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a b s t r a c t

The substantial wave energy resource of the US Pacific Northwest (i.e. off the coasts of Washington,
Oregon and N. California) is assessed and characterized. Archived spectral records from ten wave
measurement buoys operated and maintained by the National Data Buoy Center and the Coastal Data
Information Program form the basis of this investigation. Because an ocean wave energy converter must
reliably convert the energetic resource and survive operational risks, a comprehensive characterization of
the expected range of sea states is essential. Six quantities were calculated to characterize each hourly
sea state: omnidirectional wave power, significant wave height, energy period, spectral width, direction
of the maximum directionally resolved wave power and directionality coefficient. The temporal vari-
ability of these characteristic quantities is depicted at different scales and is seen to be considerable. The
mean wave power during the winter months was found to be up to 7 times that of the summer mean.
Winter energy flux also tends to have a longer energy period, a narrower spectral width, and a reduced
directional spread, when compared to summer months. Locations closer to shore, where the mean water
depth is less than 50 m, tended to exhibit lower omnidirectional wave power, but were more uniform
directionally. Cumulative distributions of both occurrence and contribution to total energy are presented,
over each of the six quantities characterizing the resource. It is clear that the sea states occurring most
often are not necessarily those that contribute most to the total incident wave energy. The sea states with
the greatest contribution to energy have significant wave heights between 2 and 5 m and energy periods
between 8 and 12 s. Sea states with the greatest significant wave heights (e.g.>7 m) contribute little to
the annual energy, but are critically important when considering reliability and survivability of ocean
wave energy converters.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Nearly everything on earth begins with the sun, and oceanwaves
are no exception. The sun heats the earth unevenly, giving rise to the
wind. As thewind blows across vast stretches of sea, oceanwaves are
generated. The origins of fossil fuels also lie with the sun. However,
their availability is the result ofmillions of years of accumulation and
their use constitutes a significant contribution to global climate
change. While relatively inexpensive and energy dense fossil fuels
account for the majority of the global energy supply today, it is clear
that carbon-free, renewable sources must supplant much, if not all,
of this. Wind and solar energy conversion technologies have
matured over recent decades, and are being installed around the
world at an accelerating rate.While oceanwave energy conversion is
still unproven on a commercial scale, significant advances in
. Lenee-Bluhm).
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research, design and testing continue to be made. Success will mean
access to a resource whose rate of renewal has been estimated to be
on the order of 1e10 TW (1 TW ¼ 1012 W) [1]. Although at most
between 10 and 25% of this can likely be converted to electricity [2],
this represents a substantial portion of the present global electricity
consumption of approximately 2 TW [3].

If we are to harvest energy from ocean waves, we must first
understand the resource. While the energy flux of winds or tides
involves the gross transport of the medium, the energy flux of
ocean waves (to first order) propagates through the oscillation of
the medium. In deep water this energy can travel great distances
nearly undiminished, and at any given time and place there may be
waves generated from local winds as well as swell arriving from
distant storms. The complexity of a sea state lends itself to being
approached as a random process, and under the assumptions of
linearity, stationarity and ergodicity the surface of the sea can be
accurately described as the superposition of a large number of long-
crested harmonic waves, densely distributed over frequency and

mailto:pukha.lenee.bluhm@gmail.com
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
http://dx.doi.org/10.1016/j.renene.2011.01.016
http://dx.doi.org/10.1016/j.renene.2011.01.016
http://dx.doi.org/10.1016/j.renene.2011.01.016


Fig. 1. Locations of wave measurement buoys providing spectral records for US Pacific
Northwest wave energy resource assessment.
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direction [4]. While initial stages of ocean wave energy conversion
development tend to assume unidirectional, monochromatic
waves, the conditions in which the systemmust eventually operate
are random, irregular and directionally spread.

To effectively design a robust and survivable oceanwave energy
converter (OWEC), the waves should be seen simultaneously as
a resource and a risk; it is imperative that the expected range of
conditions be considered when designing and siting OWECs. It is
within this harsh, stochastic environment that an OWEC must not
only operate efficiently, but also survive. The wave energy resource
is highly variable on a scale of months, days or hours; yearly
averages tend to oversimplify this reality. Additionally, an OWEC’s
performance may be sensitive to a number of quantities charac-
terizing the energy flux, such as wave height or direction. As for the
risks, they are both long-term (e.g. fatigue and wear) and acute (e.g.
catastrophic failure during an extreme sea state). Also, seasonal
trends in wave conditions may limit the times in which OWECs can
be accessed or retrieved for maintenance or repairs. To succeed, an
OWEC should operate reliably between available maintenance
windows, survive infrequent but extreme storm events, and
harvest energy over a broad range of sea states sufficient to recover
expenses.

Wave energy resource assessments have been carried out for
various regions of interest including Europe [5], the UK [6], Portugal
[7,8], Sweden [9], Belgium [10], Spain [11,12], Australia [13], Canada
[14] and a recently published global assessment [15]. In the US,
wave energy assessments include those of California [16e18],
Oregon [19], Washington [20] and the Atlantic coast of the south-
eastern US [21]. The problem of resource assessment and charac-
terization has been approached in a variety of ways. The resource is
typically assessed using wave propagation models [22,23], satellite
altimetry or in situmeasurements [24]. At a minimum, the resource
has been characterized by the energy flux per unit crest length, or
wave power, but additional information may be calculated and
reported regarding wave heights, periods and direction.

This study seeks to add to our understanding of thewave energy
resource of US Pacific Northwest (Washington, Oregon and
N. California). Archived spectral data from wave measurement
buoys at ten locations of varying depths and distances from the
coastline form the basis of a comprehensive characterization of the
wave energy resource. We intend to detail the seasonal trends (as
well as the variability on the scale of hours and days) of six char-
acteristic quantities describing the wave energy flux, including
measures of gross wave power, wave heights, characteristic period,
spectral width, characteristic direction and directional uniformity.
In addition to temporal variability, the distribution of total energy
over these characteristic quantities will be presented. The range of
conditions observed in this study reveal much of the character of
the wave energy resource in the US Pacific Northwest.

2. Wave data

2.1. Sources of wave data

Under investigation is thewave energy resource off the coasts of
Washington, Oregon and northern California, an area bounded by
40e49�N latitudes and 124e125�W longitudes. For the purpose of
this characterization, the surface of the sea is regarded as a Gau-
ssian random process under the assumptions of stationarity and
ergodicity. This, along with an assumption of small amplitude
linear wave theory, allows a descriptive analysis of sea states in the
frequency domain.

Archived spectral records from wave measurement buoys were
used in this assessment. The records were obtained from the
websites of both the National Data Buoy Center (NDBC -www.ndbc.
noaa.gov) and the Coastal Data Information Program (CDIP - cdip.
ucsd.edu), each of which operates and maintains a network of
wave measurement buoys. The locations of the buoys considered in
this study are provided in Fig. 1. For consistency, all buoys are
referred to using their NDBC station ID numbers. It has become
standard practice to archive the variance spectral density as
a discrete function of frequency, but prior to this NDBC simply
reported a few quantities derived from the spectrum, such as
significant wave height and peak period. Although these quantities
can be used to estimate the energy flux, nothing is revealed about
the distribution of this energy flux over frequency or direction. To
examine the complexity of the sea states of the Pacific Northwest
only those records which archived the variance spectral density
were used, from their earliest availability through the end of 2008.
For the 10 buoys used in this study, this provided over 700,000
hourly records of spectral density, with information on the distri-
bution over direction provided for over 400,000 of these records.
The names and locations of the buoys, as well as the availability of
their spectral records, are provided in Tables 1 and 2.

All NDBC stations used in this study are currently taking direc-
tional wave measurements using a pitch-roll-heave payload
housed in a 3 m discus buoy, and archive spectral records once
every hour. CDIP archives spectral records every half an hour, and
the buoys included in this study are 0.9 m directional Waverider
buoys. Prior to 1998, CDIP records were processed and archived at
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Table 1
List of wave measurement buoys providing spectral records for US Pacific Northwest wave energy resource assessment. The meanwave power and the maximum hourly wave
power over the analyzed interval are included.

Station ID Station name Program Lat. (�N),
Long. (�W)

Mean depth
(m)

Distance to
shore (km)

Mean wave
power (kW/m)

Max. wave
power (kW/m)

46041 Cape Elizabeth NDBC 47.35, 124.73 132 30 33 960
46211 Grays Harbor CDIP 46.86, 124.24 40 9 31 1160
46029 Col River Bar NDBC 46.14, 124.51 135 40 40 1420
46050 Stonewall Banks NDBC 44.64, 124.50 123 34 41 1420
46229 Umpqua Offshore CDIP 43.77, 124.55 186 30 35 610
46015 Port Orford NDBC 42.75, 124.82 422 24 38 860
46027 St Georges NDBC 41.85, 124.38 48 13 36 890
46212 Humboldt Bay S. Spit CDIP 40.75, 124.31 40 6 30 580
46022 Eel River NDBC 40.75, 124.58 630 26 38 870
46213 Cape Mendocino CDIP 40.29, 124.74 325 33 36 670
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varying time intervals, often every 3 or 6 h. For consistency in
comparison alongside the hourly NDBC records, where two CDIP
records are available during the same nominal clock hour they have
been averaged. More information on the buoy data programs can be
found in the following references for NDBC [25,26] and CDIP [27].
Over the time intervals examined in this study, some of the buoys
experienced payload changes or minor adjustments to position.
Details on these changes can be found on the NDBC and CDIP
websites.

After being compiled in a common format, each record con-
sisted of a discrete listing of frequency, fi, frequency bin width, Dfi,
and the variance density, Si, where i is an index signifying the ith
discrete frequency. Although varying with the program as well as
the year, there were typically between 38 and 64 discrete
frequencies ranging from 0.02 to 0.5 Hz. The directional records
also included the directions, qn,i, and normalizedmagnitudes, Cn,i, of
the first two harmonics of the Fourier series estimation of the
directional spreading function [24]. Here n¼1,2 and signifies the
first or second harmonic, and q indicates the direction of wave
propagation measured counter-clockwise from east, such that
waves approaching from due south would be associated with
q ¼ 90�. These directional parameters were used to estimate the
frequency-directional variance spectrum, as outlined in Section 2.2.

2.2. Estimating the frequency-directional spectrum

The directional spreading function describes the distribution of
variance density over direction, for a given frequency. A discrete
representation of the relationship is given as

Sij ¼ SiDij (1)

where j is an index signifying the jth discrete direction, Sij is the
frequency-directional variance density and Dij is the directional
Table 2
Intervals over which frequency spectral data and frequency-directional spectral data were

Station ID Spectral data
interval

Proportion with
spectral data

Directional
data interva

46041 1996e2008 0.68 1998e2008
46211 1987e2008 0.64 (0.93a) 1993e2008
46029 1999e2008 0.84 1999e2008
46050 1996e2008 0.80 2008e2008
46229 2006e2008 0.99 2006e2008
46015 2002e2008 0.76 2007e2008
46027 1996e2008 0.73 2005e2008
46212 2004e2008 0.97 2004e2008
46022 1996e2008 0.81 2007e2008
46213 2004e2008 0.94 2004e2008

a Proportion of hours with data from 1998 to 2008.
b Where two records were begun in the same nominal hour, the two spectra were av
spreading function. Note that the directional spreading function is
non-negative and that

P
j DijDqj ¼ 1, where Dqj is the width of the

jth discrete directional bin. An excellent survey of methods used in
estimating the frequency-directional spectrum is provided by
Benoit et al. [28].

This study employs the relatively low-resolution, but compu-
tationally efficient, cos-2s model inwhich the directional spreading
function is estimated as

Dij ¼ FðsiÞ
�����cosqj � q1;i

2

�����
2si

(2)

FðsiÞ ¼ 22si�1

p

ðGðsi þ 1ÞÞ2
Gð2si þ 1Þ (3)

where si is a frequency-dependant parameter describing the
spreading of energy about a spectral mean direction (q1,i), qj is
a discrete direction and F is a normalizing function such thatP

j DijDqj ¼ 1. A total of 128 directional bins were used to dis-
cretize direction. The spreading index, s, was taken as the arith-
metic mean of the spreading indices derived from the first two
harmonics [29].

s1;i ¼
C1;i

1� C1;i
(4)

s2;i ¼
1þ 3C2;i þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 14C2;i þ C2

2;i

q
2
�
1� C2;i

� (5)

si ¼
s1;i þ s2;i

2
(6)
analyzed, along with the proportion of hours with data over the analyzed intervals.

spectral
l

Proportion with directional
spectral data

Duration of sample (s)

0.69 2400
0.81 (0.93a) 1600b

0.79 1200
0.98 1200
0.99 1600b

0.74 1200
0.73 2400
0.97 1600b

0.93 1200
0.94 1600b

eraged together resulting in a total duration of 3200 s.
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2.3. Gaps in the records

An unavoidable downside to utilizing buoymeasurements is the
prevalence of gaps in the records. These are often due to data
transmission errors, planned maintenance or device failure. A
considerable number of small gaps of a few hours or less exist, but
more importantly there are occasionally periods of several months
to a year when no records are available. For most of the buoys
examined in this study, a significant majority of the missing records
were from the winter and spring months. Presumably much of this
is due to the energetic seas of the winter months leading to more
failures and an inability to retrieve, repair and redeploy the buoys.
To avoid bias away from periods when more records were missing,
each buoy’s records were weighted such that the appropriate
number of hours for each of the 12 months was represented. In
other words, if a total of N hourly records were available for
a month of D days over a period of Y years, then each available
record within that month was assumed to occur a total of 24*D*Y/N
times.

Although this method is not able to improve our understanding
of the wave resource during individual months, it does ensure that
the overall wave energy resource characterization (e.g.mean annual
wave power statistics given in Table 1) is not dominated by those
seasons in which data is more reliably reported. The proportion of
available data for each buoy is given in Table 2.
3. Characteristic quantities

Each spectral record was assumed to depict the distribution of
variance over frequency and direction (for directional records) for
a period of 1 h, though this was modified by the weighting
mentioned in Section 2.3. Of primary interest is the determination
of the omnidirectional (i.e. directionally unresolved) wave energy
flux per unit width, or wave power, as this is a base measure of the
primary resource. Of course, any OWECmust be able to convert the
resource to useful work, and must be able to survive both fatigue
and extreme loading. Consequently, we are interested in further
describing the sea states in which an OWEC interacts with this
primary resource. Six quantities were calculated from each hourly
spectrum to characterize not only the wave power itself, but also
the wave heights and the distribution of energy over frequency and
direction. For the earlier records where the variance is distributed
only over frequency, quantities describing directionality were not
calculated. These six quantities, described in the following
subsections, are

� omnidirectional wave power,
� significant wave height,
� energy period,
� spectral width,
� direction of maximum directionally resolved wave power, and
� directionality coefficient.

One approach to representing sea states is to fit each measured
spectra to a theoretical shape, such as the Pierson-Moskowitz or
JONSWAP spectra (see e.g. [24]). Kerbiriou et al. [30] show that, due
to the prevalence of mixed sea-swell systems, a single unimodal
model spectrum can lead to erroneous results in energy flux
calculations, and that improved accuracy can result by partitioning
mixed sea states into two or more separate systems. The present
study bypasses this issue by considering the discrete spectrum of
each sea state as it is measured, and makes no attempt to partition
wave systems or use spectral models.
3.1. Characteristics of the total sea state

According to frequency domain analysis and linear wave theory,
a real sea can be described by the superposition of an infinite
number of long-crested, harmonic waves of different frequency,
amplitude, direction and phase. In practice, spectral estimates for
a finite number of discrete frequencies are available, with the
resolution limited in the first place by the sampling duration, and
again when averaging to smooth the spectrum.

The energy flux per unit crest length, or wave power, of a long-
crested sinusoidal wave is proportional to its variance (i.e.a2/2) and
is calculated as

J ¼ rgcg
a2

2
(7)

where J is the wave power, r is the density of sea water, g is the
acceleration due to gravity, a is the wave amplitude and cg is the
group velocity (i.e. the velocity with which energy is transported)
and is calculated as

cg ¼ pf
k

�
1þ 2kh

sinh2kh

�
(8)

where f ¼ 1/T is the wave frequency, T is the wave period, k ¼ 2p=L
is the wave number, L is the wave length and h is the water depth.
The wave number is calculated for a given frequency and water
depth using the dispersion relation

ð2pf Þ2 ¼ gk tanh kh (9)

The omnidirectional wave power of a sea state is found by
summing the contributions to energy flux of each of the component
waves described by the discrete wave spectrum

J ¼
X
i;j

rgcg;iSijDfiDqj ¼
X
i

rgcg;iSiDfi (10)

where cg,i is the group velocity at the ith frequency and the total
variance at frequency fi is SiDfi ¼ SijDfiDqj ¼ a2i =2. J is the total
wave power, regardless of direction, and can be seen as the energy
flux through a vertical cylinder of unit diameter, extending from the
sea floor to the surface.

The significant wave height, Hs is a characteristic wave height
commonly used to describe a given sea state. Strictly speaking, Hs is
defined as the average height of the highest 1/3 of zero crossing
waves for a given sample and is determined by analysis of a surface
elevation record. The significant wave height can be estimated from
the frequency domain as

Hm0 ¼ 4
ffiffiffiffiffiffiffi
m0

p
(11)

where Hm0 is the spectral estimate of significant wave height and
m0 is the zeroeth moment of the variance spectrum. The nth order
moments of the variance spectrum are calculated as

mn ¼
X
i

f ni SiDfi (12)

where mn is the spectral moment of nth order. This spectral esti-
mation of significant wave height assumes a Rayleigh distribution
of zero crossing wave heights, and thus a distribution of variance
over a very narrow band of frequencies. In real seas Hm0 over-
estimates Hs by 1.5e8% [4]. The spectral estimate is used to
characterize the expected wave heights of a given sea state, and
significant wave height will from here on be understood to refer to
Hm0.
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3.2. Characteristics of frequency

In a real sea, the variance is distributed over frequency and the
response of an OWEC will vary with this distribution. As the sea
often includes multiple wave systems (e.g. locally generated wind
sea and remotely generated swell), and the shape of the spectrum
is not known a priori, quantities calculated using the entire spec-
trum may be more robust descriptors than the peak frequency. A
characteristic period and a measure of spectral width can be
defined, respectively, as the weighted average and the propor-
tional standard deviation of the spectral scale. In fact, similar
measures of mean and width can be calculated using either vari-
ance or wave power density on the ordinate, and with either
frequency or period along the abscissa. Fig. 2 shows one sea state
represented in these four ways, with means and standard devia-
tions indicated. Calculating such a mean and width using the
variance distributed over frequency, we arrive at the so-called
mean period [24] and a measure of spectral width first suggested
by Longuet-Higgins [31]
Fig. 2. Four discrete representations of a single sea state are depicted using frequency varian
The area of each rectangle represents a portion of either the total variance (for the two spectr
period and spectral width is indicated above each representation.
T01 ¼ m0

m1
¼

P
i
SiDfiP

i
fiSiDfi

(13)

v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2
m0

�
�
m1
m0

	2r
m1
m0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0m2

m2
1

� 1

s
(14)

where T01 is the mean period and v is a measure of spectral
width.

If the calculations are made using the variance distributed
over period, S(T), the relatively powerful, lower frequency
components are emphasized. This is a result of a lengthening and
shortening of low and high frequency moment arms, respectively,
compared to S(f). Here we have the energy period and a measure
of spectral width that were first suggested by Mollison [32] and
calculated as
ce density, period variance density, frequency power density and period power density.
a on the left) or the total wave power (for the two spectra on the right). A characteristic
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TehT�10 ¼ m�1

m0
¼

P
i
f�1
i SiDfiP
i
SiDfi

¼

P
i
TiSiDfiP

i
SiDfi

(15)

e0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0m�2

m2
�1

� 1

s
(16)

where Te or T�10 is the energy period and e0 is a measure of spectral
width. T�10 is widely used within the wave energy community, and
e0 has been shown to correlatewell to power performance for some
OWECs [33,34]. The present study uses T�10 and e0 to characterize
the frequency distribution of individual sea states. Most OWECs are
designed as resonant devices that operate most effectively when
the excitation frequency approaches some optimum value and thus
the central value and the width of the spectrum are expected to
play a large role in their response [35].

As we are interested in understanding thewave power resource,
the two power spectral densities illustrated in Fig. 2 are worth
investigating. Although not shown here, the spectral width of the
frequency power spectrum, J(f), was found to be quite sensitive to
high frequency cutoff, and the mean period of the period power
spectrum, J(T),was found tonotcorrelatewithomnidirectionalwave
power as well as T�10. Interestingly, T�10 may provide a satisfying
characterization of themeanperiod for thewave energy community
because it is identical, in deep water, to the weighted center of the
wave power distributed over frequency, J(f). The moments of the
power spectrum can be approximated in deep water as

mJn ¼ rg
X
i

f ni cg;iSiDfiyrg
X
i

f ni

�
g

4pfi

�
SiDfi

¼ rg2

4p

X
i

f n�1
i SiDfi ¼

rg2

4p
mn�1 (17)

and thus

TJ01 ¼ mJ0

mJ1
y

m�1

m0
¼ T�10 (18)

wheremJn is the nth moment of the power spectral density and TJ01
is its weighted center.
3.3. Characteristics of direction

The quantities used in this study to characterize the direction-
ality of an individual sea state are the direction of the maximum
directionally resolved wave power and the directionality coeffi-
cient. The frequency-directional variance density, estimated in
Section 2.2, is used to calculate the frequency-directional power
density

Jij ¼ rgcg;iSij (19)

The directionally resolved wave power propagating in direction,
q or the energy flux per unit width passing through a vertical plane
extending from the sea floor the surface whose normal points in
direction q, can be calculated by resolving the wave power of each
component in direction q

Jq ¼
X
i;j

JijDfiDqjcos
�
q� qj

�
d



d ¼ 1; cos

�
q� qj

�� 0
d ¼ 0; cos

�
q� qj

�
< 0

(20)

where Jq is the directionally resolved wave power propagating in
direction q and d ensures that only positive valued components
contribute to Jq. As pointed out byMollison [32], according to linear
wave theory waves traveling in opposite directions pass through
one another unchanged.

The maximum directionally resolved wave power is designated
as JqJ . The direction associated with JqJ is qJ and is used as the char-
acteristic direction of the sea state. The directionality coefficient is
the ratio of the maximum directionally resolved wave power to the
omnidirectional wave power [32]

dq ¼
JqJ
J

(21)

where dq is the directionality coefficient, representing the degree to
which the wave power of a sea state follows a common direction.
Unlike the spectral width, where a large value indicates a broad
spectral spread, a large directionality coefficient signifies a narrow
directional spread.

qJ and dq are likely to be important characteristics for direc-
tionally sensitive OWECs of fixed orientation, as well as for arrays of
OWECs of any type. qJ may not be important for a single, direc-
tionally sensitive OWEC that can ‘weathervane’ into the prevailing
waves, however dq is still likely to influence its performance.

4. Results and discussion

4.1. Seasonal trends

To gain a high level understanding of the energy flux and
associated sea states occurring at each wave measurement buoy
location, the time-weighted mean characteristic quantities were
calculated over the periods for which records were analyzed. These
average values reveal much about the suitability of a location, or
region, for wave energy conversion, though by themselves they
necessarily obscure the variability inherent in the sea. To provide
a sense of the typically occurring range of each of these quantities,
the 1/6 and 5/6 quantiles (i.e. 17% and 86%) were also calculated.
These values represent the limits of the range over which each
characteristic quantity was observed 2/3 of the time. The mean
values and 2/3 ranges over all analyzed records are plotted in Fig. 3.
Also shown in Fig. 3 are the mean and 2/3 range for each buoy
location during the winter months (defined as December through
February) and the summer months (defined as June through
August).

Some strong seasonal trends can be seen in these plots, with
wave power and significant wave heights much greater in the
winter than in the summer. Averaged over all 10 stations, the mean
wave power is 36 kW/m annually, 64 kW/m during the winter
months and 12 kW/m in the summermonths. At some locations the
meanwave power during the winter months is over 7 times that of
the mean during the summer months. Significant wave height
follows a similar trend with a mean of 2.4 m on an annual basis,
3.1 m during the winter months and 1.6 m during the summer.
Winter months are also typified by sea states with a higher energy
period (9 s averaged over the year, 10.5 s during winter months and
7.5 s in summer months), a narrower spectral width and an
increased directionality coefficient, when compared to summer
months. These differences are likely due, in part, to the prevalence
of relatively narrow-banded, powerful swell arriving from distant
winter storms. The direction of maximum directionally resolved
wave power tends to head more to the south in the summer
months (i.e. the value of q is reduced), swinging around towards the
north in the winter months.

As the stations in Fig. 3 are ordered from north to south (e.g.
station 46041 being the northernmost), some trends based on
latitude may be seen. Most notably, the direction of maximum



Fig. 3. Mean value and 2/3 range (from 1/6 to 5/6 quantiles) over full year, summer months and winter months of 6 characteristic quantities: wave power, J, significant wave height, Hm0, energy period, T�10, spectral width, e0, direction
of maximum directionally resolved power, qj and directionality coefficient, dq . Station ID numbers are ordered by latitude, with the northernmost station at the top.
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directionally resolved power is positively correlated with latitude
(R2 ¼ 0.88), indicating that less of the incident wave power arrives
from the north and northwest sectors for the stations that are
located further north. Furthermore we see that during the summer
months, when more energy arrives from the north, there is
a negative correlation between latitude and both wave power
(R2 ¼ 0.78) and significant wave height (R2 ¼ 0.74). It may be that
Vancouver Island, the tip of which is visible at the top of Fig. 1, is
sheltering the northernmost region of the study from the winds
and waves traveling from the north and northwest.

4.2. Depth trends

A transformation of energy flux is expected aswave components
travel over the continental shelf and are subject to refraction,
Fig. 4. Monthly mean characteristic quantities
bottom friction and, for obliquely arriving systems, sheltering by
the coastline. The effect of refraction can be a focusing or a diffusing
of wave power, depending on the bathymetry. This study uses data
from ten discrete locations over an extensive study area, and no
attempt is made to describe the spatial variation of the wave
resource between buoy locations. Another difficulty is the number
of significant gaps in the records, occurring at different times of the
year for different buoys. If a number of particularly stormy (or calm)
events are missing from a given set of records, this may lead to bias
in the assessment of the overall energy resource. That being said, it
is certainly worthwhile to explore the implications of these records.
Three buoys (i.e. 46027, 46211 and 46212) are located in depths
between 40 and 50 m, and within 15 km of the shore, where wave
components with periods as low as 8 s begin to feel the bottom and
winds coming from the shore have a very limited fetch. Stations
, and statistical ranges, for station 46029.
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46211 and 46212 are the least energetic of the study, with mean
annual wave power levels of 31 and 30 kW/m, respectively.
However, with a mean annual wave power of 36 kW/m, station
46027 exhibits a gross power level similar to the deeper water
locations, possibly due to a focusing effect of the underlying
bathymetry. Furthermore, a greater directionality coefficient is
evident at the three relatively shallow locations, along with
a decrease in the range of directions exhibited. From the present
study, it is not clear how much of this directional uniformity is due
to refraction, and howmuch is due to the decreased fetch for winds
blowing from the shore.

To get a closer look at the wave energy climate, we now
focus on two stations with relatively long and complete records.
Station 46029, located 40 km west of the mouth of the
Columbia river at a mean depth of 135 m will be taken as
representative of a relatively deep water site. Station 46211,
Fig. 5. Monthly mean characteristic quantities
located slightly further north at a mean depth of 40 m and 9 km
from shore will be taken as representative of a shallower loca-
tion. A location of this depth and proximity to shore is more
representative of sites at which offshore OWECs may be
installed in the near future.

4.3. Monthly statistics

To look at how the energy transport tends to change
throughout the year, monthly statistics are presented for stations
46029 and 46211 in Figs. 4 and 5, respectively. For each of the
characteristic quantities under investigation, a monthly mean as
well as statistical ranges of observed values are presented. The
seasonal trends discussed above are very clearly evidenced in
these figures. Also evident in these monthly statistics are striking
differences between the mean values and those that are exceeded
, and statistical ranges, for station 46211.
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2.5% of the time. There is no need to design an OWEC that can
harvest a large proportion of the energy resource 100% of the
time, indeed this may not be possible technically or desirable
economically [36]. On the other hand, these relatively infrequent,
yet extreme, conditions pose a very real threat to the reliability
and survivability of any practical device. While on average station
46211 experiences just over 3/4 the omnidirectional wave power
of station 46029, the extreme values are similarly reduced. In the
month of December, 97.5% of the time the significant wave height
at station 46211 is below approximately 6 m and the wave power
is below 250 kW/m. At station 46029, for the same percentage of
time the maximum observed significant wave height and wave
power are nearly 7.5 m and 340 kW/m, respectively. There may be
no return on the added costs associated with an OWEC designed
to survive the relatively extreme climate of station 46029
(compared to 46211), especially when considering that the device
may begin generating at rated capacity well before these 97.5%
conditions. Additionally, the seas are directionally more uniform
at station 46211. The mean directionality coefficient is 0.80 at the
deeper and further offshore station 46029, increasing to 0.88 at
station 46211. Two-thirds of the time, the direction of maximum
directionally resolved wave power occurs within a range of
approximately 55� and 35� for stations 46029 and 46211,
respectively.

Monthly means, along with statistical ranges, only begin to
show the variability of the wave climate that is hidden within an
annual mean. Fig. 6 illustrates the hourly variability of the charac-
teristic quantities for station 46211 over a period of one year which,
while typical in variability, shows no appreciable data gaps. Note, in
particular, the sudden and drastic increases in wave power and
significant wave heights.
Fig. 6. Hourly time series over a period of one year, at station 46211, for six characteristic qua
e0, direction of maximum directionally resolved power, qj and directionality coefficient, dq .
4.4. Distributions of occurrence and energy

While it is certainly necessary to understand how the charac-
teristics of the wave resource are distributed over time, it is also
crucial to consider distributions over energy. Fig. 7 illustrates the
empirical cumulative distributions of both occurrence and energy
contribution, over six characteristic quantities. For station 46211
we see that wave power in excess of 200 kW/m occurs approxi-
mately 1% of the time, but accounts for 10% of the total energy. Also
at station 46211, wave power is less than 10 kW/m for 40% of the
time, while accounting for a mere 7% of the total energy. It would
seem that very little power is available for conversion for a large
portion of the year, and also that a significant amount of energy
arrives in conditions where, due to finite OWEC generating
capacity, only a small fraction of the resource can be converted.

Some OWECs may be designed to operate in a survivability
mode (e.g. locking up relativemotion) during extreme conditions. If
we assume a significant wave height of 6 m as a survivability mode
threshold,16% and 7% of the incident wave powerwould be entirely
unavailable at stations 46029 and 46211, respectively. There is little
difference evident between the deeper and shallower water
stations as far as energy period and spectral width are concerned.
Sea states where the variance is distributed over a very wide range
of frequencies are observed to contribute relatively little to the
incident energy. A spectral width greater than 0.4 occurs approxi-
mately 30% of the time, but contributes only 10% of the total energy.
Considering the direction of maximum wave power, it is evident
that at station 46211 the cumulative distributions of occurrence
and energy are significantly narrower than those of station 46029.
This indicates that the energy arrives within a narrower range of
directions at the shallower, relatively nearshore site. It is also clear
ntities: wave power, J, significant wave height, Hm0, energy period, T�10, spectral width,



Fig. 7. Empirical cumulative distributions of both total occurrence and total energy, for stations 46029 and 46211.
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that the seas at station 46211 are much more uniform directionally.
Sea states with a directionality coefficient of 0.9 or greater account
for 57% of the energy at station 46211, and only 16% of the energy at
station 46029.

4.5. Bivariate distributions

Scatter tables are often used to convey the frequency of
occurrence of sea states defined by a characteristic wave height
and period. Fig. 8 presents, for stations 46029 and 46211, both the
number of hours as well as the proportion of annual incident
energy expected in an average year from sea states defined by Hm0
and T�10. Significant wave height is divided into bins of 0.5 m over
a range of 0e10 m, with one more row for any sea states where
Hm0 is greater than 10 m. Similarly, the energy period is divided
into bins of 1 s width over the range of 2e16 s. There is an
additional column for sea states with an energy period greater
than 16 s.

It is immediately clear upon examination of these combined
scatter tables that sea states with the greatest rate of occurrence
are not the same as those with the greatest energy. When eval-
uating risk of failure due to factors such as fatigue, wear or
extreme loading scenarios the frequency of occurrence of each
sea state will be of the utmost importance. When considering the
degree to which power output can be delivered smoothly over
time (on a scale of hours), occurrence is also important. The sea
states with the greatest significant wave heights (e.g. Hm0>7 m)
do not contribute much to the total energy of the site, as they are
expected to occur, at most, for only a few hours annually.
However, consideration of these sea states is crucial to an analysis
of reliability and survivability. Sea states with the greatest
frequency of occurrence (e.g. 400 or more hours annually)
contribute somewhat more to the total energy, but due to their
lower significant wave heights and energy periods their contri-
bution to total annual energy does not match their contribution
to time. The sea states with the greatest contribution to energy,
appearing in orange and red, have significant wave heights
between 2 and 5 m and energy periods between 8 and 12 s. Note
that at station 46211 the peak of the energy distribution is higher
and falls away faster than that of station 46029, as evidenced by
the dark red giving way quickly to cooler colors in the scatter
table of station 46211. This is indicative of a greater concentration
of the annually available energy resource, within a smaller range
of sea states.



Fig. 8. Bivariate distributions of occurrence and energy, for sea states defined by significant wave height and energy period, at stations 46029 and 46211. The color scale is used to
represent the contribution of the sea state to the total incident energy, as a percentage, while the number indicates the annual hours of occurrence for an average year.
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5. Conclusion

The wave energy resource has been assessed and characterized
at ten locations in the US Pacific Northwest using archived spectral
records from wave measurement buoys. Seasonal bias due to the
distribution of missing records was compensated for by weighting
the existing records such that the appropriate number of hours for
each month was considered. The wave energy resource at each
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location was characterized using six quantities derived from each
hourly spectrum: omnidirectional wave power, significant wave
height, energy period, spectral width, direction of maximum
directionally resolved wave power and directionality coefficient.
Because any given OWECmust both convert this energy and survive
the environment, the qualities of energy transport are especially
important.

It was shown that at any given location the variability of sea
states defined by these characteristic quantities is considerable, and
should be accounted for when designing and siting ocean wave
energy converters. Strong seasonal trends were observed with
greater wave power, significant wave height, energy period and
directionality coefficient, and narrower spectral width, when
comparing winter months to summer months. The mean wave
power during the winter months was found to be up to 7 times that
of the summer mean. The direction of maximum directionally
resolved wave power tends to head more towards the south in the
summer months, with qj typically 10�e20� less in the summer than
in the winter. The sea states observed at stations closer to shore
(depth< 50m) exhibitedmuch greater directional uniformity, with
a larger directionality coefficient and the direction of maximum
directionally resolved wave power occurring within a smaller
range.

The wave resource was presented in detail for two represen-
tative locations, with meanwater depths of 135 and 40 m. Monthly
means and statistical ranges were presented for the six charac-
teristic quantities, showing the broad range of sea states that
should be anticipated at any time of the year. In addition to
knowing how the characteristics of the wave resource are dist-
ributed over time, it is critical to consider distributions over energy.
Empirical cumulative distributions were presented, in terms of
both occurrence and contribution to total energy, for six quantities
characterizing the resource. While a mean annual wave power of
31 kW/m was observed at the shallower location, mean hourly
wave power varied over a vast range. Wave power of 10 kW/m or
less occurs 40% of the time, contributing only 8% of the expected
annual energy while wave power of 200 kW/m or more occurs 1%
of the time and accounts for 10% of the annual energy. Combined
scatter tables show the expected hours of occurrence and contri-
bution to annual energy for sea states defined by significant wave
height and energy period. The sea states that contribute most to
the annual energy have significant wave heights between 2 and
5 m and energy periods between 8 and 12 s. Sea states below these
ranges may be very common, but the associated wave power is so
low that little contribution is made to the total annual energy. The
sea states with the greatest significant wave heights, while very
powerful, do not contribute greatly to the total annual energy due
to a very low expectation of occurrence. However, consideration of
these sea states is critical to the survivability and reliability of an
OWEC.

Future work will synthesize sets of representative spectra based
on the distribution of characteristic quantities at a location. These
representative spectra can then be used in physical or numerical
modeling to estimate power performance as well as fatigue and
extreme loadings.
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