 14.21 | 13.03 | 13.17
October Mean 33.80 | 27.78 | 28.79 | 26.22 | 36.21 | 37.16 | 36.18 | 36.78 | 33.02 | 39.70 | 33.84 | 34.47
November Mean 52.43 | 42.28 | 45.10 | 40.13 | 56.06 | 57.05 | 55.41 | 56.88 | 51.06 | 61.73 | 52.43 | 53.50
December Mean 75.46 | 59.28 | 67.47 | 56.77 | 81.76 | 81.06 | 77.61 | 81.62 | 72.54 | 88.31 | 73.25 | 74.40
Annual o(Pw) 44,06 | 33.43 | 41.11 | 32.45 | 49.59 | 47.64 | 45.44 | 48.97 | 42.77 | 53.67 | 43.16 | 43.76
Annual COV(Pw) 135 | 1.26 143 | 1.27 | 1.43 135 | 1.34 | 1.40 1.36 143 | 1.34 1.35
Min monthly mean 6.18 | 6.06 | 573 | 6.17 | 6.72 | 744 | 731 | 7.10 | 6.88 | 7.32 | 7.09 7.14
Max monthly mean 75.46 | 59.28 | 67.47 | 56.77 | 81.76 | 81.06 | 77.61 | 81.62 | 72.54 | 88.31 | 73.25 | 74.40
Monthly variability 212 | 200 | 215 | 198 | 217 | 2.08 | 2.07 | 2.13 | 2.08 | 2.16 | 2.06 2.07
index (MV)

Table 9. Wave power statistics for 12 locations along the 50m depth contour.
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Reference Point y z aa
Description Near Stn. MEDS103| Near Stn. C46206 Site of Max Power
SWAN Node # N113441 N067840 N117614
Longitude (deg) -125.74 -126.00 -125.53
Latitude (deg) 48.99 48.83 48.86
Depth (m) 41 75 58
Distance to shore (km) 4.8 30.3 5.0
Available Wave Power (kW/m)
Annual Mean 34.98 36.67 49.64
January Mean 67.54 67.41 97.75
February Mean 47.30 48.26 71.64
March Mean 45.16 47.59 62.40
April Mean 33.07 35.24 47.10
May Mean 14.82 15.86 17.75
June Mean 10.85 12.28 12.67
July Mean 6.85 7.91 7.74
August Mean 6.92 8.25 7.73
September 12.87 15.65 15.87
October Mean 36.44 39.54 52.11
November Mean 56.71 60.29 81.46
December Mean 82.33 82.87 123.41
Annual o(Pw) 50.33 48.00 80.14
Annual COV(Pw) 1.44 1.31 1.61
Min monthly mean 6.85 7.91 7.73
Max monthly mean 82.33 82.87 123.41
Monthly variability index (MV) 2.16 2.04 2.33

Table 10. Wave power statistics for reference points y, z and aa.

6.2.1 Reference Point aa

Reference point aa marks the spot with the greatest wave power resource in the region of study.
It is located roughly 5 km from land, approximately 8 km south of the community of Ucluelet,
B.C. Figure 55 shows the derived time history of available wave power at reference point aa
throughout 2004. Details of the temporal power variation at this point during one winter and one
summer are shown in Figure 56 and Figure 57.

The variation in average wave power available at reference point aa throughout a typical year is
plotted in Figure 58. Here, the average wave power available during December (123 kW/m) is
fifteen times greater than what is available during July (8 kW/m). The annual average wave
power available at this site is ~49 kW/m.

Finally, the wave power rose for reference point aa is shown in Figure 59. It shows the frequency
of occurrence for various bins (combinations) of wave power and direction. While wave power
approaches this site more frequently from the W (37%) than from any other direction, substantial
contributions also arrive from the WNW (32%) and WSW (13%) directions.
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Figure 55. Time history of available wave power at reference point aa during 2004.
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Figure 56. Time history of available wave power at reference point aa from Dec 2003 - Feb
2004,
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Figure 57. Time history of available wave power at reference point aa from June — August 2004.
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Figure 58. Monthly average wave power for reference point aa (near-coast location with
maximum wave power).

Figure 59. Wave power rose for reference point aa (near-coast location with maximum wave
power).

6.2.2 Reference Pointy

Figure 60 shows the time histories of significant wave height and peak period for 2004 computed
for reference point y, located in 41 m water depth ~4.8 km off Wickaninnish Beach in Pacific
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Rim National Park. The available wave power at this location during 2004 is shown in Figure 61,
while Figure 62 and Figure 63 show the temporal power variation during winter and summer in
more detail.

The variation in average wave power available at reference point y throughout a typical year is
compared in Figure 64 to results from analysis of buoy measurements from station MEDS103.
Except for the months of December and possibly January, the wave power estimates for this
near-shore location derived from buoy measurements and SWAN modelling are in very good
agreement. The annual average wave power predicted for this site is ~35 kW/m, which compares
well with the 32 kW/m calculated from the buoy data. The reasons for the discrepancy during
December require additional research.

The wave power rose for reference point y is shown in Figure 65. It shows the frequency of
occurrence for various bins (combinations) of wave power and direction. While most of the wave
power approaches this site from the W (48%), substantial contributions also arrive from the
WSW (19%) and SW (8%) directions. It is interesting to note that the wave power approaching
from the WNW is small, even though this direction dominates for 15% of the time.
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Figure 60. Derived time histories of Hs and T, for reference point y during 2004.
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Figure 61. Derived time history of wave power for reference point y during 2004.
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Figure 62. Derived time history of wave power for reference point y from Dec 2003 — Feb 2004.
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Figure 63. Derived time history of wave power for reference point y from June-August 2004.
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Figure 64. Mean monthly wave power for station MEDS103 derived from buoy measurements
and predictions from this study (based on SWAN modelling).
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Figure 65. Wave power rose for reference point y (near MEDS station MEDS103).

6.2.3 Reference Point z

Reference point z is almost coincident with MEDS station C46206. The derived wave power
time history at reference point z throughout 2004 is plotted in Figure 66. This can be compared
with the power time history computed from the buoy data from station C46206 shown in Figure
9.

The monthly variation in average wave power available at reference point z is compared in
Figure 67 to results from analysis of buoy measurements from station C46206. Except for the
months of December and possibly November and January, the wave power estimates for this
location show good agreement. The annual average wave power predicted for this site is
37 kW/m, which is within 5 kW/m of the 32 kW/m calculated from the buoy data. The reasons
for the discrepancy during December require additional research.

The wave power rose calculated for reference point z is shown in Figure 68.
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Figure 66. Time history of available wave power at reference point z during 2004.
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Figure 67. Mean monthly wave power for station C46206 derived from buoy measurements and
predictions from this study (based on SWAN modelling).
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Figure 68. Wave power rose for reference point z (near MEDS station C46206).
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7. Conclusions and Recommendations

Waves propagating across the surface of the world’s oceans represent a vast potential source of
renewable energy. Considerable efforts are underway in many countries around the world
(including Canada) to develop commercially viable technologies to convert wave energy into
other more useful forms of energy, such as electricity. Wave energy could be a particularly
attractive option for remote coastal communities.

It is well known that since surface waves are affected by the seabed topography (bathymetry) in
coastal waters, the wave energy approaching a shore can vary substantially, even over very small
distances. On a coastline fronted by a complex seabed bathymetry, the spatial variations in wave
energy can be highly irregular and intricate. Furthermore, the pattern of these near-coast energy
variations will depend on the character of the waves approaching the coast from deep water
(their period, height and direction of propagation), and hence will vary with time. The presence
of islands and prominent headlands will also add to the spatial variability and complexity of the
wave energy available near-shore.

A detailed investigation and assessment of the near-shore wave climate and potential wave
energy resources along the western shore of VVancouver Island near the communities of Ucluelet
and Tofino, including the Long Beach Unit of Pacific Rim National Park, has been undertaken
and completed. At least two Canadian companies, Finavera Renewables and SyncWave Energy,
are currently pursuing wave energy projects in this region.

The offshore wave climate for this region was determined from analysis of predictions from the
WW3 Eastern North Pacific wind-wave model, and from wave buoy data. The offshore wave
climate is far more energetic in winter than in summer, and is dominated by waves approaching
from the west, with lesser contributions from the WNW and WSW directions. The annual mean
wave power near the 200 m depth contour, ~40 km from shore, is approximately 38 kW/m.

The numerical spectral wave propagation model named SWAN has been applied to simulate the
propagation of numerous different offshore wave climates into the near-shore region. The
simulations were conducted over a rectangular computational grid comprised of 158,720 grid
points representing a 140 km by 90 km rectangular region centred on the Long Beach unit of
Pacific Rim National Park. The SWAN model is able to account for all of the important physical
processes affecting wave propagation in coastal waters. Over 300 different simulations were
conducted, each one predicting the near-shore wave conditions corresponding to a given set of
offshore conditions.

The SWAN simulation results were combined to obtain five-year long time histories of
significant wave height, peak wave period and dominant wave direction throughout the near-
coast region. Five-year long time histories of the wave power at every grid point have also been
obtained from the wave climate predictions. The wave power time histories have been analysed
to compute monthly, seasonal and annual statistics for each node. Finally, numerous maps, charts
and images were prepared to illustrate the results of the study.

The results show that the irregular seabed topography above the 150 m depth contour has a
strong influence on the wave climate and wave energy resource available in shallower water
along the coast. The richest wave energy resources close to shore occur in areas where the wave
energy is concentrated due to the effects of the fore-shore bathymetry. The spatial variation in
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wave energy can be significant. For example, the size of the wave energy resource along the
20 m depth contour varies with location by a factor of two or more.

These results predict an area within 10 km of Ucluelet where the mean annual available wave
power exceeds 48 kW/m, which is only slightly less than the wave power available in the open
North Pacific ~600 km further west. The depth in this area is around 55 - 60 m. Here, the average
wave power available during December (123 kW/m) is fifteen times greater than what is
available during July (8 kW/m). While wave power approaches this site more frequently from
the west (37%) than from any other direction, substantial contributions also arrive from the
WNW (32%) and WSW (13%) directions.

Another important aspect of the near-shore wave power resource in this region is the fact that
substantial wave power resources can be found very close to shore, where development costs
should be lower than for other similar sites located further from shore. One such site is the
prominent headland between Wickaninnish Beach and Florencia Bay in the Long Beach Unit of
Pacific Rim National Park. Here, a wave resource with a mean annual power of 33 kW/m is
predicted within 500 m of the shore.

Data from a wave buoy (station MEDS103) are available for a site 4.8 km off Wickaninnish
Beach where the depth is 40 m. Except for the months of December and possibly January, the
wave power estimates for this near-shore location derived from buoy measurements and SWAN
modelling are in very good agreement. The annual average wave power predicted for this site is
~35 kW/m, which compares well with the 32 kW/m calculated from the buoy data. The reasons
for the discrepancy during December require further research.

The near-coast wave climate and the wave energy resource available near the communities of
Tofino and Ucluelet have been investigated in detail. The near-shore wave climate and wave
energy resource feature very substantial and important temporal and spatial variations, which
have been identified and quantified.

This study has created a wealth of new information on the near-shore wave climate and wave
power available on this part of the coast. This information will be useful to project developers
and regulators involved in designing and approving wave energy projects in the region.
Moreover, a new methodology for investigating and quantifying near-shore wave energy
resources has been developed and validated, which can now be applied to other near-coast
regions.

It is clear that detailed studies of the near-shore wave climate such as the one described herein,
supported by directional field measurements, are essential in order to ensure that demonstration
and commercial wave energy conversion projects are sited in the most advantageous locations.
The study reported herein should be extended to include other prominent near-coast regions
where the potential wave energy resource is both substantial and relatively accessible. These
regions include:

e the remaining west coast of VVancouver Island,;

e the west coast of the Queen Charlotte Islands;

e the southeast coast of Cape Breton; and

e the southeast coast of Newfoundland, including the Avalon Peninsula.
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Future research directed towards including the effects of wind and treating the general case,
where the local wave condition at any instant consists of multiple wave systems arriving from
different sources and propagating in different directions, would also be beneficial.
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