
 

   

 
YAKUTAT AREA WAVE RESOURCE ASSESSMENT 

 

 
 

Prepared By 
T. Tschetter 
J. L. Kasper 
P. X. Duvoy 

 
 

Alaska Center for Energy and Power 
Alaska Hydrokinetic Energy Research Center 

University of Alaska Fairbanks 
November 1, 2016 

 
 
 



 

i 

 

 

Table of Contents 
1. Executive Summary .............................................................................................................................. 4 
2. Introduction ............................................................................................................................................ 5 
3. Wave Data................................................................................................................................................. 8 
3.1. Summary of Wave Records ................................................................................................................ 8 
3.2. Wave Characterization Metrics ........................................................................................................ 9 
3.3. Discussion of Wave Data .................................................................................................................. 10 
3.3.1. Cannon Beach ADCP .......................................................................................................................... 10 
3.3.2. Gulf of Alaska NDBC Buoys .............................................................................................................. 19 
4. Correlation between ADCP and NDBC buoys ........................................................................... 25 
5. SWAN Wave Model ............................................................................................................................. 26 
5.1. Model Implementation ..................................................................................................................... 26 
6. Model Data Sources ........................................................................................................................... 27 
6.1. Hindcast Accuracy .............................................................................................................................. 27 
7. Discussion and Conclusions ........................................................................................................... 29 
8. Further Recommended Studies .................................................................................................... 30 
9. Acknowledgments .............................................................................................................................. 32 
10. References ............................................................................................................................................. 33 
11. Appendix – Additional Figures ...................................................................................................... 35 

 
  



 

ii 

 

List of Figures 
Figure 1. Location of Yakutat, Alaska, and the ADCP at Cannon Beach. Also shown are the NDBC buoys at 

Cape Suckling (s46082) and Fairweather Grounds (s46083)................................................................. 8 
Figure 2. Hourly time series of data recorded during the entire deployment of the ADCP buoy at Cannon 

Beach. Data shown includes omnidirectional wave power (J), significant wave height (Hm0), energy 
period (Te), spectral width (ε0), direction of maximum directionally resolved wave power (θj), and 
directionality coefficient (d). ............................................................................................................... 12 

Figure 3. Monthly mean characteristic quantities and statistical ranges of the wave climate at Cannon 
Beach as recorded by the ADCP. ......................................................................................................... 13 

Figure 4. Bivariate scatter plot showing the proportional frequency of occurrence and energy 
distribution of directionally unresolved sea state recorded by the ADCP at Cannon Beach. Numbers 
indicate hours of occurrence during an average year, and the color scale indicates the contribution 
to total annual energy. ........................................................................................................................ 15 

Figure 5. Annual wave rose diagrams showing omnidirectional wave power and significant wave height 
distributions as a function of peak direction. ...................................................................................... 16 

Figure 6. Annual wave rose diagrams showing omnidirectional wave power and significant wave height 
distributions as a function of direction of maximum wave power. .................................................... 16 

Figure 7. Empirical cumulative probability distributions for various wave parameters at Cannon Beach 
based on occurrence and energy by month. ....................................................................................... 17 

Figure 8. Empirical cumulative probability distributions for various wave parameters at Cannon Beach 
based on occurrence and energy. ....................................................................................................... 18 

Figure 9. Bivariate scatter plot showing the proportional frequency of occurrence and energy 
distribution of directionally unresolved sea state recorded by NDBC buoy 46083. Numbers indicate 
hours of occurrence during an average year, and the color scale indicates the contribution to total 
annual energy. ..................................................................................................................................... 23 

Figure 10 . Bivariate scatter plot showing the proportional frequency of occurrence and energy 
distribution of directionally unresolved sea state recorded by NDBC buoy 46082. Numbers indicate 
hours of occurrence during an average year, and the color scale indicates the contribution to total 
annual energy. ..................................................................................................................................... 24 

Figure 11. Comparison of wave parameters recorded at the Cannon Beach ADCP and at s46082 (Cape 
Suckling). .............................................................................................................................................. 25 

Figure 12. Comparison of wave parameters recorded at the Cannon Beach ADCP and at s46083 
(Fairweather Grounds). ....................................................................................................................... 25 

Figure 13. Map showing extent of coarse and fine SWAN model domains. The black dot within the fine 
domain is the location of the ADCP. .................................................................................................... 27 

Figure 14. ..................................................................................................................................................... 29 
 
  



 

iii 

 

List of Tables 
 
Table 1. Wave buoy deployment details. ...................................................................................................... 9 
Table 2. Monthly statistics of wave data recorded by ADCP at Cannon Beach. ......................................... 14 
Table 3. Monthly statistics of wave data recorded at station 46083. ......................................................... 21 
Table 4. Monthly statistics of wave data recorded at station 46082. ......................................................... 22 
Table 5. Statistical results from comparison of NDBC station parameters to ADCP parameters. .............. 26 
Table 6. Summary of SWAN model parameters. ......................................................................................... 27 
Table 7. Hindcast accuracy for the wave energy resource metrics at the Cannon Beach ADCP. ............... 28 
Table 8. Hindcast accuracy for the wave energy resource metrics at stations 46082 and 46083 .............. 28 
 
 



 

4 

 

 

1. Executive Summary 
Yakutat is a community along the northeast coast of the Gulf of Alaska that is currently considering 

utilizing renewable, wave based electricity generation in order to lessen their reliance on diesel fuel for 
electricity generation. As part of this effort the University of Alaska Fairbanks carried out a study to 
assess the wave energy resource off of Yakutat’s Cannon Beach. Funding for the assessment was 
provided by the Alaska Energy Authority and the City and Borough of Yakutat. The study described 
herein utilized a combination of in situ observations and numerical modeling. The central piece of the 
assessment was an in situ wave measurement campaign. An Acoustic Doppler Current Profiler (ADCP) 
equipped to measure surface gravity wave spectra (i.e. wave height, direction and frequency) was 
deployed in 40 m of water approximately 6 km offshore of Cannon Beach and adjacent to the Yakutat 
Airport. The ADCP recorded a full annual cycle of wave spectra at the site over the course of a ~1.5 year 
deployment between August 2013 and April 2015. The ADCP mooring was also equipped with a Seabird 
Microcat CTD that measured and recorded hydrography at the site (e.g. Conductivity/salinity, 
Temperature and pressure/Depth) for the full length of the deployment. Additionally, the ADCP 
recorded water column velocity between the ADCP transducer and the surface (from ~5 meters above 
the bottom and the surface). Finally, ~6 months of passive acoustic data were collected at the site 
during this period. Neither the CTD data nor the passive acoustic data are discussed in this report.  

As part of the assessment, wave height and frequency recorded by two nearby NDBC buoys are 
compared to ADCP wave data. Gaps in both the ADCP and NDBC record do not allow for a comparison 
for the full length of the ADCP record but for the periods where there is overlapping data, the buoys and 
ADCP agree very well (R=0.84, 0.79 for the ADCP and each of the two buoys). Additionally, a coarse, 
regional wave model hindcast utilizing the SWAN spectral wave model was implemented for the 
northern Gulf of Alaska including the nearshore zone off Yakutat. The coarse model forced a finer scale, 
nested SWAN model for the region immediately adjacent to Yakutat. Results of both the regional and 
fine scale models compare well with both the ADCP and NDBC wave data from the region (R=0.86 for 
significant wave height between the model grid point nearest the ADCP and the ADCP measured values 
and R=.92, 0.93 for the two buoys for significant wave height). The goal of the modeling is to quantify 
the annual variability in the wave resource and to aid in identify the most promising sites for installation 
of a wave energy converter (WEC) or an array of WECs. Since only a single ADCP was deployed, a 
validated model is needed to ensure that the regional wave climate was well characterized and 
understood. 

The mean annual available wave energy at the mooring site is approximately 19.2 kW/m. While on 
an annual basis, this is less than sites off of Oregon or Hawaii (e.g. Kilcher, 2015), there is a large 
interannual variability in the Yakutat resource due to the frequent passage of storms over the Northern 
Gulf of Alaska. Winter values of the monthly mean available wave kinetic energy exceed 35 kW/m. Thus 
the resource is more than enough to satisfy Yakutat’s relatively modest electrical demand (e.g. Previsic 
and Bedard, 2009).  
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2. Introduction 
Yakutat, Alaska is on the outer coast of the northeastern Gulf of Alaska (GOA) along the section 

stretching from Cape Suckling to Kayak Island at the entrance to Prince William Sound. Yakutat has been 
identified as an area potentially suitable for the placement of a wave energy converter (WEC) electricity 
generation unit (Previsic and Bedard, 2009). In an initial feasibility study, Previsic and Bedard (2009) 
identified the nearshore zone just offshore of the town of Yakutat and southeast of the mouth of 
Yakutat Bay (Figure 1) as the most likely candidate for deployment of an array of WECs. Coarse scale 
regional models suggested the annual wave energy density near the proposed site (~10 m isobath, some 
~2 km offshore of the coast) was large, ~22 kW m-1 (http://maps.nrel.gov/mhk_atlas; Previsic and 
Bedard, 2009); given the high cost of power in Yakutat, the magnitude of the wave energy here was 
thought to be large enough to support economic commercial power generation (Previsic and Bedard, 
2009). It is important to note that hydrokinetic energy generators, including wave energy converters, 
are an emerging technology and thus WEC designs are continuously changing. The early identification of 
the nearshore zone as the most suitable for development was, in part, based on the maturity of WEC 
designs including the bottom mounted “flapper” design that Previsic and Bedard based their 2009 EPRI 
feasibility analysis on. Other WEC technologies now exist which are may be more suitable for placement 
farther offshore than the bottom mounted design Previsic and Bedard (2009) considered.  

The current study was initiated because of a lack of in-situ physical oceanographic observations 
from the Yakutat region. At the time, the only in-situ wave measurements from the area were from 
several NOAA buoys >150 km removed from the site (http://www.ndbc.noaa.gov/, accessed in 2012), a 
ten day time series of wave height and period from nearby Middleton Island (Roberts, 1976), and a set 
of wave measurements from ~1966 by Walter Munk and his students off Cannon Beach (e.g. Munk, 
1980). Note that none of these observations included wave direction, as up until July, 2015 , the nearby 
NDBC were not equipped to measure directional wave spectra (http://www.ndbc.noaa.gov/, accessed 
2016). While Previsic and Bedard (2009) were able to use NDBC measurements as boundary conditions 
for their model simulations of the nearshore wave climate, without in-situ verification of the wave 
conditions and spectra neither the distant wave buoys nor Previsic and Bedard’s (2009) model 
simulations were sufficient to justify installing a potentially costly WEC at the site (Previsic and Bedard, 
2009), or sufficient for design of a site-specific WEC array (C. Goudey, Resolute Marine Energy, pers. 
comm.). Before a WEC array can be designed or installed, it is necessary to assess the wave energy as 
close to the site as possible, using in-situ techniques (IEC, 2013). 
Marine Mammals and Fisheries 

In addition to the unique physical characteristics of the area, this area is biologically rich; the region 
is home to a suite of subarctic marine birds and mammals, yet relatively little is known of the seasonal 
occurrence of, and importance to, marine mammals in this region. Without this knowledge it will likely 
be impossible to obtain the necessary permits to install WECs. Marine mammal species known to occur 
here include fin, humpback, gray, minke, sperm and killer whales, in addition to harbor and Dall’s 
porpoises. Additionally, there was a sighting of four North Pacific right whales in 1979, one of very few 
sightings of this species outside of the Bering Sea (Shelden et al. 2005). The closest pinniped haul outs 
have been identified for harbor seals approximately 8 miles south from the area of interest for the 
development of the WEC, at Blacksand spit and at the north side of Ocean cape, in Yakutat Bay (NMML 
unpublished data).  

Aerial surveys for Steller sea lions have been conducted about bi-annually since 1990, also being 

http://www.ndbc.noaa.gov/
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focused on a limited spring-summer window (NMML, unpublished data).  The nearest Steller sea lion 
haul-outs consist of just a few animals, one site just east of the Dangerous River (28 nm from the project 
site) and another on the outer coast west across Yakutat Bay (25 nm).  Annual surveys conducted from 
March to April since 2000 have counted between 722 and 1950 animals hauled out on sandbars in the 
Akwe and Alsek rivers during the eulachon run (Catterson 2005). 

No tracking studies of pinnipeds have been implemented in the project area, but harbor seals 
tagged in Glacier Bay took extensive migrations along the coast adjacent to and through the project area 
(Womble 2012). Though utilization of the nearshore area by the Yakutat Forelands was low – which is 
expected based on the seals’ distant natal site – the area was used throughout the year for transiting 
and possibly foraging. Though harbor seals are considered philopatric, adults commonly undertake 
movements of 50-100 km (26-52 nm) and occasionally up to 200 km (104 nm) from their natal area, 
especially outside the breeding and molting periods (i.e, during fall and winter; Boveng et al. 2012). In 
their first year of life, young harbor seals commonly undertake trips of >75 km (39 nm), ranging as far as 
>300 km from their natal area (Small et al. 2005).  A joint NPS-NMFS study of harbor seal movements 
and haul-out behavior in Disenchantment and Icy Bays is planned for FY15 and FY16. 

Aerial surveys for sea otters in Yakutat Bay have occurred every 5-10 years since 1987 with the 
latest occurring in 2005 (Gill and Burn 2007).  Surveys occur from April to August. Since surveys began 
the population is believed to be increasing from a low of fewer than 400 to the current level of about 
1,600.  Over this time, the population has also expanded its range within Yakutat Bay to both the 
eastern and western shoreline (Fig. 1) in areas shallower than about 40 meters.  Otter densities on the 
outer coast from Cape Yakataga to Cape Spencer (encompassing the project area) are very low with an 
estimate of only 32 animals (USFWS, 2013).  Sea otters are generally not considered migratory, ranging 
at most 10’s of kilometers, and have relatively small home ranges (< 24 km2). 

The specific location for the WEC does not seem to be in close range of pinniped haul outs or 
cetacean hot spots, however the temporary presence of multiple marine mammal species is highly 
probable. There are no data to describe the seasonality of the different marine mammals observed in 
this area, aerial surveys typically occur in summer (NMML cetacean surveys occurred in June/July and 
pinnipeds surveys in August) and flights covering the Yakutat region are made as quickly as in one or two 
days. However, some coastal species observed in this area are migratory and cross the Gulf of Alaska 
twice every year on their migration to northern feeding grounds in spring and southern breeding 
grounds in fall (Perrin et al. 2008). Of relevance is the case for coastal species such as humpback whales 
and gray whales that could easily cross the area of interest for the development of the WEC project 
during their migration. Other coastal marine mammals with high probability of being present in the WEC 
area are killer whales, harbor porpoises, belugas, harbor seals and Steller sea lions. Killer whales have 
been tagged with satellite transmitters in 2010 and have been tracked passing by the WEC area an 
entering Yakutat Bay (Hanson et al., 2012). Harbor porpoises are commonly seen in shallow waters both 
inside and outside Yakutat Bay (Hobbs and Waite, 2010). Opportunistic beluga sightings have been 
reported around Khantaak Island, near Ocean cape in Yakutat Bay, indicating that they could access the 
WEC site. Finally, the Northeastern GOA coast appears to be a hot spot for strandings of pelagic and 
deep water species, including beaked whales and sperm whales. 

Other factors besides the wave resource and marine mammals must also be considered before a 
wave energy project can proceed. For example, prior to this wave resource assessment, there were 
limited in-situ observations of ocean currents from the area. W. Lucey (formerly of the City and Borough 
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of Yakutat) reported currents on the order of 2-4 knots along the coast, near the proposed site (pers. 
comm. 2012). Strong currents at the site are likely due to the combination of tides and winter winds as 
well as the Alaska Coastal Current (ACC), a current system that transports fresh and sediment-laden 
river-derived water along the Alaskan coast. Trapped near the coast in the vicinity of the proposed WEC 
site (Royer, 1982), the ACC likely drives significant and seasonally varying currents in this area (Royer, 
1982; Jaeger et al., 1998; www.aoos.org). Though there are ocean current model simulations which 
support this supposition (Hermann et al., 2002; www.aoos.org), prior to the deployment of the ADCP for 
this project, we are not aware of any long-term current observations from the Yakutat area. 

The region’s vigorous currents transport large quantities of sediment. Globally, the sediment load 
delivered to the Northeastern GOA is among the largest in the world (Jaeger et al. 1998). Sediments are 
carried by short glaciated rivers such as the Alsek, ~100 km to the southeast of the proposed WEC site, 
onto the shelf and eventually into the ACC. Thus suspended sediment concentrations in the ACC are high 
(e.g. Hampton et al., 1987; Shephard, 1995; Milliman et al., 1996). Bottom sediment accumulation rates 
in the area are also large: >10 mm a-1 (Jaeger et al., 1998). Consistent with the hydrologic, glacial, and 
tectonic settings, historical surveys indicate that bottom sediments in the Yakutat area consist of clayey 
silt to silt and sand (Evans et al., 2000). In addition to remaining suspended for great distances, small 
sediment classes such as those present on the shelf near Yakutat are easily remobilized by vigorous 
currents with large vertical shear stresses at the bed (e.g. Batchelor, 1967). Through mechanical wear, 
sediment transport via vigorous ocean currents may impact a WEC device’s longevity. Thus 
understanding and quantifying ocean currents and water column sediment transport in the area is 
beneficial and relevant to the project as well. 

Finally, it is pertinent that Previsic and Bedard (2009) note that both their analysis and wave models 
(such as those the National Renewable Energy Laboratory uses to assess wave energy resources; see 
http://maps.nrel.gov/mhk_atlas) rely on the same limited bathymetry measurements from the area 
(i.e., those available at http://www.ngdc.noaa.gov). Since wave parameters depend strongly on the 
bottom topography, both NREL’s analysis and that of Previsic and Bedard (2009) are only as good as the 
bathymetry data they use (Previsic and Bedard, 2009). Furthermore, changes in the bathymetry due to 
effects such as storm-driven coastal erosion in the area are currently un-quantified, though likely large 
(W. Lucey, pers. comm. 2012). In addition, by obstructing local currents and removing wave energy from 
the water column, a WEC array will likely modify local sediment transport patterns and deposition, and 
therefore alter the sea bed morphology, and thus may potentially alter the surrounding benthic habitat. 
Thus in order to safely and sustainably install and operate a WEC in such an environment these factors 
must be measured and understood as well.  

Overall, a vigorous nearshore wave climate and strong currents make Yakutat a unique location to 
install a WEC. However, before any WEC is installed, the wave energy resource, marine mammal activity 
and oceanographic and sediment processes relevant to the continuing, successful operation of a WEC in 
this environment must be quantified. 
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Figure 1. Location of Yakutat, Alaska, and the ADCP at Cannon Beach. Also shown are the NDBC buoys at 
Cape Suckling (s46082) and Fairweather Grounds (s46083). 

3. Wave Data 

3.1. Summary of Wave Records 
The wave climate at Cannon Beach was investigated using wave data from three locations in the 

Gulf of Alaska (

 
Figure 1, Table 1). For the purpose of this study, a bottom-mounted ADCP (40 m deep water) recorded 

directional wave spectra at Cannon Beach from August 2013 to December 2013 and from April 2014 to 
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April 2015. Due to high-frequency noise in the recorded wave spectra, a dynamic cut-off was 
implemented to replace the recorded data with an idealized high-frequency tail. The dynamic cutoff 
occurred at the frequency of minimum spectral energy (variance density) in the range of 0.15 to 0.18 Hz, 
and the extrapolated frequencies are deep water frequencies at the ADCP depth. An f-4 tail was scaled to 
the spectral energy at the cut-off frequency and then extrapolated to 0.5 Hz. The justification for the 
shape of the f-4 tail is well established (e.g. Battjes et al., 1987). Wave parameters recorded by the ADCP 
are shown in Figure 2.  

Long term wave buoys operated by the National Data Buoy Center (NDBC) have recorded spectral 
wave data at two sites on the continental shelf near Yakutat since 2001 (

 
Figure 1). Hourly non-directional wave spectra recorded by the buoys was acquired from the NDBC 

website (www.ndbc.noaa.gov). Directional spectra from these buoys are available from July 2015 
onwards and after the deployment period of the ADCP. Throughout this report the buoys are referred to 
by their NDBC station ID numbers, 46082 and 46083.  
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Table 1. Wave buoy deployment details. 

Identifier  Depth (m) Operation Location System 

46083 141  07/2001 - present 344 km SE of Yakutat 3m foam buoy 

46082 297  08/2002 - present 408 km W of Yakutat 3m discus buoy 

ADCP 40   08/2013 - 04/2015 ~6 km off Cannon Beach RDI Workhorse ADCP (600kHz) 
 

The records from all three wave buoys have missing data in the time series ranging in length from 
hours to months. These gaps could be caused by numerous factors, but the majority occur due to 
equipment failure during the winter and spring. The equipment failures are probably caused by the large 
winter storms that frequent the Gulf of Alaska, and the buoys remain idle until repair can be initiated in 
the spring or summer. The ADCP at Cannon Beach did not record data from December 2013 until April 
2014. Station 46082 collected incomplete wave data during three winters/springs (03/04, 08/09, and 
13/14), and Station 46083 collected incomplete wave data during four winters/springs (01/02, 04/05, 
06/07, and 10/11). This study utilizes a method presented by Lenee-Bluhm et al. (2011) to avoid biasing 
the monthly wave statistics due to the incomplete records. Using this method, each buoy’s records from 
a particular month were weighted such that the appropriate number of hourly data points existed for 
each month. The weighting factor for each month was calculated as a ratio of ideal data recovery to 
actual data recovery, and is equal to 24*D*Y/N where N is the number of hourly records available for a 
month of D days over a period of Y years. 

3.2. Wave Characterization Metrics 
This report utilizes a common set of metrics to characterize wave energy resources. These metrics 

were first proposed by Lenee-Bluhm et al. (2011) and were adopted in the IEC Wave Energy Resource 
Assessment Technical Specifications (2013). These quantities include: omnidirectional wave power (J), 
significant wave height (Hm0), energy period (Te), spectral width (ε0), directionally resolved wave power 
(Jθ), direction of maximum directionally resolved wave power (θj), and directionality coefficient (d). 

The omnidirectional wave power (J) is the power contained by all direction and frequency 
components of the wave spectra, and therefore represents to the total sea state. Lenee-Bluhm et al. 
(2011) state this is the time averaged energy flux through a vertical cylinder of unit diameter from sea 
floor to surface. J is defined as: 

  (1) 
where ρ is the density of seawater, g is the acceleration due to gravity, cg,i is the group velocity if the ith 
discrete frequency, S is variance density over the ith discrete frequency and jth discrete direction,  Δfi is 
the frequency width of the variance density over the ith discrete frequency, and Δ𝜃j is the angular width 
of the variance density for the jth discrete direction. 

The significant wave height (Hm0) is defined as the mean of the 1/3 highest waves, and is calculated 
from the from the wave spectra using the following equation:  

  (2) 
where m0 is the zeroth frequency spectral moment. Spectral moments are used to calculate several 
wave energy characterization metrics, and are defined as: 
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  (3) 
where n is the order of the spectral moment, and mn is the nth order spectral moment.  

The energy period (Te) is the most commonly used metric describe the characteristic wave period of 
the sea state. It is defined as: 

  (4) 
The spectral width (ε0) quantifies the distribution of the energy along the wave spectrum around the 

peak frequency. It is defined as: 

  (5) 
The directionally resolved wave power (Jθ) is the energy flux passing through a vertical plane from 

sea floor to sea surface that is normal to the direction θ. It is defined as: 

  (6) 
where δ is included so that only positive components of the energy flux are summed. The direction of 
maximum Jθ is referred to as the direction of maximum directionally resolved wave power and is 
denoted as θj. Maximum directionally resolved wave power is denoted as Jθj. 

The directionality coefficient (d) is the ratio of maximum directionally resolved wave power to the 
omnidirectional wave power, and is a measure of the directional spreading of the wave power about the 
direction of maximum energy flux. The directionality coefficient is important metric for directionally 
sensitive wave energy converter devices. It is defined as: 

  (7) 

3.3. Discussion of Wave Data 

3.3.1. Cannon Beach ADCP 
An hourly time series of the characteristic wave quantities recorded at Cannon Beach is shown in 

Figure 2. Monthly statistics of wave quantities are shown in Figure 3, and are tabulated in Table 2. The 
mean annual wave power observed at the ADCP is 19.2 kW/m, but a strong seasonal trend exists with 
wave power much higher during the winter months than during the summer. Monthly averages range 
from a maximum of 31.4 kW/h in January to a minimum 4.8 kW/h in May. Yakutat’s electrical load peaks 
during the summer, when the available wave energy is at a minimum (Previsic and Bedard, 2009). The 
mean annual wave power observed at Cannon Beach is lower than at other sites on the west coast of 
North America. Lenee-Bluhm et al. (2011) report measured mean annual wave power values of 30 and 
31 kW/h for two wave buoys of similar water depth off the coasts of California and Washington. Hiles et 
al. (2014) report a modeled wave resource of 31 kW/h at a site at 50m water depth off Vancouver 
Island, British Columbia.  
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The mean energy period recorded by the ADCP is 9.0 seconds, and shows minor variation during the 
year. The mean energy period indicates that the waves are primarily swell from storms passing through 
the region. A few instances of longer period waves occurred during the ADCP record, most likely from 
distant storms. The spectral width increases during the summer as the wave climate is more variable 
than during the winter when it is swell dominated. The direction of maximum wave power is 
predominately from the south, with the mean direction showing little variation. However the directional 
variability of the wave power increases during the winter months.  

A scatter table showing the proportional frequency of occurrence and energy distribution of 
directionally unresolved sea state at Cannon Beach is shown in Figure 4. This figure shows that the sea 
state with the greatest energy (significant wave height of 2.0 to 2.5 m and energy period of 8 to 9 
seconds) is similar to the sea states with the greatest frequency of occurrence (significant wave height of 
1 to 2 m and energy period of 8 to 9 seconds). During the course of the ADCP deployment, 
approximately 35 to 50% of measurements per month had energy period of 8 to 9 seconds. 
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Figure 2. Hourly time series of data recorded during the entire deployment of the ADCP buoy at Cannon 
Beach. Data shown includes omnidirectional wave power (J), significant wave height (Hm0), energy 
period (Te), spectral width (ε0), direction of maximum directionally resolved wave power (θj), and 
directionality coefficient (d). 
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Figure 3. Monthly mean characteristic quantities and statistical ranges of the wave climate at Cannon 
Beach as recorded by the ADCP. 
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Table 2. Monthly statistics of wave data recorded by ADCP at Cannon Beach. 

 
 
 

Annual Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Mean 19.1 31.4 25.8 21.3 18.6 4.8 10.8 6.0 10.5 17.2 25.0 27.6 31.3

Standard Deviation 23.5 26.6 27.5 16.9 14.3 3.1 11.7 6.3 9.5 15.0 26.9 33.7 28.4

Median 11.9 22.9 16.9 17.0 14.3 3.9 6.4 3.8 8.3 12.2 16.3 17.0 23.4

10th Percentile 2.7 5.4 4.8 3.7 6.5 1.8 2.0 1.6 1.8 3.8 3.8 5.0 5.5

90th Percentile 45.9 69.4 54.9 43.4 36.4 8.9 26.8 13.3 22.9 38.5 58.4 55.9 66.8

Maximum 393.9 158.3 241.8 88.9 91.9 20.1 87.5 48.7 58.5 105.0 240.7 393.9 160.1

Minimum 0.3 3.0 0.3 0.6 2.1 0.9 1.2 0.8 0.8 1.2 0.9 0.4 0.7

Monthly Variability 26.7 -- -- -- -- -- -- -- -- -- -- -- --

Mean 1.7 2.3 2.0 1.9 1.8 0.9 1.4 1.0 1.4 1.8 2.0 2.1 2.2

Standard Deviation 0.9 0.9 1.0 0.8 0.6 0.3 0.7 0.5 0.7 0.7 1.0 1.0 1.0

Median 1.6 2.2 1.9 1.9 1.7 0.9 1.2 0.9 1.4 1.6 1.9 1.9 2.1

10th Percentile 0.8 1.0 1.0 0.9 1.2 0.6 0.6 0.6 0.6 0.9 0.9 1.0 1.1

90th Percentile 3.0 3.6 3.2 3.0 2.7 1.4 2.4 1.7 2.3 2.8 3.4 3.3 3.5

Maximum 9.9 5.2 6.6 4.1 4.2 2.0 4.6 3.3 3.6 4.3 5.7 9.9 5.3

Minimum 0.3 0.8 0.3 0.4 0.7 0.4 0.5 0.4 0.3 0.5 0.4 0.3 0.4

Monthly Variability 1.4 -- -- -- -- -- -- -- -- -- -- -- --

Mean 9.0 9.1 9.2 8.8 9.2 9.5 8.5 8.8 8.7 8.9 8.9 9.1 9.3

Standard Deviation 1.0 0.6 0.9 0.7 0.8 1.5 0.9 1.1 1.0 1.0 1.1 1.2 0.8

Median 8.9 9.1 9.0 8.8 9.2 9.2 8.4 8.6 8.5 8.7 8.7 9.0 9.2

10th Percentile 7.9 8.4 8.3 7.9 8.2 8.1 7.5 7.5 7.8 7.7 7.7 7.9 8.2

90th Percentile 10.2 10.0 10.1 9.6 10.1 11.5 9.7 10.2 10.1 10.1 10.2 10.3 10.2

Maximum 16.4 11.1 13.5 10.7 11.9 14.6 11.7 11.8 13.1 13.0 14.3 16.4 13.6

Minimum 5.7 6.8 7.6 6.6 7.3 5.9 5.7 6.1 6.4 6.2 6.1 6.3 6.8

Monthly Variability 1.0 -- -- -- -- -- -- -- -- -- -- -- --

Mean 0.30 0.28 0.28 0.29 0.29 0.31 0.31 0.35 0.33 0.31 0.29 0.28 0.30

Standard Deviation 0.06 0.04 0.04 0.05 0.04 0.07 0.08 0.08 0.06 0.07 0.05 0.05 0.05

Median 0.29 0.28 0.28 0.28 0.28 0.30 0.29 0.34 0.33 0.30 0.28 0.27 0.30

10th Percentile 0.23 0.23 0.23 0.23 0.23 0.22 0.23 0.25 0.26 0.23 0.23 0.22 0.24

90th Percentile 0.38 0.34 0.33 0.35 0.34 0.41 0.43 0.46 0.42 0.39 0.36 0.34 0.36

Maximum 0.61 0.41 0.40 0.48 0.43 0.53 0.61 0.57 0.53 0.56 0.50 0.52 0.49

Minimum 0.13 0.18 0.13 0.17 0.17 0.14 0.16 0.15 0.19 0.15 0.18 0.17 0.18

Monthly Variability 0.07 -- -- -- -- -- -- -- -- -- -- -- --

Mean 186 187 187 190 187 181 187 179 182 185 186 188 188

Standard Deviation 60 72 71 80 67 27 47 40 44 49 58 67 78

Median 185 188 184 191 187 182 188 177 184 185 190 191 196

10th Percentile 116 95 94 72 94 153 137 142 140 137 117 102 84

90th Percentile 257 288 285 300 273 208 235 218 223 237 246 266 294

Maximum 359 358 359 359 358 340 356 358 333 358 357 359 356

Minimum 0 1 0 0 0 37 1 5 0 0 2 0 1

Monthly Variability 12 -- -- -- -- -- -- -- -- -- -- -- --

Mean 0.53 0.46 0.47 0.47 0.49 0.60 0.58 0.60 0.57 0.57 0.54 0.50 0.47

Standard Deviation 0.11 0.07 0.08 0.08 0.09 0.09 0.10 0.10 0.11 0.11 0.11 0.10 0.09

Median 0.51 0.45 0.45 0.45 0.48 0.60 0.59 0.61 0.57 0.57 0.53 0.48 0.44

10th Percentile 0.39 0.38 0.38 0.37 0.38 0.48 0.43 0.45 0.41 0.42 0.40 0.39 0.38

90th Percentile 0.68 0.56 0.58 0.58 0.61 0.71 0.70 0.72 0.72 0.71 0.69 0.65 0.60

Maximum 0.89 0.73 0.73 0.78 0.79 0.89 0.79 0.85 0.82 0.87 0.87 0.82 0.81

Minimum 0.32 0.34 0.34 0.34 0.34 0.36 0.33 0.35 0.32 0.34 0.32 0.33 0.34

Monthly Variability 0.14 -- -- -- -- -- -- -- -- -- -- -- --
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Figure 4. Bivariate scatter plot showing the proportional frequency of occurrence and energy 
distribution of directionally unresolved sea state recorded by the ADCP at Cannon Beach. Numbers 
indicate hours of occurrence during an average year, and the color scale indicates the contribution to 
total annual energy. 
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Figure 5. Annual wave rose diagrams showing omnidirectional wave power and significant wave height 
distributions as a function of peak direction. 
 
 

 
Figure 6. Annual wave rose diagrams showing omnidirectional wave power and significant wave height 
distributions as a function of direction of maximum wave power. 
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Figure 7. Empirical cumulative probability distributions for various wave parameters at Cannon Beach 
based on occurrence and energy by month. 
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Figure 8. Empirical cumulative probability distributions for various wave parameters at Cannon Beach 
based on occurrence and energy. 
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3.3.2. Gulf of Alaska NDBC Buoys  
Monthly statistics of wave characteristics recorded by the NDBC buoys 46083 and 46082 from 2002 

to 2014 are shown in figure 5. The NDBC buoys did not record directional wave data while the ADCP was 
deployed, so the direction of maximum directionally resolved wave power and directionality coefficient 
are not available for this period. The maximum directionally resolved wave power and directionality 
coefficient beginning after June 2015 are included in the appendix. The monthly statistics from the 
NDBC buoys are tabulated in Table 3 and Table 4 for stations 46083 and 46082, respectively. The mean 
annual wave power observed at stations 46083 and 46082 is 33.2 kW/m and 31.9 kW/m, with monthly 
averages ranging from 7 kW/m during July at 46083 to 63.4 kW/m during December at 46082. Like the 
ADCP, the NDBC buoys show a strong seasonal trend with higher wave power and significant wave 
heights during the winter. The energy period recorded in deep water by the NDBC buoys is shorter than 
recorded by the ADCP. This is likely a result of the processing of the ADCP data; measurements of higher 
frequency waves had to be eliminated from the ADCP record because they are contaminated by 
mooring motion.   
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Figure 5. Monthly mean characteristic quantities and statistical ranges of the wave climate at stations 
46083 (left column) and 46082 (right column) as recorded by the NDBC wave buoys for the period from 
2002 to 2014. 
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Table 3. Monthly statistics of wave data recorded at station 46083 for the period from 2002 to 2014. 

 
 

Annual Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Mean 33.0 48.5 56.0 43.9 26.0 15.7 8.6 7.0 9.5 25.8 39.7 56.1 61.2

Standard Deviation 46.1 48.5 65.6 58.0 29.6 21.1 10.7 7.2 13.2 33.1 47.0 64.1 60.2

Median 16.3 34.0 39.6 25.4 15.6 8.2 5.5 4.7 5.2 15.0 24.6 33.9 41.9

10th Percentile 2.9 11.9 10.1 5.6 4.3 2.6 2.1 1.7 1.9 3.2 6.6 9.2 9.9

90th Percentile 77.8 99.2 118.5 103.3 62.1 36.3 17.3 14.5 20.2 58.9 88.0 129.1 142.3

Maximum 1476.4 657.9 1476.4 972.1 310.1 280.5 183.2 73.2 159.7 420.5 484.1 607.8 635.5

Minimum 0.0 1.1 1.5 1.2 0.8 0.2 0.3 0.0 0.3 0.4 0.6 2.8 0.6

Monthly Variability 54.2 -- -- -- -- -- -- -- -- -- -- -- --

Mean 2.4 3.1 3.1 2.8 2.2 1.8 1.4 1.3 1.4 2.2 2.7 3.2 3.3

Standard Deviation 1.3 1.2 1.3 1.4 1.1 0.9 0.6 0.6 0.7 1.1 1.2 1.4 1.4

Median 2.1 2.9 3.0 2.5 2.0 1.5 1.3 1.2 1.2 2.0 2.5 2.9 3.2

10th Percentile 0.9 1.8 1.5 1.3 1.1 0.8 0.8 0.7 0.7 1.0 1.4 1.6 1.6

90th Percentile 4.1 4.6 4.8 4.7 3.8 3.0 2.2 2.0 2.4 3.7 4.4 5.1 5.3

Maximum 14.6 9.6 14.6 11.9 7.5 6.7 5.9 4.4 5.8 8.4 9.3 10.0 10.8

Minimum 0.0 0.7 0.6 0.7 0.5 0.3 0.3 0.0 0.4 0.4 0.4 0.9 0.5

Monthly Variability 2.0 -- -- -- -- -- -- -- -- -- -- -- --

Mean 8.1 8.5 9.2 8.3 8.2 7.6 7.5 7.1 7.3 7.8 8.2 8.4 8.9

Standard Deviation 1.7 1.6 1.6 1.7 1.5 1.4 1.7 1.4 1.5 1.4 1.6 1.7 1.7

Median 8.0 8.5 9.2 8.3 8.2 7.6 7.3 7.0 7.3 7.8 8.2 8.5 8.9

10th Percentile 5.8 6.5 7.0 6.0 6.3 5.8 5.5 5.2 5.5 5.9 6.2 6.1 6.5

90th Percentile 10.2 10.5 11.2 10.6 10.0 9.5 9.6 8.8 9.3 9.6 10.2 10.6 11.2

Maximum 15.8 13.9 15.1 14.3 15.8 12.6 15.1 13.1 13.8 12.9 14.0 14.3 14.5

Minimum 3.2 4.5 4.5 4.1 3.9 3.2 3.6 3.3 3.6 3.8 3.9 4.4 3.8

Monthly Variability 2.1 -- -- -- -- -- -- -- -- -- -- -- --

Mean 0.34 0.33 0.33 0.33 0.33 0.35 0.38 0.38 0.37 0.34 0.32 0.32 0.33

Standard Deviation 0.08 0.06 0.06 0.06 0.07 0.09 0.10 0.10 0.10 0.09 0.06 0.06 0.06

Median 0.33 0.33 0.32 0.32 0.32 0.33 0.37 0.37 0.34 0.32 0.31 0.31 0.32

10th Percentile 0.26 0.26 0.26 0.26 0.26 0.26 0.27 0.27 0.26 0.26 0.25 0.25 0.26

90th Percentile 0.46 0.41 0.41 0.41 0.43 0.48 0.52 0.53 0.52 0.46 0.40 0.39 0.41

Maximum 0.84 0.58 0.61 0.72 0.69 0.73 0.84 0.74 0.78 0.80 0.67 0.65 0.59

Minimum 0.00 0.18 0.19 0.19 0.16 0.17 0.18 0.00 0.18 0.17 0.18 0.20 0.18

Monthly Variability 0.07 -- -- -- -- -- -- -- -- -- -- -- --
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Table 4. Monthly statistics of wave data recorded at station 46082 for the period from 2002 to 2014. 

 
 
 
 
 

Annual Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Mean 31.8 45.8 50.8 37.9 27.8 14.3 9.4 7.3 10.1 27.4 37.2 51.9 63.4

Standard Deviation 50.9 50.8 70.6 52.4 36.7 19.6 12.3 8.8 14.7 40.7 46.5 64.5 78.6

Median 14.3 31.2 28.9 18.7 14.1 7.3 5.6 4.3 5.0 14.9 20.7 31.0 36.8

10th Percentile 2.8 7.5 6.3 5.0 3.5 2.1 2.1 1.6 1.6 2.9 4.9 6.9 9.2

90th Percentile 80.0 98.3 114.0 96.3 70.1 36.1 19.4 16.0 23.3 59.8 87.6 121.8 147.5

Maximum 1496.3 674.3 983.2 629.0 388.0 192.2 177.7 107.0 207.2 578.4 487.2 980.2 1496.3

Minimum 0.0 0.7 0.6 0.8 0.4 0.2 0.4 0.3 0.1 0.3 0.3 0.0 0.8

Monthly Variability 56.1 -- -- -- -- -- -- -- -- -- -- -- --

Mean 2.3 2.9 3.0 2.6 2.2 1.7 1.4 1.3 1.5 2.3 2.7 3.1 3.3

Standard Deviation 1.4 1.3 1.5 1.4 1.2 1.0 0.7 0.6 0.8 1.3 1.3 1.5 1.6

Median 2.0 2.8 2.6 2.2 1.9 1.4 1.3 1.1 1.2 2.1 2.4 2.8 3.0

10th Percentile 0.9 1.4 1.3 1.2 1.0 0.8 0.8 0.7 0.7 0.9 1.2 1.4 1.6

90th Percentile 4.3 4.6 5.0 4.6 4.1 3.1 2.3 2.2 2.6 3.9 4.5 5.2 5.5

Maximum 14.7 10.0 12.6 9.9 8.2 6.7 5.7 5.2 6.5 10.2 9.1 12.5 14.7

Minimum 0.0 0.4 0.5 0.5 0.4 0.3 0.4 0.4 0.2 0.4 0.4 0.0 0.5

Monthly Variability 2.0 -- -- -- -- -- -- -- -- -- -- -- --

Mean 7.9 8.5 8.6 8.1 8.1 7.7 7.5 7.1 7.1 7.5 7.9 8.2 8.7

Standard Deviation 1.6 1.5 1.6 1.6 1.5 1.6 1.6 1.5 1.5 1.4 1.5 1.6 1.6

Median 7.9 8.5 8.6 8.0 8.1 7.8 7.5 7.1 7.0 7.5 7.8 8.1 8.6

10th Percentile 5.9 6.6 6.6 6.0 6.2 5.6 5.4 5.2 5.2 5.8 6.0 6.1 6.5

90th Percentile 10.0 10.6 10.6 10.1 10.0 9.8 9.5 9.0 9.1 9.2 9.8 10.3 10.8

Maximum 15.3 14.2 14.5 14.0 15.3 13.5 13.3 12.6 13.4 13.0 14.5 14.2 14.8

Minimum 3.2 4.2 3.9 3.5 3.6 3.5 3.4 3.3 3.2 3.6 3.6 3.8 4.3

Monthly Variability 1.5 -- -- -- -- -- -- -- -- -- -- -- --

Mean 0.34 0.32 0.32 0.32 0.33 0.36 0.38 0.39 0.36 0.33 0.31 0.31 0.31

Standard Deviation 0.08 0.06 0.06 0.06 0.08 0.09 0.10 0.11 0.10 0.08 0.06 0.05 0.05

Median 0.32 0.31 0.31 0.31 0.31 0.34 0.37 0.37 0.34 0.31 0.30 0.30 0.30

10th Percentile 0.25 0.26 0.25 0.25 0.25 0.25 0.26 0.26 0.25 0.24 0.25 0.25 0.25

90th Percentile 0.45 0.40 0.40 0.41 0.43 0.48 0.52 0.54 0.52 0.45 0.39 0.38 0.38

Maximum 0.82 0.62 0.65 0.64 0.68 0.75 0.82 0.77 0.77 0.73 0.66 0.69 0.64

Minimum 0.00 0.18 0.15 0.19 0.17 0.17 0.19 0.15 0.10 0.15 0.16 0.00 0.18

Monthly Variability 0.08 -- -- -- -- -- -- -- -- -- -- -- --
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Figure 9. Bivariate scatter plot showing the proportional frequency of occurrence and energy 
distribution of directionally unresolved sea state recorded by NDBC buoy 46083 for the period from 
2002 to 2014. Numbers indicate hours of occurrence during an average year, and the color scale 
indicates the contribution to total annual energy. 
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Figure 10 . Bivariate scatter plot showing the proportional frequency of occurrence and energy 
distribution of directionally unresolved sea state recorded by NDBC buoy 46082 for the period from 
2002 to 2014. Numbers indicate hours of occurrence during an average year, and the color scale 
indicates the contribution to total annual energy. 
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4. Correlation between ADCP and NDBC buoys 
If an array of WECs were to be installed at Cannon Beach, control strategies to maximize the power 

output of the WEC array would likely require the use of the real-time NDBC wave data to infer wave 
conditions at Cannon Beach. For this reason, we have compared wave data recorded at Cannon Beach 
to the NDBC wave buoys.  

The ADCP at Cannon Beach and NDBC buoy 46083 simultaneously recorded wave data during the 
period of 08/29/2013 to 12/03/2013 with 2251 concurrent wave measurements. From 2013 to 2015, 
the ADCP and buoy 46083 recorded 7234 concurrent measurements. Table 5, Figure 11 and Figure 12  
summarize the relationship between the data recorded by the buoys and at the ADCP. 

Cross-correlation analysis shows there is no-discernable lag between the significant wave height 
recorded at 46083 and the ADCP, but that there is an approximately 3 hour lag from 46082 to the ADCP. 

 
Figure 11. Comparison of wave parameters recorded at the Cannon Beach ADCP and at 46082 (Cape 
Suckling). 
 

 
Figure 12. Comparison of wave parameters recorded at the Cannon Beach ADCP and at 46083 
(Fairweather Grounds). 
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Table 5. Statistical results from comparison of NDBC station parameters to ADCP parameters. 

Station n Metric RMSE PE SI Bias R 

46083 2251 J 16.2 kW/h 162% 0.71 3.7 kW/h 0.86 

  Hm0 0.71 m 58% 0.36 0.4 m 0.84 

46082 7234 J 25.7 kW/h 324% 1.20 7.7 kW/h 0.74 

    Hm0 0.94 m 74% 0.49 0.5 m 0.79 
 

5. SWAN Wave Model 
In order to assess the annual, and inter annual variability in the wave climate at Cannon Beach, a 

multi-year hindcast was implemented using the SWAN model. This section summarizes the set-up and 
results from a 9 year hindcast for the Northeastern Gulf of Alaska.  

5.1. Model Implementation 
Two grids of different spatial resolution were implemented in SWAN to accurately simulate the 

transformation of wave energy from deep water to Cannon Beach (Figure 13). A coarse grid covers the 
entire northern Gulf of Alaska with a spatial resolution of 0.1° by 0.1° (latitude by longitude). This coarse 
grid covers the transition from ocean to shelf. A second grid covers the area of Cannon Beach at a finer 
spatial resolution of 0.005° by 0.01° (~556m by ~574m). The directional wave spectrum was discretized 
in both models with 90 directional bins and 35 logarithmically spaced bins over the frequency range of 
0.03 Hz to 0.75 Hz. Model parameters are summarized in Table 6. 

The coarse grid model is forced by archived WAVEWATCH III (hereafter referred to as WW3) wind 
and wave data. The WW3 wave data was generated by the regional Alaskan Waters (AKW) WW3 model 
(version 2.22), and was accessed from NOAA’s Marine Modeling and Analysis Branch FTP. The incoming 
wave boundary conditions are applied at 0.25° increments along the entire southern boundary of the 
model domain (the 57th parallel). The boundary wave conditions are input into SWAN as Pierson-
Moskowitz spectra derived from parametric (significant wave height, peak period, peak direction, and 
directional spreading) inputs. The hindcast 10m wind field data reported by WW3 is derived from the 
Global Forecasting System (GFS), and is applied throughout the model domain. The coarse model is run 
in non-stationary mode with a time step of 30 minutes, and wave spectra are stored hourly at the 
locations of the NDBC wave buoys. 

The fine grid model is nested (one-way) within the coarse grid model, where the boundary 
conditions are generated for each time step. The fine domain model is also run in non-stationary mode 
with a time step of 30 minutes, and wave spectra are stored hourly at the locations of the ADCP. Wind 
forcing was not applied to the fine grid model due to the limited fetch of the domain.  

Based on a sensitivity study using only data from 2013, default SWAN parameterizations were 
chosen for all settings.  
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Table 6. Summary of SWAN model parameters. 
Grid Latitude Longitude Resolution Frequency Time Step 

Coarse 57°N - 60°N 136°W - 152°W 0.1° x 0.1° 0.03 - 0.75 Hz 30 min 
Fine 59.2°N - 59.8°N 139.25°W - 140.25°W  0.005° x 0.01° 0.03 - 0.75 Hz 30 min 

 
 

 
Figure 13. Map showing extent of coarse and fine SWAN model domains. The black dot within the fine 
domain is the location of the ADCP. 

6. Model Data Sources 
Wind data and wave boundary condition data were acquired from NOAA’s National Weather Service 

Environmental Modeling Center’s ftp site (ftp://polar.ncep.noaa.gov/pub/history/waves/), where WW3 
version 2.22 Hindcast reanalysis data is currently available from August 1999 to December 2014. The 
archived WW3 data from August 1999 to November 2007 has a resolution of 0.25° by 0.5°, and data 
from February 2005 to December 2014 has a resolution of 0.1667° by 0.25°. The wind data used by 
WW3 is from the GFS. 

The Southern Alaska Coastal Relief Model (Lim et al., 2011) was used to define the bathymetry in 
the model domain. This data was accessed from NOAA’s National Geophysical Data Center website 
(www.ngdc.noaa.gov). The resolution for this dataset is 24 arc-seconds (0.00667° by 0.00667°). 

6.1. Hindcast Accuracy 
To validate the SWAN model, spectral wave data were saved hourly at the location of three 

validation points, which are the two NDBC wave buoys and the Cannon Beach ADCP. The characteristic 
wave parameters were computed from the modeled wave spectra and compared to the observed 
values. The period of the validation for the model grids were different due to the availability of 
validation data. The coarse grid was validated with all available NDBC buoy data from January 2006 to 
April 2015. The fine grid was validated with the ADCP data from Cannon Beach that was recorded 
between August 2013 and April 2015.  



 

29 

 

Root-mean-squared error (RMSE), percent error (PE), scatter index (SI), bias, and linear correlation 
coefficient (R) were calculated to assess the accuracy of the SWAN outputs. Table 7 and table 8 
summarize the model performance statistics of the fine and coarse model domains, respectively, for the 
various wave characterization metrics. Authors of similar studies have presented model performance 
statistics for significant wave height and energy period, and the results in tables 7 and 8 are comparable 
to published performance statistics (i.e. van Nieuwkoop et al., 2013, Goncalves et al., 2014, Garcia-
Medina et al, 2014). Significant wave height is the most skillfully modeled parameter, with linear 
correlation coefficients from 0.89-0.93 and RMSE from 0.42-0.57m. The model shows a tendency to 
under predict significant wave height at observed wave heights greater than 4.5 m (see ADCP 
comparison Figure 14). During the period of ADCP buoy deployment, wave heights were at or above this 
level less than 1%. 

Energy period is less well predicted by the model, with linear correlation coefficients from 0.56-0.71. 
When compared to the NDBC buoys, the positive bias indicates the model is over-predicting energy 
period by less than a second. A positive bias in peak period is also present when WW3 wave data is 
directly compared to the NDBC buoy data. The most likely explanation is therefore that the energy 
period bias in Table 8 results from a bias in the model input data. The energy period bias is not present 
when modeled data is compared to the ADCP data.  
 
Table 7. Hindcast accuracy for the wave energy resource metrics at the Cannon Beach ADCP. 

Station N Metric RMSE PE SI Bias R 
ADCP   10592 J 12.3 93.1 0.62 -0.09 0.85 
  Hm0 0.42 35.0 0.23 0.033 0.89 
    Te 1.1 11.9 0.13 -0.087 0.56 

 
Table 8. Hindcast accuracy for the wave energy resource metrics at stations 46082 and 46083 

Station N Metric RMSE PE SI Bias R 
46082   69681 J 24.7 147 0.78 -3.3 0.89 
  Hm0 0.57 31.2 0.25 -0.12 0.92 
    Te 1.5 25 0.2 0.81 0.66 
46083 56683 J 23.5 120 0.76 -2.8 0.88 
  Hm0 0.53 28.1 0.23 -0.057 0.93 
    Te 1.4 23.2 0.18 0.71 0.71 
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Figure 14. Comparison between modeled and observed significant wave heights. Left: model output 
versus significant wave height from NDBC 46082. Right: model output versus significant wave height at 
the ADCP.  

7. Discussion and Conclusions  
Yakutat is a community along the Northeast coast of the Gulf of Alaska that is currently considering 

utilizing renewable, wave based electricity generation in order to offset their use of diesel fuel. The 
wave energy resource off of Yakutat’s Cannon Beach as assessed using a combination of in situ 
observations and numerical modeling is reported herein. An Acoustic Doppler Current Profiler (ADCP) 
equipped to measure surface gravity wave spectra (i.e. wave height, direction and frequency) was 
deployed in 40 m of water ~1.5 nautical miles offshore of Cannon Beach adjacent to the Yakutat Airport. 
The ADCP recorded a full annual cycle of wave spectra at the site over the course of a ~1.5 year 
deployment between Sept. 2013 and April 2015. The ADCP mooring was also equipped with a Seabird 
microcat CTD for the full deployment. Additionally, the ADCP recorded water column velocity between 
the ADCP transducer and the surface (from ~5 meters above the bottom and the surface). Additionally, 
~6 months of passive acoustic data were collected at the site during this period. Neither the CTD data or 
the passive acoustic data are discussed in this report.  

As available, wave height and frequency recorded by two nearby NDBC buoys are compared to 
ADCP data. Gaps in both the ADCP and NDBC record do not allow for a comparison for the full length of 
the ADCP record but for the periods which there is overlap, the buoys and ADCP agree very well. 
Additionally, a coarse, regional wave model hindcast utilizing the SWAN modeling system was 
implemented for the northern Gulf of Alaska including the nearshore zone off Yakutat. The coarse model 
forced a finer scale, nested SWAN spectral wave model of the Yakutat region. Results of both the 
regional and fine scale models compare well with both the ADCP and NDBC data from the region 
(R=0.86 for significant wave height between the model and the ADCP and R=0.92, 0.93 for the two 
buoys for significant wave height). The goal of the modeling was to provide measures of the decadal 
variability in the resource and to aid in identify the most promising site for a wave energy installation. 
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Since only a single ADCP was deployed, a validated model was needed to ensure that the regional wave 
characteristics were well characterized. 

The mean annual available wave energy at the mooring site is approximately 19.2 kW/m. While on 
an annual basis, this is less than sites off of Oregon or Hawaii (e.g. NREL, 2015), there is a large variability 
in the Yakutat resource due to the passage of storms over the region and winter values peak at monthly 
means that exceed 35 kW/m. Thus the resource is more than enough to satisfy Yakutat’s relatively 
modest electrical demand (e.g. Previsic and Bedard, 2009).  

8. Further Recommended Studies 
In general there are several expected outcomes from the introduction of wave energy converters 

into a region (e.g. Copping et al. 2016). The most direct and striking effect is termed the “artificial reef” 
effect, whereby the hard substrate provided by metal structures serves as a place where marine 
organisms can accumulate. In addition, by removing energy from the water column wave energy 
converters produce a low energy “shadow zone” which provides a resting spot for prey species and 
therefore attract higher trophic level predators. The removal of energy from the water column also 
changes sediment transport and deposition patterns which can alter benthic habitats in a variety of 
ways (e.g. Copping et al. 2016). Thus before any wave energy project can proceed, a number of 
environmental studies must be completed in order to satisfy regulatory requirements. Hydrokinetic 
energy projects are subject to FERC oversight and a broad range of agencies typically provide input 
during the FERC licensing process. 

As part of their preliminary FERC permit for the Cannon Beach region, Resolute Marine Energy 
collected passive acoustic monitoring (PAM) data in order to identify marine mammal species that utilize 
the region. Approximately ~6 months of PAM data were collected (FERC, 2015). Three PAM devices on 
separate moorings were deployed during this period in order to provide a control mooring (to the SE of 
the Cannon Beach) an offshore mooring and at the location of the ADCP mooring. PAM data collection 
ceased with the removal of the UAF owned mooring equipment in April, 2015. The PAM data have not 
been analyzed and there has been no examination of the PAM data quality. In order to proceed with a 
wave energy project, NOAA has indicated that at least 1 year of passive acoustic data will be required 
preferably with at least 3 monitoring sites. Any additional passive acoustic data collection should be 
accompanied by hydrographic measurements from moored CTDs in order to understand the 
environmental conditions that accompany marine mammal activity.   

While there is some information on fisheries from the region, it is still an open question where 
juvenile salmonids from the nearby Situk River and other highly productive river ecosystems transit the 
region (W. Lucey, pers. communication). Therefore, it is impossible to predict what effects a wave 
energy installation may have on the region’s economically valuable fisheries. Because of this, baseline 
fisheries measurements for the region including in situ sampling using beach sets and vessel (e.g. split 
beam sonar) and mooring based (e.g. AZFP) active acoustic technologies combined with vessel based in 
situ trawl sampling are strongly recommended. A fish tagging survey utilizing Vemco type acoustic tags 
and receivers for tracking juvenile salmonids would be extremely useful for characterizing the migration 
route of juvenile salmonids from area rivers while adult salmon that transit the region could be tracked 
with pop-up satellite archival tags, for example. Fisheries survey should be accompanied by high 
resolution hydrographic surveys using a towed CTD system such as a Sea Sciences Acrobat in order to 
understand the environmental conditions that accompany fish presence/absence. Numerous small 
rivers debouche into the Gulf in this region and narrow (< 1 km) frontal systems are ubiquitous here. 
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Thus high resolution hydrographic surveys are necessary in order to understand how pelagic fish species 
currently use the region. Such a comprehensive understanding is necessary in order to better predict 
how the region may change with the introduction of coastal infrastructure including wave energy 
converters. 

Since wave energy converters operate by removing wave energy from the water column it is 
expected that WECs will have dramatic impacts on sediment transport and thus potentially on benthic 
habitat. Indeed, anecdotal evidence from the recent test deployment of Resolute Marine’s bottom 
mounted WEC at the US Army Corps of Engineers Field Research Facility in Duck, N.C. indicated that the 
device rapidly and dramatically altered sediment transport patterns. Resolute Marine had difficulty 
removing their device after the brief testing period because so much sediment accumulated on the 
foundation during the short (~3 week) deployment (C. Goudey, pers. comm. 2014). Thus we recommend 
a baseline effort to characterize sediment transport/accumulation in the region using a combination of 
acoustic technologies (e.g. multibeam and sub bottom profiling sonars), soil strength measurements 
(e.g. soil penetrometry) as well acoustic suspended sediment profilers combined with acoustic current 
meters to understand regional sediment dynamics. These should be combined with in situ sampling 
techniques (e.g. Van Veen grabs) to characterize benthic species (diversity and biomass) and substrate 
(surface sediment size distributions). Remote sensing techniques such as a vessel towed sled equipped 
with high resolution video cameras (e.g. the Alaska Department of Fish and Game owned CamSled) 
combined with multibeam sonar is recommended as well. Combined video/acoustic surveys allow for 
mapping wider areas compared to Van Veen grabs and for more robust statistical analysis of areal 
substrate and species distributions when compared to discrete sampling techniques (Warton et al., 
2014). The area is also hypothesized to be a nursery for sea skates (A. Seitz, pers. comm, 2016), an 
important, emerging fisheries for the region. CamSled and in-situ observations would validate this 
hypothesis and add important information from a data scarce region. 

In order to partially address shortcomings in our knowledge of the areal coastal change and 
sediment processes, the Alaska Department of Natural Resources (AK DNR) working with local high 
school students initiated an effort to conduct repeat beach face measurements along Cannon Beach. 
Measurements gathered to-date are available from the AK DNR Coastal Hazards Program webpage: 
http://maps.dggs.alaska.gov/acpt/. In addition through separate funding from the U.S. Department of 
Energy, UAF will conduct a multibeam and sidescan sonar survey of the region in order to map regional 
bathymetry (multibeam) and sediment texture (sidescan) in Fall 2016. Additionally, Virginia Tech 
initiated a pilot project to map area sediment strength using a low cost, soil penetrometer. The goal of 
this pilot project is to demonstrate a low-cost method of carrying out soil strength measurements in 
order to understand local sediment transport/deposition patterns that are pertinent to founding marine 
energy converters (N. Stark, pers. comm. 2016). While the field portion of the sediment study is 
complete data analysis is ongoing.  

Overall, any future work in the Yakutat region related to the installation of WECs should capitalize 
on existing measurements (e.g. fisheries, physical oceanography, PAM and morphology) and where 
possible continue or expand on these past projects in order to develop a more comprehensive 
understanding of regional sediment processes as they relate to the local essential fish habitat, the 
benthos which may be disturbed in the event of the installation of wave energy converters and how 
such changes may impact higher trophic levels such as marine mammals. Since changes in sediment 
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transport/deposition induced by the installation of wave energy converters would likely have cascading 
effects on higher trophic level species including fish, marine mammals and seabirds.  
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11. Appendix – Additional Figures 
NDBC buoys 46082 and 46083 began recording directional spectra in July 2015. Directional data from 
these two buoys are shown in Figure 15 and Figure 16.  
 

 
Figure 15. Directional spectra data from NDBC 46082 from July 2015 to present.  

 
Figure 16. Directional spectra data from NDBC 46083 from July 2015 to present. 
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