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Knowledge of wave conditions in nearshore regions supports the development of
ocean wave energy technology by providing wave climatology for device design
considerations, and power output estimates. By modeling wave transformation
over the continental shelf, wave conditions were predicted in nearshore regions
where potential wave energy conversion sites are located. Subsequently, a wavestructure interaction model was implemented, and power output estimates were
made for a simplified wave energy converter operating in measured spectral wave
conditions.
For the purpose of modeling wave transformation, the SWAN spectral wave
model was applied to three domains on Oregon’s continental shelf. The purpose
was to assess the skill of the SWAN model in this application (highly energetic
waves on a narrow continental shelf). By comparing results with in situ data collected near the coast, it was found that the model had substantial skill, predicting
in situ wave heights with RMS percent errors of 11%. The characterization of
the transformation across the shelf was not improved by including bottom friction

and wind wave generation, suggesting that these physical processes are not important for a model of Oregon’s continental shelf considering depths less than 150m.
When basin scale wave model output was used to force the outer shelf boundary,
the model remained skillful, with RMS percent errors of 17-20%.
In order to estimate power output from a wave energy converter, device response to hydrodynamic forces was computed using the WAMIT boundary element
method, potential flow model. A method was outlined for using the hydrodynamic
response to estimate power output. This method was demonstrated by considering an idealized non-resonating wave energy converter with one year of measured
spectral wave conditions from the Oregon coast. The power calculation was performed in the frequency domain, with a passive tuning system which was tuned at
time scales ranging from hourly to annually. It was found that there was only a
3.2% gain in productivity by tuning hourly over tuning annually, suggesting that
for a non-resonating wave energy converter, power output is not very sensitive to
power take off damping. Interaction between wave energy converters in arrays was
considered also, along with a discussion of associated limitations of multiple body
interaction analysis within WAMIT.
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Toward Wave Energy in Oregon: Predicting Wave Conditions and
Extracted Power
Chapter 1 – General Introduction
Increased interest in renewable energy has motivated scientists and inventors to
find viable sources of clean energy and refine related technology. One source of
energy being considered is ocean waves. Though the idea of harnessing the power
of ocean waves has been around for centuries [16], it has never been widely applied.
A series of publications in the mid 1970s to early 1980s (e.g. [11,12,25,26,58,63,64])
showed increased interest in wave energy and established much of the theory which
is still used. A good summary of wave energy theory is found in [30].
Currently, there are many devices in various stages of developement. They
represent a wide variety of ideas about how best to convert wave energy into
electricity. A few examples include: a floating buoy driving a linear generator
[8,24,70]; a long snake which pumps hydraulic cylinders as it flexes [42]; a low head
turbine in a basin which collects water as waves splash over the sides [49, 56]; and
an air chamber where wave motion compresses air, forcing it through turbines [27].
There are many other unique ideas (e.g. [20, 60, 68]). A more complete review of
wave energy convertion technology is found in the World Energy Council’s 2010
Survey of Energy Resources [1].
Typical ocean waves are generated by wind blowing over large stretches of the
ocean. Waves begin small like the ripples on a pond, but grow as wind continues. Gradually, they become longer and larger through nonlinear processes, and
eventually they become the typical waves you see on a visit to the ocean beach.
Two physical processes contribute to growth of wind waves. Both of them
concern pressure differences in the air on the surface of the water. These pressure differences push down more on some areas of the water surface than others,
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deforming the surface. This deformed surface is not stable after the air pressure
which formed it changes, resulting in oscillating wave motion. The pressure fluctuations responsible for wave birth come from turbulence in the wind. This is the
first of the two contributing processes.
The second process contributing to wind wave growth is only active after waves
exist. It is the result of air flowing over a sinusoidal wave form. Air velocity over
the peaks of a wave form is higher than the air velocity in the troughs. The
Bernoulli equation states that lower fluid velocities correspond to higher pressures
and higher fluid velocities correspond to lower pressures. Thus, the flow over a
wave form creates a low pressure at the wave peak lifting it up higher, and a high
pressure in the trough pressing it even lower. This process is accentuated with
steeper waves (either shorter wavelengths or higher wave heights), because the
difference between crest and trough air velocity is greater, increasing the pressure
differences.
Though it might seem that waves would die out soon after the wind stopped
blowing or changed direction, waves gain momentum through continued wind forcing as they become larger, and continue on after wind forcing stops. In fact, for
large ocean waves, viscous damping is almost negligible; large waves may travel
for thousands of miles without losing substantial energy. For ripples on a pond
viscous damping is important. After a gust of wind the pond may soon be calm
again.
Across the open ocean, waves travel virtually unhindered. Sooner or later waves
arrive at a coastline. At this point other physical processes dramatically affect a
wave, culminating often in energy dissipation though turbulence in some form of
wave breaking. If a beach has a very steep slope (e.g. cliffs), a substantial portion
of incident wave energy may be reflected back out to sea.
Before waves break on the beach, they undergo substantial changes while moving through shallow water. In the deep ocean, waves cause water motion only in
the water near the surface. Longer period waves reach farther down in the water
column. As waves approach the coastline and enter shallower water, the bottom
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part of the wave ‘runs into’ the ocean floor. The energy which would have been
spread out lower in the water column is now confined to a finite local depth. As
waves enter even shallower water, there is less water, but all this energy must still
be contained in motion of the local water column. Thus, velocities become larger,
and higher waves result. This process is known as shoaling. Eventually, water velocities are too large to be contained in the wave form, and the wave form breaks.
Turbulence takes over and dissipates the wave’s energy.
In addition to shoaling, another process affects waves traveling through shallow water. Waves slow down in shallower water (similar to light waves traveling
through different mediums). This slowing leads to a process known as refraction.
When a wave approaches the coast at an angle, part of the wave nears the shore
first. The shallower portion of the wave slows down while the deeper portion travels faster, turning the wave toward the coastline. When waves propagate over areas
where the ocean floor (bathymetry) is uneven, refraction causes spatial variations
in wave energy, because wave components are turned differently. Through refraction, bathymetry near a coastline may cause dramatic spatial variation in wave
energy (e.g. [54]).
Shoaling and refraction begin when the velocity profile of the wave is forced
to change by the presence of the ocean floor. At this point, it is said that the
wave ‘feels’ the bottom. In areas deeper than this, the bathymetry does not affect
the wave at all. Once a wave feels the bottom, a dissipative process begins to act.
Water motion along the ocean floor is attenuated by viscous effects in the boundary
layer; attenuation is accentuated by roughness on the bottom. This results in a
frictional loss and is appropriately called bottom friction.
By quantifying these processes, numerical models may be used to predict waves
near a coastline. For ocean wave energy conversion, it is important to know wave
conditions at the location where a Wave Energy Converter (WEC) is to be installed. Knowledge of typical wave conditions over an area of coastline assists in
selecting a location with high energy. Also, typical and extreme wave conditions
guide developers to make durable and efficient WECs. After WECs are deployed,
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forecasted wave conditions will help utility companies manage power grids.
Also, from knowledge of wave conditions, power estimates may be made for
particular devices by applying models which characterize the interaction of a WEC
with waves. The forces which waves exert on a WEC transfer energy to the WEC.
Some energy is converted to electricity through a Power Take Off (PTO) system,
and some is transfered back to the ocean when the WEC moves and generates
waves.
Calculating wave foces on floating objects is not a new problem. Much research
has already been conducted on ships and oil platforms, and some of this work is
also applicable to WECs. In particular, the application of potential flow theory and
its solution methodologies for wave-structure interaction has been well established
for use on oil platforms (e.g. WAMIT [52]). Potential flow is applicable when
Reynolds numbers are extremely high. Typically, WECs operate at high Reynolds
numbers, so potential flow should give a reasonable solution, though viscous forces
certainly are present in the boundary layer and will effect a WEC to some extent.
As more physical WEC models are tested, the importance of viscosity in numerical
models will become more clear.
Aside from neglecting viscosity, potential flow solution methods typically involve linearizing the boundary conditions, including the boundary coinciding with
the submerged surface of the object being analyzed. Thus, the quality of solution
degrades quickly as the amplitude of motion increases. This is of particular concern for WEC developers, because large waves contain the largest forces which are
more likely to cause device failure, and it is in these areas where the solution is
least accurate. In spite of its limitations, linear potential theory has been widely
applied to studying wave energy converters.
Other solution methodologies are possible, though much more computationally
intense. There are many CFD codes making a range of assumptions about fluid
properties (e.g. AMAZON-SC 3D [43] and LS-DYNA [36]). These codes hold
promise to be far more accurate than potential flow models, both by properly
calculating large amplitude motions and by modeling turbulent wake effects.
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After settling on a method for calculating wave forces, the response of a WEC
may be calculated. One of the forces affecting the response is the force from the
system converting power to electricity. This may be a direct drive linear generator
[24] or a hydraulic power system [28, 29]. Linear generators have the advantage
of mechanical simplicity, while hydraulic systems are much more controllable for
optimizing power systems.
There have been many papers published in the past decade discussing control
strategies for WECs. In general, controlling of WECs may be divided into two
categories, passive and active [73]. Passive tuning refers to tuning of a WEC to
time averaged wave conditions and takes place on time scales of hours or longer.
With active tuning, a WEC tunes itself on a wave-by-wave time scale to maximize
power conversion.
Active tuning is difficult, because a WEC needs to know what the waves are
going to be like before they arrive in order to be prepared to receive them in
the most efficient way. This requirement of future wave knowledge is difficult,
and methods have been proposed to aquire this knowledge, either using external
wave measurements [35] or extrapolating the time series of waves which the WEC
recently experienced into the future [73]. From an estimated future wave form,
the WEC may be controlled using phase control (e.g. latching [4, 5]) or complex
conjugate control [30]. Two recent review papers have discussed WEC control
strategies [31, 37].
While much attention has been given to active control strategies, implementing
them still remains a challenge. Active control systems require highly flexible power
take off systems, able to exert large forces at a moment’s notice. Also, physical
device limitations will affect power take off strategies [38]. Achieving the desired
level of control on a real device may prove to be difficult (though rewarded by
substantial increases in efficiency upon success), and it is also possible that these
advanced power systems will be expensive. As a contrast to highly efficient systems,
it may be worth considering less efficient systems which may also be less expensive.
Efficiency in terms of devices is not the end goal, but efficiency in terms of dollars.
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Less efficient systems may prove to be as economically viable as more efficient
systems.
WECs designed to operate away from their resonance will generate less power
than resonating WECs; however, there are advantages to operating away from
resonance. Motion is more steady, and maximum forces are smaller. Active control
theory focuses on keeping the WEC in a state of resonance. For a non-resonating
WEC, that is not important; passive tuning may be sufficient. Also, estimates of
power output may be made in the frequency domain, using the frequency response
of the WEC.
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Chapter 2 – Coastal Wave Modeling for Wave Energy Converter
Sites
2.1 Introduction
The quantity, location, concentration, and temporal variability of ocean power
play a significant role in defining the possible methods of converting this power to
electricity. A few recent studies (e.g. [59] and [18]) have looked at the distribution
of wave energy on a global scale, showing that wave energy is geographically highly
variable. Areas with higher concentrations of wave energy are generally thought
to hold more promise for wave energy conversion, even though extreme loads are
much higher at these locations, making survivability a difficult design requirement.
In spite of this challenge, attention remains focused around stretches of coastline
with higher energy.
In addition to knowledge of extreme wave conditions to design for survivability,
knowledge of typical wave conditions is necessary to design a device which is efficient across the prevailing conditions. Also, variability of waves causes variability
in power production. Knowledge of power variability is of great interest to utility
companies as they manage power grids.
The coastline of Oregon has some of the highest wave energy in the continental
United States, making it a desirable location for pilot wave energy programs in the
United States. Wave power density, often reported in units of kilowatts per meter
of crest width, is a useful quantity for making order of magnitude power output
calculations for a particular device or array. The mean annual power incident along
[53](measured by buoys on the outer continental
the Oregon coastline is 36 kW
m
shelf), which is substantially higher than estimates for the east coast of the United
States showing less than half that power [18, 59].
While waves in Oregon are generally very energetic, they vary considerably by
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season and due to the effects of individual storms. For example, the mean wave
power over the whole year is 36 kW
, but this averages over the difference between
m
the summer (12 kW
) and the winter(64 kW
) [53]. In addition to variability in wave
m
m
power density, there is substantial variability in wave directions and periods. Some
long swell waves arrive from distant storms (from Alaska in the north, or from the
South Pacific), while some short period waves are generated by local storms.
The need for understanding wave conditions exists on two levels. On one level,
WEC developers must have knowledge of the range of typical and extreme operating conditions. On another level, utility companies have interest in forecasted
wave conditions and associated power conversion estimates.
Historical wave records are useful for determining typical and extreme wave
conditions. The statistics mentioned above [53] were based on observations by
buoys on the outer edge of the continental shelf. These buoys are a valuable
resource for understanding wave conditions along the Oregon coastline; however,
using statistics based on buoy observations on the outer shelf may not give an
accurate picture of the wave power available at potential WEC installation sites
on the inner continental shelf (within 5km of the coast). Wave transformation over
a continental shelf may be quite substantial, increasing alongshore variability in
wave conditions (e.g. [44]) and resulting in lower overall power near the shore due
to wave crest stretching during refraction.
In order to confidently know wave conditions on the inner shelf, measurements
must be made at these shallower depths. Numerical models are also powerful tools,
when used with inner shelf data for validation. This paper applies the SWAN model
(Simulating WAves Nearshore; [7]) to three domains along the Oregon coastline
where shallow water in situ wave data is available for validation (see figures 2.1
and 2.1). The purpose is to assess the skill of this state-of-the-art model for
application along the Oregon coast, to examine the extent of the transformation
of waves traveling across the shelf, and to understand which physical processes
contribute significantly to this transformation. Specifically, we examine the relative
importance of wind wave generation and bottom friction.
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Figure 2.1: The Oregon Coastline with the three domains of interest highlighted.
Depth contours are at 250m intervals.
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Figure 2.2: Bathymetry for each model domain: Astoria (left), Newport (center ),
and Reedsport (right). Contour lines are drawn at 25m intervals.

The structure of this paper is as follows: section 2 is a summary of data sources
with descriptions; section 3 is an overview of the SWAN model; section 4 contains
assumptions and details made when applying the model to the three domains
considered in this study; model results are presented in section 5 followed by
further discussion and conclusions in section 6.

2.2 Model
For this study, the SWAN model is applied. SWAN is a third generation spectral
wave model, based on the action balance equation
∂
∂
∂
∂
∂
Stot
N+
cx N +
cy N +
cσ N + cθ N =
.
∂t
∂x
∂y
∂σ
∂θ
σ

(2.1)

Here, N is the action density, related to the spectral energy density E by
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N (x, y; σ, θ) = E(x,y;σ,θ)
, where σ is a spectral component frequency and θ is a
σ
spectral component direction. The left side of the equation is concerned with the
propagation of action density, while the right side represents terms parameterizing
physical processes which act as sources or sinks of action density.
The action balance equation is also the basis for the WaveWatch III model [67],
the WAM model [39], the Mike 21 spectral models [47], and other third generation
wave models. The WaveWatch III and WAM models were developed primarily
for large stretches of open ocean (e.g. the whole Pacific Ocean). Emphasis was
on characterizing wind wave growth and nonlinear interactions which redistribute
that energy into a fully developed sea state. Recently, the WaveWatch III model
has added nearshore capability [15]. The Mike 21 modeling suite includes both an
ocean scale wave model and a nearshore wave model. Other nearshore modeling
methodologies include ray tracing models (e.g. STWAVE; [65]) and parabolic
equation models (e.g. Ref/Dif S; [14]).
The SWAN model has been implemented in many studies in different wave
climates, such as islands in the eastern Atlantic Ocean [62]; The southern coast of
Australia [41]; and the north coast of Spain [44]. SWAN has received considerable
attention in the wave energy community, because it has been well established by
use in many studies and because it is open source.

2.2.1 Special Physics: Stot
The right side of equation (2.1) contains the term Stot which represents other
physical processes affecting the action density. These processes include mechanisms which add energy (wind-wave generation), dissipate energy (bottom friction, whitecapping, and breaking), or redistribute energy (nonlinear wave-wave
interactions).

12

2.2.2 Source Term: Sin
The action density source term for wind wave generation takes the form
Sin,wind (σ, θ) = A + BE(σ, θ).

(2.2)

Within SWAN, there are three formulations concerned with prescribing a realistic characterization of B (Komen et al. [50], Janssen [45, 46], and Yan [72]).
These formulations stand alone, but may be used along with the linear growth
term A of Cavaleri and Malanotte-Rizzoli [13].
Within SWAN wind speeds are specified at 10m above the water surface (U10 ).
As Table 2.2 shows, the anemometers available for these model domains were not
at 10m. Consequently, either the U10 speeds must be estimated from the measured
speeds before applying SWAN, or the SWAN code must be modified to accept
wind speeds at other elevations. Both of these approaches were applied in this
study and their results compared.
The 1/7th rule, expressed as

U10 = Uz

10
z

 17
,

(2.3)

was applied to estimate the U10 wind speed. This approximation is not usually
considered valid outside of an 8-12m range [61]. However, this study applies this
approximation to 5m and 15m elevations and examines associated error.
The SWAN wind stress formulations are based on the friction velocity U ∗ .
For the Komen et al. and Yan formulations, U ∗ is calculated from U10 using the
empirical equation from Wu [71]. When using the Janssen formulation, U ∗ may be
computed from anemometers at any elevation. This was possible in SWAN after
a slight modification of the SWAN source code.
In this paper, the Janssen formulation is used. Using this formulation, the skill
of the 1/7th rule is compared to the skill when calculating U ∗ directly from U5
and U15 . After this comparison, the Komen et al. and Yan formulations (using
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the 1/7th rule) are also considered.

2.2.3 Sink Terms: Sds
There are three mechanisms included in SWAN to account for dissipative processes:
breaking, whitecapping, and bottom friction. For this study, the standard breaking
model [6] is used; also, the default whitecapping formulation [50] is used when wind
generation is considered (whitecapping is not considered in the absence of wind
generation).
The SWAN model includes three bottom friction characterizations: Hasselmann et al. [40] (JONSWAP), Collins [17], and Graber & Madsen [34]. Each of
these models may be expressed in the general form of
Sds,bottom = −Cb

σ2
E(σ, θ).
g 2 sinh2 kd

(2.4)

The models differ in their prescription of Cb . The JONSWAP formulation
2
assumes swell dominated conditions and prescribes a constant value Cb = 0.038 ms3
2
[40]. Later, Cb = 0.067 ms3 was suggested by Bouws & Komen [9] for high energy,
shallow water situations. The factor of two difference here shows the variability
in this parameter. The other models, Collins [17] and Graber & Madsen [34]
(described in [66] ) account for some of this variability by allowing Cb to vary
based on wave parameters and water depth.
This study will employ all four friction characterizations mentioned above:
2
2
JONSWAP (Cb = 0.038 ms3 ), Bouws & Komen (Cb = 0.067 ms3 ), Collins, and Graber
& Madsen. Default SWAN parameters were used for the Collins and Graber &
Madsen formulations.

2.2.4 Nonlinear Energy Transfer Terms: Snl
When wind wave generation is included, the quadruplet interactions are important
for transferring energy toward lower frequencies. Quadruplet interactions were
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Table 2.1: In situ (nearshore) data
Domain

Device

Astoria

NDBC
46243a
Newport
AWAC
(north)
AWAC
(south)
Reedsport AWAC
a

depth Time period
[m]
25
13
15
41

September, 2009
-current
July 23, 2005
-September 22,2005
June 15, 2005
-July 13, 2005
September 18, 2009
-December 2, 2009

Same as CDIP 162

included for those cases, calculated using the discrete interaction approximation
method. No triad interactions were included in this study.

2.3 Data and Measurements
2.3.1 In situ Wave Data
The most important factor in selecting the domains for this study was the availability of in situ wave data for model validation. Each of the three domains used
in this study is centered around a point or points where nearshore wave data is
available. Wave observations at shallow depths along the Oregon coast are not
common, especially during the fall and winter months. This is primarily because
instruments are damaged by large waves. Two of the data sets available for this
study were in fall and winter (see table 2.1), which provides an excellent opportunity to examine the skill of the SWAN model and the importance of various
physical processes in these highly energetic waves.
The northern domain is centered around a WaveRider buoy deployed in 25m
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Table 2.2: Data Sources
Domain

Input Spectra
Bathymetry
Grid Source

Tide Gages

NDBC
depth Location
Station ID [m]

Astoria
Tsunami DEM 46029
Newport
Tsunami DEM 46050
Reedsport U.S. Coastal
46229
Relief Model

135
123
187

Anemometers

NOAA
Location
Station ID

Tongue Point 9439040
Yaquina Bay 9435380
Port Orford
9431647

buoy 46029
buoy 46050
Lighthouse CARO3

Elevation [m]
(above site)
5
5
15

of water near the mouth of the Columbia River. This buoy is part of the Coastal
Data Information Program (CDIP) and is permanently deployed. This is a very
valuable resource, year round spectral wave data at 25m.
The southern two domains were centered around points where Acoustic Wave
And Current (AWAC) sensors were deployed. These are bottom mounted sensors
which use acoustic signals to track the water surface (to calculate variance) and
three-dimensional particle velocities (to calculate the directional spectrum). An
AWAC was deployed near Newport, OR in June 2005, and moved to a different
location after about a month (see [48]). These deployments were at depths of 15m
and 13m respectively. In the fall of 2009, an AWAC was deployed near Reedsport,
OR in 41m of water. This data set was also available for model comparison.

2.3.2 Bathymetry Data
The bathymetry data for these domains were retrieved from two different sources
within the National Geophysical Data Center (NGDC) databases. The Reedsport
bathymetry data was retrieved from the US Coastal Relief Model, and the Astoria
and Newport domains from the Tsunami Inundation Digital Elevation Models
(DEM).
The US Coastal Relief model is a large data set, containing bathymetry data
spanning the coastline of the continental United States. Higher resolution Tsunami
Inundation DEM data is available for certain portions of the Oregon coastline.
These DEMs provide a more accurate bathymetry characterization, because the
component data sets have been corrected to a common vertical datum. The de-
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sired domains for Newport and Astoria are covered by tsunami DEM grids; the
Reedsport domain bathymetry was defined by the U.S. Coastal Relief model.
The latitude/longitude coordinates of the NGDC grids were then converted
into Northings and Eastings and interpolated to a rectangular grid for use with
SWAN. The Astoria domain is 46km East-West and 70km North-South; the Newport domain is 40km East-West and 130km North-South; the Reedsport domain
is 32km East-West and 130km North-South.

2.3.3 Input Wave Spectra
The offshore boundary of each domain was placed such that it passes through the
location of a data buoy (see table 2.2). Directional wave spectra recorded by these
buoys are used for boundary conditions. These buoys are owned and operated by
the National Data Buoy Center (NDBC) or the Coastal Data Information Program
(CDIP). Under normal operating conditions, these buoys compute a directional
wave spectrum every 30 minutes (CDIP) or hour (NDBC). Buoys 46029 and 46229
were under normal operating conditions during the times when the associated in
situ data were gathered. Unfortunately, buoy 46050 was not recording directional
spectra during the desired time period. As a result, WaveWatch III hindcast
spectra [67] were used for that location. The WaveWatch III data contains spectra
every three hours, which is more sparse than the other data, but sufficient for a
useful in situ time series comparison.
The WaveWatch III hindcast spectra are expected to have an RMS error of
about 15 percent (of wave height) when compared to buoy data [67]. This was
confirmed at the location of 46050 over the summer 2005 with RMS errors in wave
height found to be 18 percent (buoy 46050 was still operational during this time
period, though not recording directional data). The use of WaveWatch III data
will be discussed in more detail in the discussion section.
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2.3.4 Tide Data
Tide levels within each domain were accounted for using data from nearby tide
gages (see table 2.2). An interesting issue arises with the Astoria and Newport domains; the tide gages are located inside estuaries, the mouth of the Columbia River
and in Yaquina Bay respectively. Thus, tide levels measured in these locations may
be slightly different than levels outside the estuary.
By comparing predicted tide levels from the program XTide [32] with the gage
measurements, it was found that there is no significant phase lag between the
ocean tide and the estuary tide. In spite of storm surges, currents, and other
estuary physics which would cause differences between XTide predictions and tide
gage measurements, predicted levels followed measurements very closely. The RMS
difference between the XTide predicted levels and the gage levels for the Newport
domain were 8cm during the time period of the study. Similarly, RMS differences
on the Astoria domain were 18cm during the time period studied (the mean tide
range is 2.1m). Thus, using the tide gage levels introduces minimal error in spite
of being located inside an estuary.

2.3.5 Wind Data
Wind data is available at only a few points along the Oregon coastline. For the Astoria and Newport domains, the offshore buoy was equipped with an anemometer
(see table 2.2). In the Reedsport domain, the Cape Arago lighthouse anemometer
was used. These provide mean wind speed and direction (averaged over a few
minutes).

2.4 Model Application
2.4.1 Computational Grid
The computational grid (table 2.3) contains two spatial dimensions with a directional spectrum defined at each grid point. An appropriate spatial resolution was
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Table 2.3: Computational Grid
Domain

Astoria
Newport
Reedsport

Domain Size mesh size number of meshes θ resolution frequency (No Wind) frequency (Wind)
x, y
∆x, ∆y
mx,my
∆θ
flow , fmax , nfreq
flow , fmax , nfreq
[km]
[m]
[◦ ]
[Hz]
[Hz]
46, 70
41, 128
32, 130

200, 200
200, 200
200, 200

230, 350
205, 642
160, 650

4
4
4

0.020, 0.485, 30
0.041, 0.406, 30
0.025, 0.580, 30

0.020, 0.75, 35
0.041, 0.75, 35
0.025, 0.75, 35

determined by examining convergence across a range of grid resolutions. Spectral
resolution was determined by the same approach.
For the spatial resolution, convergence did not improve significantly for meshes
finer than 200m x 200m. This was found to be an appropriate mesh size for swell
and sea wave conditions on all three domains. A directional resolution of 4◦ was
used for all three domains. Wave action over 360◦ is considered.
The frequency space is described by upper and lower bounds and a number
of bins within that range. For a situation with no wind-wave generation, the
upper and lower bounds may be set by the upper and lower bounds of the input
spectrum. When wind-wave generation is included, fmax should be higher as wind
energy enters at high frequencies and is transfered to lower frequencies through
nonlinear processes. It was found that fmax = 0.75Hz is sufficient for wind wave
generation.
For both cases, a reasonable number of frequency bins must be chosen. Model
results are not very sensitive to the number of frequency bins. Consequently,
conservative values were chosen, nf req = 30 for no wind and nf req = 35 for wind.
More bins are used for wind generation, because fmax is greater (see table 2.3).
Bottom friction has a negligible effect on the convergence of the high end tail,
because 1-2s waves have little effect on the particle velocities at the bottom. When
bottom friction is considered, fmax is same as the case no wind or bottom friction.
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2.4.2 Spectral Boundary Conditions
The northern, western, and southern boundaries of each domain are forced with
spectral wave conditions. Wave spectra measured by the offshore buoy are applied
as a uniform western boundary condition. The northern and southern boundary conditions are defined with the same spectra refracted along the edges of the
domain assuming straight and parallel contours.
Assuming the measured spectrum as a uniform offshore boundary is a necessary
assumption, considering the limitation of available data. The offshore boundaries
of each domain contain substantial bathymetric variability, and each domain has
an average depth along the offshore boundary of between 100m and 150m. At these
depths, typical swell waves (12s) have begun to refract over the uneven bathymetry,
increasing along-shore variability in wave conditions. While approaching the coast,
assuming along-shore uniform conditions becomes progressively less valid. This
study assumes that minimal wave transformation occurs offshore of the boundary;
thus, a uniform boundary condition is reasonable.

2.4.3 Special Considerations for Buoy Spectra
The directional spectrum is calculated from accelerometer measurements, using
Fourier coefficients to approximate the directional energy distribution [22, 55]. It
is expressed in the form
E(f, θ) = C11 (f )D(f, θ),

(2.5)

where C11 contains the energy in each frequency and



1 1
+ r1 (f )cos[θ − θ1 (f )] + r2 (f )cos[2(θ − θ2 (f ))] .
D(f, θ) =
π 2

(2.6)

In this description, the coefficients C11 , r1 , r2 , θ1 , and θ2 are frequency dependent
and may be related to the Fourier coefficients used by Longuet-Higgins [55].
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Figure 2.3: Input wave conditions for the Astoria domain: significant wave height
(top), mean wave direction (middle), and peak period (bottom).
Although these coefficients provide the best fit for the directional distribution,
they prescribe portions of the spectrum to be negative. These negative spectral
values are an artifact of the Fourier fitting and are not physical. They must be
dealt with before the spectra are suitable for use in a model such as SWAN. The
approach of this paper has been to set negative spectral values to zero and rescale
the spectra so that energy is conserved in each frequency.
Another artifact of the Fourier approximation is secondary, non-physical lobes
on the directional spectrum. This paper assumes that energy falling farther from
the spectral peak than a zero crossing is not physical and will be set to zero along
with negative spectral components.

2.5 Results
The SWAN model was applied to each domain during a time period where in situ
data was available. The offshore data for these time series are shown in figures
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Figure 2.4: Input wave conditions for the Newport domain: significant wave height
(top), mean wave direction (middle), and peak period (bottom). The break in the
data corresponds to the time between AWAC deployments. While offshore data
is available for this period, only data corresponding to in situ measurements is
shown.
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Figure 2.5: Input wave conditions for the Reedsport domain: significant wave
height (top), mean wave direction (middle), and peak period (bottom).
2.3-2.5.
Because the in situ data for the Astoria domain was gathered by a long term
buoy deployment, there was some freedom in choosing a time period for this study.
The months of February and March 2010 were chosen (figure 2.3). During this time,
there were five storms where significant wave heights exceeded 5m, and the time
averaged significant wave height was 3.4m. The time averaged mean wave direction
corresponded to waves incident from 15◦ south of west; however, directions varied
substantially, with a standard deviation of 30◦ . Wave periods were generally longer
during this time period than for the time period of the Newport and Reedsport
applications. The time averaged peak period was 12.5s, compared to 11.5s for the
Reedsport time series and 9.5s on both of the Newport time series.
On the Newport domain, SWAN was applied for two time series (figure 2.4),
corresponding to the available in situ data (see table 2.1). Both of these time
periods were in the summer; consequently, overall wave heights are lower. During
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both time periods, the time averaged significant wave height was about 1.5m. The
time averaged mean wave directions were incident from 19◦ north of west and 7◦
south of west for the north and south AWAC installations, respectively (both have
standard deviations of about 20◦ ). Though the wave heights during these two time
periods were similar, the prevailing (or time averaged) wave direction was different
by 25◦ .
On the Reedsport domain, the months of October and November 2009 were
chosen (figure 2.5). This time period uses most of the available in situ data collected by the AWAC deployment near Reedsport. During this time period, the
time averaged significant wave height was 2.9m, and there were four storms containing waves in excess of 5m significant wave height. The time averaged mean
wave direction shows that on average, waves were incident from 10◦ south of west.
The mean wave direction has a standard deviation of 30◦ , showing substantial
variability in wave direction over this two month time period.

2.5.1 Model Skill for Wave Height
A summary of model results for wave height predictions is given in Table 2.2. For
each time series comparison, ten lines of statistics are provided. The first line
demonstrates error statistics assuming no model is used and using the outer-shelf
buoy measurements to predict inner-shelf wave heights. This may be thought of
as a sort of baseline error. The other nine lines contain statistics based on model
results. One formulation has no sources or sink terms included (Only the lefthand side of equation 2.1. Depth-induced wave breaking is also included, though
not effective at the depths of in situ data collection). Four wind-wave generation
characterizations and four bottom friction characterizations are also considered.
The purpose of applying this model is to estimate the in situ data better than
the unchanged outer-shelf buoy data estimates the in situ data. This is done by
properly accounting for the physical processes which effect waves traveling across
the continental shelf. The effectiveness of the model may be seen based on how
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Table 2.4: Error Statistics for All Three Domains: Wave Heights
Domain

Astoria

Newport (South)

Newport (North)

Reedsport

1
2

Description

Mean error
[cm]

RMS error
[cm]

RMS error
[%]

Mskill

Buoy 46029

61.0

76.1

27.7

-

No Sources or Sinks

-3.56

32.0

11.1

0.60

1.30
2.74
13.4
1.97

33.4
33.4
37.6
32.5

12.8
13.1
16.5
11.9

0.54
0.53
0.40
0.57

-6.61
-8.89
-7.62
-13.64

32.3
32.7
32.4
34.4

11.0
11.1
10.9
11.2

0.60
0.60
0.61
0.59

Buoy 460502

31.5

39.3

31.8

-

No Sources or Sinks

1.41

26.4

16.8

0.47

Wind:

Janssen
Janssen1
Komen et al.1
Yan1

12.2
13.0
18.3
11.1

27.8
29.3
31.6
25.9

22.1
22.6
26.4
20.3

0.30
0.29
0.17
0.36

Friction:

JONSWAP
Bouws & Komen
Collins
Graber & Madsen

0.35
-0.44
0.78
-1.60

26.4
26.5
26.5
26.8

16.5
16.2
16.6
16.0

0.48
0.49
0.48
0.50

Buoy 460502

17.1

25.0

19.6

-

No Sources or Sinks

-5.73

17.9

11.3

0.42

Wind:

Janssen
Janssen1
Komen et al.1
Yan1

-1.91
-1.17
3.30
-2.19

18.6
18.5
20.0
17.8

12.2
12.3
14.5
11.5

0.38
0.37
0.26
0.41

Friction:

JONSWAP
Bouws & Komen
Collins
Graber & Madsen

-6.71
-7.45
-6.40
-8.64

18.3
18.7
18.2
19.3

11.5
11.6
11.4
11.9

0.41
0.41
0.42
0.39

Buoy 46229

32.8

57.0

18.5

-

No Sources or Sinks

-17.8

32.4

11.0

0.40

Wind:

Janssen
Janssen1
Komen et al.1
Yan1

-16.8
-17.2
-12.2
-16.6

32.6
32.7
30.8
32.3

13.2
13.1
13.2
12.7

0.29
0.29
0.29
0.32

Friction:

JONSWAP
Bouws & Komen
Collins
Graber & Madsen

-18.6
-19.2
-18.4
-19.9

32.9
33.4
32.8
33.9

11.2
11.3
11.1
11.4

0.40
0.39
0.40
0.39

Wind:

Janssen
Janssen1
Komen et al.1
Yan1

Friction:

JONSWAP
Bouws & Komen
Collins
Graber & Madsen

Wind speeds corrected using 1/7th rule approximation.
WaveWatch III data used in the absence of buoy measurements
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much it improves predictions compared to a baseline estimate made by the outershelf conditions. If the model provides an estimate of in situ data better than the
estimate by the outer-shelf data, the model is said to have some skill. In order to
quantify the model skill, this study employs a skill score (similar to [33]) defined
as

Mskill



RMS model results - in situ data
in situ data

 .
=1−
input data - in situ data
RMS
in situ data

(2.7)

This scoring method assigns the model a skill score between −∞ and 1. Skill
scores closer to 1 show that the model improves upon the baseline estimate. In this
case, the error of the model results is much smaller than the baseline error of using
the outer-shelf conditions as the prediction of in situ conditions. Skill scores near
zero show that model results are no better than using the outer-shelf conditions,
and negative skill scores show that model results are worse than using outer-shelf
conditions.
Along with the skill scores for each model configuration, three other statistical
quantities are presented; mean error, RMS dimensional error, and RMS percent
error. The mean error shows biases in results which persist throughout a time
series. The RMS errors are included to show variability in the error along each
time series. Even when mean errors are small, RMS errors may be substantial (e.g.
the case of no sources or sinks at the southern Newport AWAC has mean error of
1.41cm but an RMS error of 26.4cm (16.8%).
In all of the cases considered, SWAN model results lead to improved predictions over using the outer-shelf data for predicting nearshore data. For all four
comparisons, the mean error using baseline outer-shelf conditions was positive and
from 10-20 percent of the mean wave height during the time period. This shows
a trend that is expected; in general, wave heights nearshore are lower than those
offshore, primarily because of refraction. The model includes this refraction; this is
demonstrated because all the model results have smaller mean errors. RMS errors
of model results are also smaller.
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The skill score may be used when comparing different model configurations
on the same domain, but care should be taken when comparing skill scores across
domains. For cases where very little wave transformation occurs across the domain,
the denominator in the RMS ratio of equation 2.7 will be smaller, making the skill
score more sensitive to model error (e.g. the Newport domain). Conversely, in
cases where there is very large transformation across the domain, the denominator
in equation 2.7 will be large and the skill score will be less sensitive to small changes
in the model (e.g. the Astoria domain). The model results from the Reedsport
and Astoria domains have similar RMS errors, but substantially different skill
scores. This is because more transformation occurred across the Astoria domain
(the baseline error in Astoria was 27.7% as opposed to 18.5% in Reedsport).

2.5.2 Wind and Bottom Friction
One of the purposes of this study was to assess the importance of including bottom friction and wind wave generation in a wave transformation model over the
continental shelf in Oregon. With the skill scores presented, we are now in a place
to speak to these questions.
Very little variation in Mskill was observed between the implementation of different bottom friction formulations. In five cases the model slightly improved over
the basic model (no sources or sinks) as a result of including bottom friction; in
five cases it was not noticeably changed; in six cases the skill decreased slightly.
In all these cases, variations were small. Because the effects of bottom friction are
small, and it does not consistently improve the model, it is concluded that it is not
necessary to include bottom friction in a wave transformation model of the Oregon
continental shelf.
Using the Janssen formulation [45, 46], the 1/7th rule approximation for correcting wind speeds is tested. It was found that error caused by this approximation
increased with wind speed; however, errors remained small. Even with wind speeds
of 20m/s, the RMS error was less than 2 percent. RMS percent error is calculated
assuming that the wave height using hard coded Janssen method is accurate, and
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comparing wave heights calculated using the Janssen method with the 1/7th rule
approximation. Even though errors associated with this approximation are small,
this is an unnecessary source of error and should be eliminated. This could be
done through similar modification of the SWAN code as in this study or through
an alternate method of correcting wind speeds such as the Automated Coastal
Engineering System (ACES).
When wind wave generation was included, substantial variation in Mskill was
observed. In all cases, wind wave generation decreased the skill of the model, and
in some cases quite substantially (e.g. the Komen formulation on the Newport
domain). The Komen formulation consistently reported the worst skill for each
domain. Other formulations produced less error but still remained significantly
less skillful than the cases without wind or friction in their respective domains.
From this, we conclude that wind wave generation should not be included in this
model, not necessarily because wind is insignificant, but because the methods here
did not characterize it effectively for these domains.
It is likely that the increase in error with the inclusion of wind wave generation is a result of running SWAN in stationary mode. In stationary mode, SWAN
assumes that wind waves are fetch limited; that is, the wind has been blowing at
the prescribed direction and speed for an indefinite period of time and has reached
a steady state. This is not realistic, because the domains are O(50)km in size,
which would take short period waves hours to cross (e.g. it would take a 4 second
wave over 4 hours to cross a 40km domain). In storm conditions when wind speeds
are strong and vary substantially on hourly timescales, this steady state approach
to wind wave generation has the potential to introduce substantial error. Consequently, if wind wave generation is significant in these domains, other modeling
methodologies are necessary to characterize it effectively. However, accurate predictions of wind suggest that wind wave generation is relatively unimportant for
domains of this size under realistic conditions. Because waves in this region are
dominated by large swell, regional waves do not make up a significant portion of
the total wave energy under normal conditions.
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Figure 2.6: Significant wave height for example cases on each domain. Astoria
domain (left) with a very long period swell (19s) from the north; Newport domain
(center ) with swell (15s) from northwest; and Reedsport domain (right) with a
9 second waves sharply from the south. Bathymetry contours are drawn at 25m
intervals. Arrows show mean wave direction.

2.5.3 Wave Height Across the Domain
The purpose of validating a model with data is to gain confidence in the model, so
the model may be used in cases where no data is available or for examining areas
where it would be prohibitively expensive to gather field data. This study has been
focused on comparing model results to in situ data at single points. Because the
results at these points are reasonable, it is appropriate to look beyond these points
into the rest of the domains and examine the effects of bathymetry and coastal
features.
The Astoria domain contains two very prominent bathymetry features which
effect waves in this domain. The shoals immediately outside the mouth of the
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Figure 2.7: Time averaged significant wave height for the Astoria domain.
Columbia River cause focusing of incident waves. This is evident in cases with
waves coming from all directions, but is especially prominent with longer period
waves (e.g. see figure 2.6 (left)). Another way of seeing this effect is by averaging
the wave height at each point in the domain over the two month time series. This
shows the trends which dominate over all directions and periods (see figure 2.7).
The other major feature is the Astoria Canyon, affecting only very long period
waves. The top of the canyon is about 125m below the water surface, leaving
spectral components with periods less than 12s unaffected; however, for long period
waves this causes a defocusing of waves and forms a shadow area with lower wave
heights on the shore side of the canyon (also seen in figure 2.6 (left)).
In the Newport domain, the Stonewall Bank system is located in the center
of the domain, protruding up to a depth of 30m. This causes focusing of waves
behind the banks and slightly calmer areas to each side (see figure 2.6 (center )).
For the case shown, wave height variations are on the order of 20cm immediately
behind the banks but smooth out to around 10cm halfway between the banks and
the shore. These effects are for a long period wave, effects are significantly reduced
for shorter period waves (e.g., August 16, 2005 9h00 there was a peak period of

30
8s, and maximum variation behind the banks was 1cm). This feature is one more
contributor to alongshore variability in wave conditions.
Aside from the banks, there are smaller scale variations in the bathymetry near
the coastline which produce significant deviations in wave height at shallow depths.
At the 25 depth contour, these variations may be on the order of 10 percent of the
offshore wave height (for the case shown in figure 2.6). For shorter periods, these
effects are much less significant.
The southern part of the Reedsport domain is just north of Cape Blanco (see
figure 2.1). There is a shadow effect north of the cape when waves are incident
from the south (e.g. figure 2.6 (right)). Waves traveling north past the cape refract
sharply. Wave height decreases as wave crests stretch during refraction. For very
sharp incident wave angles, this effect can cause a 10 percent reduction in wave
height as far north as Reedsport (50km north of Cape Arago, the point shown at
4800km North).

2.5.4 Wave Height Along Depth Contours
Spatial variation of wave heights may also be seen along depth contours. As waves
enter shallower water, alongshore variability in bathymetry increases the alongshore variability in wave conditions. To show this, wave heights were plotted along
several depth contours on each domain (see figure 2.8). These are time averaged
wave heights (over the respective time series), normalized by the offshore wave
height before averaging. As may be expected, wave heights decrease at shallower
depths, because of refraction. Also, some prominent coastal features cause significant variation in wave height; the shoals near the mouth of the Columbia River
(5120km North in figure 2.8 (top)) and Cape Arago (4800km North in figure 2.8
(bottom)) are two examples. These features cause alongshore variability on length
scales of 10s of kilometers.
It is also apparent from figure 2.8 that along the 20m depth contour there is
visible variability on shorter length scales O(1km). These variations in alongshore
wave height are 1-5% of the offshore wave height. It is likely that these variations
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Figure 2.8: Significant wave height along constant depth contours: Astoria domain
(top), Newport domain (middle), and Reedsport domain (bottom).
are caused by local undulations in the bathymetry. At deeper contours, much less
variability is seen at 1km length scales.

2.5.5 Using WaveWatch III for Astoria and Reedsport
So far in this study, WaveWatch III data has been used to initialize the Newport
domain, while measured buoy data was used for the Astoria and Reedsport domains. Because WaveWatch III hindcast data is also available for the Astoria and
Reedsport offshore buoys (46029 and 46229 respectively), it is possible to carry
out simulations on these domains using WaveWatch III data as well. This allows
for a direct comparison between simulations using WaveWatch III data and buoy
data. The same nine model configurations were considered using WaveWatch III
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data on the Astoria and Reedsport domains (see table 2.5).
As could be expected, similar trends were observed with respect to Wind and
Friction contributions, except that friction significantly improved the model skill on
the Astoria domain. This seems to be caused by the substantial positive bias of the
error (about 30cm). Any mechanism dissipating energy would improve this skill.
This bias is partially explained by a bias in the WaveWatch III data for this time
period. During this time period, the WaveWatch III wave heights were on average
10cm heigher than the 46029 wave heights. Though not sufficient alone to explain
the 30cm bias in the WaveWatch III model results, this certainly contributes.
Errors in wave direction may also contribute to this bias. During this time
period, the average mean wave direction of the buoy data was incident from 14◦
south of west, while the WaveWatch III data was incident 12◦ further south of
west (26◦ ). This difference in wave direction causes waves to approach buoy 46243
more directly, because the gradient of the bathymetry points significantly south of
west approaching 46243 (see figure 2.1, gradient points approximately 45◦ south
of west).
Errors in WaveWatch III data appear to be significant and affect the predictive
skill of the model significantly on the Astoria domain, decreasing the overall model
skill from 0.6 to 0.37. These numbers reflect a doubling in the RMS error with in
situ data comparison. For the Reedsport domain, it appears that using WaveWatch
III data had a much smaller effect, with the model skill only dropping from 0.40
to 0.38. During this time period, the mean wave height of the WaveWatch III
data was 27cm higher than the mean wave height measured at 46229 (3.13m for
WaveWatch III vs 2.86m measure by buoy 46229). This explains the change in the
bias of the model error from -18cm using buoy data to +12cm using WaveWatch
III data.
The average mean wave direction which WaveWatch III prescribed for this time
period was incident from 7◦ north of west (compared to 7◦ south of west measured
at 46229). Similar to the Astoria domain, the bathymetry gradient in the area
of the in situ measurements is at an angle; however, it would be expected that
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Table 2.5: Error Statistics Using WaveWatch III Data: Wave Heights
Domain

Astoria

Reedsport

1

Description

Mean error
[cm]

RMS error
[cm]

RMS error
[%]

Mskill

WaveWatch III for buoy 46029

71.1

90.4

33.1

-

No Sources or Sinks

29.6

62.1

20.8

0.37

Wind:

Janssen
Janssen1
Komen et al.1
Yan1

33.3
37.6
48.2
37.0

60.3
62.3
69.4
92.2

22.1
23.7
27.5
22.6

0.33
0.29
0.17
0.32

Friction:

JONSWAP
Bouws & Komen
Collins
Graber & Madsen

26.2
23.6
24.6
18.0

59.6
57.8
57.6
53.8

19.8
18.2
18.5
17.9

0.40
0.42
0.41
0.46

WaveWatch III for buoy 46229

58.3

76.7

29.6

-

No Sources or Sinks

12.0

45.1

18.5

0.38

Wind:

Janssen
Janssen1
Komen et al.1
Yan1

13.2
12.0
17.7
13.7

43.3
42.8
45.3
43.8

20.8
20.1
21.5
19.8

0.30
0.32
0.28
0.33

Friction:

JONSWAP
Bouws & Komen
Collins
Graber & Madsen

11.2
10.6
11.3
9.8

44.7
44.4
44.6
43.9

18.3
18.2
18.4
18.1

0.38
0.39
0.38
0.39

Wind speeds corrected using 1/7th rule approximation.

this effect is less pronounced on the Reedsport domain. In the Reedsport domain,
the contours run roughly north-south until very near the AWAC where they turn
to face about 20◦ north. Thus, the WaveWatch III data would prescribe that on
average, waves are slightly more direct when approaching the AWAC. This could
also contribute to the positive bias.
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2.6 Conclusions
Wave heights were predicted at four locations along the Oregon coast with RMS
percent error ranging from 11% to 17%. These predictions are an improvement over
baseline predictions made using offshore buoy data. RMS percent errors associated
with model results were 40% - 60% less than the errors using offshore data. The
model seems to work best and most consistently when used only as a refraction,
shoaling, and breaking model. The addition of the physical processes wind and
bottom friction did not consistently improve the model. In every case, the inclusion
of wind wave generation decreased the skill of the model, while bottom friction was
did not consistently improve or degrade the model skill. Using the 1/7th rule to
correct wind speeds introduced RMS errors of less than 2%, even for wind speeds
of 20m/s.
Spatial variability of wave heights was considered. Alongshore variations in
wave height of up to 5% of the offshore wave height were observed at a 1km length
scale along the 20m depth contour. It was also observed that waves decrease in
wave height as they approach the shore. This effect is described with refraction;
it is not necessary to include bottom friction in this wave transformation model in
order to describe this effect.
From comparing concurrent runs with WaveWatch III data and buoy data, it
was shown that WaveWatch III introduces a significant amount of error; however,
this error does not yield this model un-useful. The model predictions still have
40% less RMS error than the model input.
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Chapter 3 – Power Calculations for a Passively Tuned Point
Absorber Wave Energy Converter on the Oregon Coast
3.1 Introduction
The highly variable nature of wave climates makes designing an efficient Wave Energy Converter (WEC) difficult. Like other mechanical systems, when the input
conditions change (i.e the wave forces), the response of the system also changes.
In order to design a WEC which has a desirable power output, its response must
be controlled (tuned). This involves changing the characteristics of the mechanical system. Because WEC geometry and mass are generally considered constant
after deployment, tuning methods focus on either controlling the Power Take Off
(PTO) system or applying motion constraints (e.g. latching control). The PTO
system contributes a force to the mechanical system which may be used to tune the
response, while motion constraints force the phase of the response into a resonancelike mode.
Controlling the PTO system may take place on different time scales. This introduces a distinction which is often made between two types of tuning, active
and passive. Active tuning takes place wave-by-wave; methods are employed to
optimize WEC response for individual waves, or wave groups. Because the excitation force depends on the wave conditions, future wave conditions must be known
in order to determine the optimum system response and tune accordingly. A few
methods have been proposed for this, including, using nearby measurements to estimate waves at the WEC location [35] and using recent WEC motions to estimate
the most likely future waves [73]. With active tuning, the device may be controlled
through varying the PTO system, or through motion constrains. This is currently
an area of active research (e.g. [4, 5, 21, 37, 38, 51, 73]).
Passive tuning removes the need for measuring or estimating future wave con-
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ditions by considering time averaged conditions. The PTO system is set to a single
setting for a sea state. This results in lower efficiency than a well applied active
tuning system [73], but also allows for a much simpler device. A simple device is
desirable during the development stages of wave energy technology.
Both active and passing tuning require knowledge of wave conditions at some
level. Basin scale wave models (e.g. WaveWatch III [67]) allow for estimates of
spectral wave conditions along the outer edge of a continental shelf. Other spectral
models are designed to characterize transformation of waves over the continental
shelf (e.g. SWAN [7]). Because of the skill of these models, it is reasonable to
expect that spectral wave forecasts may be made for locations where WECs are
deployed. With a wave spectrum predicted, the device may be tuned accordingly
(for passive tuning), and the power output may be forecasted as well.
From knowledge of a wave spectrum, different approaches have been taken to
determine the optimal PTO setting for passive tuning. The PTO system is often
characterized as a linear damper [30]. In a recent study [73], it was proposed to
tune the damping value using a bulk frequency parameter for the incident wave
spectrum, either the peak frequency, the energy frequency, or the mean frequency.
In another study [21], calculations are performed for a range of linear damping
values and the damping corresponding to the highest power output is selected.
As long as physical device limitations do not interfere substantially with power
production (e.g. [23] and [38]), passive tuning allows for power calculations to be
performed in the frequency domain (e.g. [21, 57]).
This paper references recent work by Brekken and Özkan-Haller [10] which presented a method for generating time series of WEC array power output. That study
made the following simplifying assumptions in order to demonstrate a method:
WEC motion was equated with the water surface, a constant PTO damping level
was chosen, and no interaction was considered between WECs. This present study
addresses these three assumptions. Rather than assuming that the WEC follows
the water surface, WEC response is calculated from the incident wave spectrum
using hydrodynamic coefficients calculated with WAMIT [52], and rather than
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choosing a constant PTO damping level, calculations are performed for a range of
PTO damping levels to determine the optimal PTO damping (similar to [21]). Finally, array interaction is discussed, along with the limitations of applying WAMIT
to study coupling effects.
This current study demonstrates its approach to calculating WEC response
and optimal PTO levels by applying one year of spectral wave data to an idealize
point-absorber WEC. Optimal damping values are calculated for each spectrum
along with associated mean power estimates. The annual power production is
estimated when tuning takes place on varying time scales (tuned hourly, daily,
weekly, monthly, or fixed for the whole year).
This paper contains the following sections: the theoretical basis and limitations
of WAMIT; calculation of power and optimal damping values; example results of
this method; and some conclusions.

3.2 Model
The WAMIT model is based on linear potential theory, solved in the frequency
domain using a boundary element method. Sources are distributed over all submerged surfaces to represent the geometry. The no flow condition is satisfied by
setting the normal component of the external fluid velocity equal to the normal
component of the source velocity at each point on the surface. After solving for
source strengths, pressure may be integrated over submerged surfaces to calculate
body forces.
With linear potential theory, the potential everywhere may be expressed by
Φ = Φ 0 + ΦD + ΦR

(3.1)

where, Φ0 is the incident wave potential, ΦD diffracted wave potential, and ΦR is
the radiation potential. Each of these satisfy the Laplace equation ∇2 Φ inside the
fluid domain.
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The motion of an object is governed by the equation
Fe = (M + A) ẍ + (C + B) ẋ + (Km + Khs ) x

(3.2)

where Fe is the excitation force, M is the inertial matrix, A is the added mass, C
is external damping (e.g. PTO), B is radiation damping, Km is stiffness associated
with mooring lines, Khs is the hydrostatic stiffness matrix, and x is the device
response. By using this equation, we assume that the PTO system acts as a linear
damper. This assumption greatly simplifies the solutions by keeping it in the form
of a traditional mass-damper-spring equation and has been made previously [30].
In order to solve this equation for x, Fe , A, and B must be known. These require
the solution for all the components of the velocity potential (equation (3.1)). The
incident wave Φ0 is a single sinusoidal plane wave component. The diffracted wave
potential ΦD and the radiated wave potential ΦR are found for specific boundary
conditions. The classic approach to this problem is to treat these two problems
separately.

3.2.1 Diffraction and Radiation Problems
The diffraction potential ΦD is computed by holding the object rigid in the incident
wave field Φ0 and fulfilling the no flow boundary condition in its surface. This is
a reasonable approximation if the motion of the object is small compared to the
wavelength of the incident wave. From these two potential functions (Φ0 and ΦD ),
the pressure on the surface of the object may then be calculated. This is the
normalized excitation force fˆe . The dimensional excitation force F̂e is found by
scaling fˆe by the incident wave component amplitude.
The radiation problem considers an object in calm water (no incident wave) and
characterizes the waves created when the object moves in each of the six degrees of
freedom. Each mode of motion is considered separately. The boundary condition
on the surface of the object is also the no flow condition, enforced by setting the
normal velocity of the fluid equal to the normal velocity of the object at each point
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on the object’s surface. The added mass and radiation damping matrices (A and
B from equation (3.2)) are calculated from the radiation potential functions [30].

3.2.2 Water Surface Profile
Once the device dynamics have been calculated, the surrounding fluid motion is
also prescribed. Using the total velocity potential Φ, the pressure may be calculated at any point in the fluid domain using the first order pressure approximation.
Because the dynamic free surface condition requires that the pressure at the free
surface be equal to the atmospheric pressure, the free surface elevation may be
calculated from this pressure. Thus, at any field point surrounding a WEC, the
free surface motion may be calculated.

3.2.3 Limitations to Applying WAMIT to WECs
One of the advantages of the boundary value problem solved by WAMIT is that it
expands naturally to systems with multiple bodies [52]. Recent studies [3,19] have
applied this method for looking at interactions between WECs in arrays. However, within recent literature, there seems to be no discussion about one particular
limitation which WAMIT possesses that effects array characterization, which will
now be discussed.
Wave energy conversion is intimately concerned with the transfer of energy
across the boundary between the ocean and a WEC. Energy from the incident wave
is transferred from the fluid to the device to set a device into motion (excitation
energy). Then, the motion of the device transfers some of that energy back to the
fluid in the form of radiated waves (radiated energy). The difference between the
excitation energy and the radiated energy is the power extracted by the device (or
lost to friction and viscosity).
Within WAMIT, energy in the fluid domain is conserved in the diffraction
problem, because the WEC is treated as rigid. However, the excitation force
calculated for the rigid WEC is then applied to the mechanical system (equation

40
(3.2)), transferring energy to the device, even though this energy was never removed
from the fluid domain. Because no energy is removed from the fluid domain, there
is an energy imbalance in the fluid domain equal to the excitation energy.
When the WEC is set in motion (the radiation problem), it causes waves to
propagate away. Thus, energy is transferred from the WEC to the fluid domain.
The velocities of the radiated waves are superimposed on the velocity field of the
diffraction problem. This may result in either constructive or destructive interference, increasing or decreasing energy in the surrounding fluid. The phase of the
motion (determined by the mechanical system) determines whether fluid velocities
act in a constructive or destructive manner, and consequently whether energy is
extracted or added to the fluid domain. Thus, in some cases, WAMIT may model
a WEC which contributes energy to the fluid rather than extracting energy out of
the fluid.
Because of this energy imbalance in the fluid domain, results of array interaction
within WAMIT should be viewed with a healthy skepticism. This energy imbalance
also effects calculation of water surface profiles. Thus, WAMIT should not be used
to calculate wave effects in the lee of WECs. Hence, these results will not be
helpful for examining shoreline effects of WECs.

3.3 Methods
In order to calculate power converted by a WEC responding to spectral incident
wave conditions, the following steps are taken: the incident wave spectrum is
transformed from a rectangular spectrum to an alternate spectral representation;
Hydrodynamic parameters (A, B, and fˆe ) for the alternate spectral representation
are interpolated from WAMIT results; the response of the WEC is found from
equation (3.2) for each spectral component, for a desired PTO damping level;
mean power is calculated for each spectral component.
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Figure 3.1: Example wave spectra. Rectangular (left), Scatter (right). Directions
are measured with positive counterclockwise and zero pointing East.

3.3.1 Representation of the Frequency Spectrum
The spectral method employed here characterizes a wave spectrum with a large
number of frequencies, each having only one associated direction. Frequencies are
chosen from a distribution weighted by the directionally integrated frequency spectrum, and directions are chosen for each frquency component out of distributions
weighted by the directional spectrum associated with that frequency. This method
provides the proper framework for generating realistic time series for array power
output by eliminating the spatial beating pattern of phase locked spectral components. In this study, this method is termed the scatter method, and produces a
scatter spectrum (see figure 3.1). Similar methods have been used in other studies
(e.g. [10, 69]).
The quantities computed by WAMIT (A, B, and fˆe ) are smooth functions of
frequency and direction. Therefore, once a grid of frequencies and directions has
been processed in WAMIT, the results are interpolated to find quantities associated
with the direction-frequency pairs of the scatter spectrum. For WECs located
away from the spatial origin, the phase of each incident wave component at that
location must be subtracted before interpolation. After interpolation, the incident
wave phases are added back in so all phases are referenced from the same location
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(necessary for including any coherence in the motion between WECs in an array).
The normalized excitation force fˆe is computed with WAMIT (the ˆ denotes
a complex amplitude, including phase information). The dimensional excitation
force F̂e in equation (3.2) is calculated from fˆe for each spectral component by
scaling relative to the associated incident wave component amplitude ai .
F̂e = fˆe ai .

(3.3)

3.3.2 Power Calculation
Using interpolated hydrodynamic properties, the WEC response is calculated for
each spectral component using equation (3.2). This equation includes CP T O , defining a response, x̂, for a particular PTO setting. The response of each spectral component is computed independantly. Likewise, mean power absorbed by the PTO
system is computed independently for each spectral component (all the cross terms
average to zero when velocity is convolved with itself, because each frequency is
independent). For the ith frequency component, the mean power is given by
1
P̄i = CP T O |x̂˙ i |2 .
2

(3.4)

Here, CP T O is the power take off damping value. |x̂˙ i | is the amplitude of the
velocity of the device caused by the energy in the ith spectral component.

3.3.3 Optimal Damping Coefficient: Cmax
This method for calculating power can be applied for any value of CP T O . Because
this solution methodology is not computationally intensive, mean power may be
calculated for a range of CP T O values (see figure 3.2). The damping value producing
the highest mean power is chosen as the optimal damping coefficient, Cmax . A
similar method has been employed in a previous study [21]. This method produces
a unique optimal damping value for each incident wave spectrum. If spectral
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Figure 3.2: Mean power calculated using hydrodynamic response for varying CP T O .
forecasts are made for a WEC array, this method provides a means for determining
the optimal damping coefficient for each spectrum and the associated expected
power output.

3.4 Results
To demonstrate this method, one year of hourly wave spectra (see figure 3.3)
were applied to an example WEC geometry. These spectra were constructed from
Fourier coefficients recorded by National Data Buoy Center buoy 46050 during
the year 2010. This buoy is located about 30km off the coast of central Oregon
in 123m of water. Significant wave height (Hsig ) and peak period (Tpeak ) for this
spectral record are shown in figure 3.3.
The example WEC geometry is for a wave follower type WEC. That is, a geometry that is not designed to resonate. The device is a cylinder, 10m in diameter
and 2m high. The cylinder is allowed to move in all six degrees of freedom, but
power is extracted from the heave motion only. The frequency response of this
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Figure 3.3: Significant wave height (Top) and peak period (Bottom) at NDBC
46050 for the year 2010.
device with various levels of PTO damping is shown in figure 3.4. The natural
frequency of the device is around 0.23Hz (with no PTO), a little above the frequencies where substantial energy is carried. In the frequency band where most
energy falls, 0.05Hz-0.2Hz, the device has a response of close to one, though for
higher levels of damping, this response is attenuated significantly. This simplified
one piece geometry neglects hydrodynamic effects associated with a stationary (or
nearly stationary) spar. The spar provides a reference for the relative motion necessary for extracting power and is thus assumed to be present for the sake of the
mechanical system.

3.4.1 Single Device
For each considered spectrum, the mean power was calculated for a range of CP T O
levels ranging from 0-1500 kNm·s (see figure 3.2). As is expected, no power is generated when CP T O = 0, and power decreases as CP T O → ∞ because the PTO
damping restricts device motion to an increasing degree. A clear maximum in
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Figure 3.4: Heave frequency response of the WEC with various levels of external
(PTO) damping applied.
power generation exists between these two extremes.
A power versus CP T O curve is found for each hourly spectrum of the year
considered. For a device which may be tuned on an hourly time scale, maximum
power (P̄max ) marks the optimal setting for the PTO system (Cmax ) of the device,
and the corresponding estimated mean power output during the time period that
the spectrum represents. Cmax and P̄max vary considerably over time (see figure
3.5).
In order to assess the value of tuning on an hourly time scale, it is useful to
compare the performance of a WEC tuned hourly to the performance of a WEC
tuned with different tuning time scales (daily, weekly, or monthly), or no tuning
at all. This last option corresponds to choosing a value for CP T O and holding it
fixed for the whole year. Calculations using these various tuning time scales are
summarized in table 3.1. The mean power output over the whole year for hourly
tuning was 77kW. For longer tuning scales, losses were relatively small, with only
3% less power being generated by a WEC with a fixed PTO value. This shows
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Figure 3.5: Optimal PTO damping, Cmax , for each spectrum over a whole year
[kN*s/m] (Top). P̄max , mean power output associated with optimal damping
[kW](Bottom).
that non-resonating WECs are not extremely sensitive to the PTO damping value.
This may be observed in figure 3.2. The area around the peak of the curve has a
very gradual shape to it. Thus, values of CP T O even a substantial distance from
Cmax will generate power near P̄max .
In a recent study [73], a WEC at near-resonant conditions was considered, and it
was suggested that the power take off damping could be selected based on the peak
period of the incident wave spectrum. In this current study, damping coefficients
for maximum power output are compared to peak period (see figure 3.6 (Left)),
and no strong correlation was observed between the peak period and the optimal
damping coefficient (see figure 3.6). The WEC generally operated far away from
resonance, which may explain why the expected correlation between peak period
and Cmax (explained in [73]) was not observed. For WECs near resonance, it may
be helpful to consider a relationship between a bulk spectral period parameter and
Cmax , but this relationship does not appear to be strong enough to be useful for
WECs operating away from resonance. In contrast, there is a strong correlation
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Table 3.1: Power output for various tuning time scales. Percent tuning loss is
referenced to the hourly tuning output.
Tuning
Total Energy Annual Mean Power Range of COptimal Tuning loss
Time scale
[MWh]
[kW]
[kN*s/m]
[%]
Yearly
Monthly
Weekly
Daily
Hourly

653
660
661
668
675

74.6
75.3
75.5
76.2
77.0

790
450-920
370-990
70-1300
60-1500

3.2
2.3
2.0
1.1
-

between wave height and P̄max (see figure 3.6 (Right)). For longer period waves,
higher power is generated for equivalent wave heights, because the available power
is higher (the group velocity is higher).

3.4.2 Array Interaction
A square array of four WECs with spacing of 100m was considered. This spacing
was used in one previous study [10], though other studies have assumed smaller
spacing (e.g. [19]). WECs were allowed to interact both in the diffraction problem (through shadowing which effects the excitation forces) and in the radiation
problem (through coupling terms in the added mass and radiation damping). The
CP T O for all four WECs was set to the same value as Cmax for a single buoy when
tuning was fixed for the whole year. Results are presented as a ratio of power
generated in an array of four WECs with interaction to power generated in an
array of four WECs without interaction (four times the power of a single WEC).
This ratio is shown for the whole year in figure 3.7. This ratio has a mean of 0.95
over the year, with a standard deviation of 0.04.
It is very possible that other values of CP T O would provide better array power
output for an interacting array (perhaps different values for each WEC as in [19]).
However, using the single CP T O value for the array gives a picture of how strong
WAMIT predicts array interactions may be. When averaged over the whole year,
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Figure 3.6: Correlation between Cmax and Tpeak . Significant wave height is shown
with color (Left). Correlation between P̄max and Tpeak . Significant wave height is
shown with color (Right).
this suggests that the array will produce approximately 5% less power than the
devices acting independently.
Spacing within the array will certainly have some effect on power production [3, 19], though any resonance effects between WECs will likely be smoothed
considerably in variable spectral conditions.

Figure 3.7: Ratio of power produced by an array of four interacting WECs to
power produced by the same four WECs not interacting.
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3.5 Conclusions
A method was presented for calculating the response of a WEC to spectral incident
wave conditions. The response is found in the frequency domain using excitation
forces and hydrodynamic coefficients calculated by WAMIT and an applied PTO
force. By varying the PTO coefficient, the optimum power output is found. This
method of calculating WEC response and optimum PTO levels allows for the
relaxation of two assumptions made by Brekken and Özkan-Haller [10]. In that
study, it was assumed that the device response was equal to the water surface
motion, and that PTO damping was a constant.
This method was applied to an example WEC geometry for a year of hourly
spectral wave data from the Oregon coast. During this time period, optimal damping values for individual spectra fluctuated from 60-1500 kN*s/m, with an annual
mean power output of 77.0kW when the WEC is tuned to Cmax at every hour. It
was found that this WEC was not very sensitive to CP T O , as tuning over longer
time scales resulted in minimal power losses. For example, when CP T O was fixed
for the whole year, the annual mean power output was 74.6kW. No clear relationship was seen between Cmax and Tpeak (though it is expected that a relationship
would exist near resonance).
Finally, array interaction was considered for a square array of four WECs with
100m spacing, and the annual power output of the array was 5% lower compared
to power estimates that assume no interactions between WECs. However, because
of the limitations caused by the energy imbalance, array interaction has not been
a major focus in this paper. Future work should address the array interaction
problem. This could be done through a different modeling methodology, or through
applying a dissipation term in the fluid domain of a model similar to WAMIT.
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Chapter 4 – General Conclusions
This thesis contributes to the body of research surrounding ocean wave energy
conversion in two areas. First, a linear wave transformation model was applied to
three domains on the continental shelf of Oregon. The model skill was evaluated by
comparing with nearshore measurements, the importance of bottom friction and
wind wave generation were discussed, and the spatial variability of wave conditions
was examined. The second contribution outlined a method of calculating the power
output of a WEC using a response calculated from hydrodynamic coefficients in
a linear potential flow model. From this, tuning of the WEC to spectral wave
conditions was made possible. The method was applied to an example geometry
for one year of measured spectral wave conditions from the Oregon coast. These
two topics fit together very well, considering that one of the motivations for wave
forecasting is for estimating WEC array power output.
The results of the three SWAN model applications showed that using a wave
tranformation model to characterize waves propagating over the continental shelf
will provide a significantly better estimate of wave conditions at the coast than
simply using offshore conditions as an estimate for WEC power production (model
results contained 40-60% less error in wave height than offshore data). This means
both that tranformation over the continental shelf is significant, and that this
model characterizes the transformation effectively. It was shown that the basic
action balance equation characterizes this transformation with no bottom friction
or wind growth terms; error increased or remained nearly constant when these
terms were included. The model retained its skill when WaveWatch III hindcast
data was used to initialize the model.
This ability to predict spectral wave conditions is a necessary input for a the
WEC tuning model described in this thesis. By calculating power output for
a range of PTO damping values, the optimum damping level is chosen for each
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spectrum. This method was applied to a non-resontaing point-absorber WEC,
and it was found that the optimal PTO damping level varied considerably (601500 kN*s/m) over the course of a year. In spite of the variability of the optimal
PTO level, it was shown that power output was not very sensetive to changes in
PTO damping. Effeciency only increased by 3% when the WEC was tuned hourly
instead of with a fixed PTO for the whole year. It is expected that WECs designed
to resonate will be much more sensitive to tuning, and more substantial gains in
effeciency would result from tuning on shorter time scales.
Together these two studies contribute to the future implementation of wave
energy conversion technology, though much work remains. Currently, third generation linear wave models (e.g. SWAN) are the state-of-the-art for modeling wave
transformation over continental shelf scales. However, it may also be possible to
combine physical models with a neural network approach (e.g. [2]) to correct for
areas of model weakness. Future work should consider forecasted offshore data to
provide forecasts (2-3 days) of wave conditions at locations near the coast. Much
work also remains for device modeling. As computer power advances, CFD models for WECs are increasingly possible. With these methods, there is potential for
modeling more of the non-linear behavior of WECs which linear models neglect.
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energy resource of the US pacific northwest. Renewable Energy, 36(8):2106–
2119, August 2011.
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