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Abstract 

Wave characterisation for high and medium energy sites 

in Scotland  

Considering the wider context of opportunities and efforts related to a growing marine 

energy conversion sector, this study presents work aimed to enhance the understanding 

of wave resource characterisation for high and medium energy sites in Scottish waters. 

Results obtained through numerous field data campaigns over a 7 year period in the 

north of Scotland are shown, including ADCP deployments in shallow water at one of the 

UK’s most energetic prospective wave power sites off the Isle of Lewis, but also use of 

wave measurement buoys in intermediate and deep water within the same area.  To 

investigate opportunities for wave power developments in more sheltered sites, analysis 

is presented for an area in the Inner Hebrides, east of the island of Colonsay.  An overview 

of additional data campaigns in and around Orkney and the Outer Hebrides is also 

contained in this study, and this includes the use of X-band radar for wave and current 

characterisation, with initial results showing promising opportunities for further work and 

analysis. 

Due to the complex nature of developing cost-effective and reliable wave energy 

conversion technologies, the WEC developer’s focus is generally on device specific design 

engineering, based on generic assumptions in relation to the wave resource.  Where this 

might be an appropriate approach with view to survivability and general performance, 

this study suggests that careful consideration must also be given to site specific resource 

characteristics, with particular view to exploitation of localised energy hotspots, seasonal 

variability, and installation and operational challenges from an early technology and 

project design stage.  Only by carefully matching WEC technology against site and project 

specific resource data in a holistic approach, will it be possible to secure investor 

confidence, which is paramount to the development and funding of future medium and 

large scale wave energy installations in Scotland and beyond.          
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1. Prologue 

This thesis is based on work by the author conducted at Lews Castle College (LCC) of the 

University of the Highlands and Islands (UHI) in Stornoway between 2011 and 2017.  

Although undertaken as a part-time programme, the field of study was very closely 

aligned with the author’s professional role as Principal Investigator of the Marine Energy 

Research group in Stornoway, thus allowing for considerable time and resources to be 

devoted to the completion of the work.  However, as the work had to be fitted in with the 

other responsibilities it has taken six years before a final thesis could be developed and 

completed, a duration over which some dramatic developments have emerged within the 

wave energy sector.  A number of full scale devices have been deployed and tested in real 

sea environments, closely followed by the downfall of some of the leading wave energy 

technology developing companies.  A wide range of research and development has been 

undertaken by many regional, national and international research and commercial 

organisations, some of which is partially overlapping with the work initially proposed for 

this study.  To reflect recent developments, to better meet the requirements of the 

sector, and to explore issues of uncertainty related to a detailed understanding of the 

powerful wave resource, the target outcome of this work was realigned towards field 

data analysis and an enhanced understanding of wave and current measurements and 

data at high energy sites.   

The objective of this work is to advance the wave resource characterisation at prospective 

commercial development sites in shallow and intermediate water depths at both exposed 

ocean energy sites and an area with a more benign wave climate suitable for smaller scale 

development.  This objective is met through the successful acquisition of unprecedented 

high quality datasets and analysis, which clearly show the versatility of the resource 

across the year, but also with view to the geographical extent of the study domain.  A 

secondary objective is to apply alternative approaches for data acquisition and resource 

assessment by using state-of-the-art sensors, basic fetch based numerical analysis, and 

remote sensing solutions such as x-band radar, and an overview is contained in the 

report.        

As a contribution to knowledge an insight is given into the distribution and characteristics 

of wave power at one of the most energetic target development sites for marine energy 
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in the UK, with opportunities for the exploitation of the wave resource also shown for a 

more sheltered site in the lee of a Hebridean island.  

Following an introduction and review of background and context in chapters 2 and 3, 

chapter 4 outlines the data campaigns and instrumentation used for the main part of this 

study. An overview of the main approaches to numerical analysis used during post 

processing of datasets is given in chapter 5, with results shown for the individual study 

sites in chapter 6.  A final summary is provided in chapter 7.   

The initial aim of this study was to investigate the potential use of wave energy 

converters (WEC) as vehicles to alleviate coastal erosion by removing those parts of the 

wave energy spectrum that are most significant to the uplift and removal of sediment 

from the coastline.  Although the combination of wave energy extraction and coastal 

erosion remain valid and actual research topics, the conceptual ability to protect 

coastlines through the smart deployment and layout of arrays of wave energy converters 

has already been established early on during this work in experimental and numerical 

modelling studies, e.g. by an author led study for an area to the west of South Uist (Vogler 

et al 2011).  The benefits of energy extraction as a counter measure to prevent coastal 

erosion was further demonstrated for Perranporth Beach in south west England by 

Abanades (2014), and more recent work by Fairley et al (2017) has investigated the bed 

level change under varying wave conditions with and without energy extraction for the 

Bay of Skaill in Orkney, again showing the potential benefits of wave energy converters as 

coastal protection tools.  Although several numerical modelling studies clearly indicate 

the potential benefits of WEC installations, the absence of field data from full scale WEC 

array installations prevents the full validation of such models.  Therefore the focus of this 

study was shifted from analysis of WEC impact on coastal erosion in a hypothetical 

scenario to the delivery of a detailed assessment of the wave resource of potential energy 

sites.  This data will be very useful to assess impact of WEC installations on the physical 

environment once sites are developed and device data is available. 

Following on from the negative and disappointing developments in the wave energy 

sector between 2013 and 2015, and exemplified by the closure of then globally leading 

Scottish companies Voith Hydro Wavegen, Pelamis Wavepower, and Aquamarine Power 

(BBC 2013, 2014 and 2015), the wave energy sector is currently on the way to recovery.  
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This is not at last due to the effort of government funded programmes such as Wave 

Energy Scotland (WES)(2017), which actively promote and pursue the development of 

wave power technology at high efficiency and low cost, to make this form of power 

generation attractive to private sector investors again.  

The huge opportunity for energy developments offered by the wave energy resource of 

Scotland is still widely accepted, and whilst still primarily focussing on high energy sites 

facing the open Atlantic such as areas to the west of the Outer Hebrides, Orkney, or 

Shetland, additional attention is now also given to more protected waters as can be found 

in the Inner Hebrides or the Minches (Neill et al. 2017). Awareness of the benefits, 

synergy effects and opportunities associated with WEC developments in more sheltered 

waters is rising and typical potential applications include the provision of power to 

aquaculture sites or remote sparsely populated island communities, or in a different 

context for the production of potable water through a membrane filtration desalination 

process (Albatern 2015; Vogler 2016).   
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2. Introduction 

In a world with a continuously increasing population, and economic policies and 

strategies that are aiming for constant growth, there is an urgent need to develop and 

maintain a secure, clean and sustainable supply of energy for future generations. 

Where fossil fuels have played a major role during the age of industrialisation, it is now 

widely accepted that due to the finite nature and environmental impact of these fuels 

alternative forms of energy are required to meet societal demands in coming years.   

Subject to tidal forces and wind regimes that can develop unhindered from continental 

interferences across long distances, the world’s oceans carry the potential to contribute 

to global energy requirements on an enormous scale.  In fact the UK Marine Foresight 

Panel, as referenced in the Seventh Report of the UK Parliament (2001, clause 16) 

Seventh Select Committee, estimated in 1997 that “if less than 0.1% of the renewable 

energy within the oceans could be converted into electricity it would satisfy the present 

world demand for energy more than five times over”.    

In more recent work the overall existent resource is distinguished from the total 

exploitable wave resource to allow a better quantification of the amount of energy that is 

practically available for conversion into electricity.  In a position paper produced by the 

European Ocean Energy Association (EOEA) and published by the Department of Energy 

and Climate Change (DECC)(2011) the total exploitable wave resource of the United 

Kingdom is quantified as 50 TWh per annum and this equates a continuous or average 

output of 5.7 GW throughout the year.  The same position paper quantifies the potential 

number of jobs related to marine energy throughout Europe as 26,000 by 2020 and this 

number could potentially increase to 314,000 jobs by 2050.   In another publication the 

EOEA estimates that an installed European ocean energy capacity of 3.6 GW could be 

realised by 2020 and this could increase to 188 GW by 2050 with significant employment 

opportunities and the possible creation of more than 470,000 jobs in total as the 

combined number of jobs that are either linked directly or indirectly to ocean energy 

developments in Europe (European Ocean Energy Association 2010, p.6). 

A vast amount of the exploitable marine energy resource is situated in the remoter 

regions of Europe, as is clearly the case in the United Kingdom, where in 2012 more than 
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92% of all wave energy projects that successfully secured seabed leases from The Crown 

Estate (TCE) were situated in the Scottish islands (Aquamarine Power, 2013).  Although 

the infrastructural demands and challenges, notably an electrical grid that is not designed 

to carry large amounts of electricity from these remote island regions to the demand 

centres, are huge and at times appear unsurmountable, the economic opportunities are 

equally huge and project developments under aggravated circumstances appear justified.    

Opportunities not only exist in the prime regions of planned developments, such as in 

Orkney, Outer Hebrides or Shetland, where qualified jobs will be created during the 

project development, construction, commissioning, maintenance and operations of 

generation sites, but also for wider Scotland and the UK through the creation of a 

technology and knowledge base to reap benefits from the exploitation of export markets.  

However, before investors can be persuaded to commit funding to develop the 

burgeoning wave energy sector and specific projects further, a detailed understanding of 

the local wave resource at given locations is paramount.  The combination of an accurate 

wave resource assessment and technical performance data of WECs at specific sea 

conditions, often referred to as power matrix, allows the evaluation of the likely energy 

yield per annum of an installation, and such knowledge can subsequently be used to 

inform the projected return on investment (ROI) of projects.    

This study analyses empirical wave data from a sensor network set up and operated by 

the author in both shallow and intermediate water depths off the Outer Hebrides of 

Scotland under the Hebridean Marine Energy Futures project.  The aim of work presented 

here is to investigate and determine relevant features of the wave resource in an area 

exposed to one of the most energetic wave climates not only in European, but also global 

waters.  Additional consideration is given to wave data from other more sheltered sites in 

the Inner Hebrides or Scapa Flow, relevant for smaller scale commercial development or 

prototype testing of scale models.  Study outcomes are relevant to WEC project 

developers in the area under investigation, and possibly also at other high energy sites, as 

to date no detailed assessments of waves and wave shoaling mechanics have been 

carried out at these sites.  Findings presented are further relevant to improve the site 

specific performance of WECs, and also to inform construction activities by enhancing 

skills and abilities required for localised weather windowing and swell forecasting.        
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3. Background and Context 

This chapter provides a literature review in a wave power related context.  The range of 

WECs currently considered as potentially viable solutions is presented, together with an 

overview of some past and present wave power developments.  An introduction into 

wave resource characterisation by means of field data and numerical models is given and 

the significance of a standardised resource assessment process to project development 

and yield analysis is shown. 

The idea to convert waves into a useful form of mechanical or electrical energy is not 

new.  A report by the Department of Industry published in 1976 “estimated that between 

1856 and 1973 over 340 patents for wave-powered generators were granted” (1976, 

p.11).  The earliest practical devices to utilise wave energy were used in navigation to 

help shipping finding their bearings in conditions of reduced visibility.  Examples of these 

early devices are Brown’s Bell Buoy, invented in the 1850s and consisting of a floating 

buoy supporting a structure from which a bell was suspended.  As the buoy rolled in the 

sea, the bell would ring and thus act as an audible signal.  A few years later the US 

American Cortenay invented what is possibly the first oscillating water column (OWC) 

wave energy converter by mounting a whistle, or fog horn, into the hull of a buoy 

chamber that was open to the water below the surface.  With constant changes of water 

level in the buoy chamber, caused by transient wave action, air was displaced or refilled 

into the chamber through the whistle and thus creating another audible alarm.  

Navigational buoys operating with the same principles can still be found today in many 

coastal areas, as these are both low cost and low maintenance. 

The development of planning for wave energy extraction on a large scale received a boost 

in the 1970s when the industrial nations were suffering from the oil crisis.  At that time 

governments became supportive of research programmes to exploit the wave resource 

and one example of the research outputs of that time are the Salter Ducks (Clement et al, 

2002).  The successful construction and operation of the LIMPET (Land Installed Marine 

Power Energy Transmitter) on Islay of the Inner Hebrides of Scotland from 1991 onwards 

has helped the sector to build up confidence in the technology, and following a refit of 

the plant in 2000 to a commercial scale system, over 50,000 hours of successful operation 

were achieved until 2010 (Boake et al, 2002; Waveplam, 2008).  It appears somewhat 
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ironic that Wavegen, the company behind this successful LIMPET wave energy prototype, 

ceased trading in 2013, shortly after the successful delivery of the world’s first 

commercial wave power project in Mutriku in Basque Country (Seed, M. and Langston, D. 

2010), due to operational re-alignment of their parent company Voith Hydro (Voith, 

2013).  Other wave energy converters of the early times include the Osprey (Ocean Swell 

Powered Renewable Energy) device, a floating OWC system whose initial deployment in 

1995 off the coast of Caithness in Scotland was unsuccessful due to prototype device 

specific, rather than design related, shortcomings (Science News Online, 2001), or the 

first Pelamis prototype, which was successfully tested in Orkney in 2004 and “was the 

world’s first commercial scale wave energy converter to generate electricity to a national 

grid from offshore waves” (Pelamis Wave Power, 2013a).  At the time of writing this 

report, a number of wave energy conversion devices have been developed up to 

commercial availability and an even larger number of innovative device designs are 

undergoing further sea trials in some dedicated test sites such as the European Marine 

Energy Centre in Orkney (EMEC).  An overview of the most commonly pursued forms of 

WEC technology is given in the following section. 

 

3.1 Overview of Wave Energy Conversion systems 

A number of different approaches can be used to categorise wave energy conversion 

systems.  A distinction can be made between installed systems with a shore connection, 

e.g. integrated into a breakwater or cliff face, and systems installed offshore in shallow, 

intermediate or deep water.  Where a clear advantage of a system that is integrated into 

the shoreline, or breakwater, is in the reduced complexity of electrical connection and 

access for installation, operations and maintenance, a disadvantage can be seen in the 

limited number of suitable sites, and also in the reduced wave power resource closer to 

shore (due to the wave shoaling and other processes, such as refraction, diffraction or 

reflection).  WEC systems can also be distinguished by the mode of installation and this 

can be rigidly fixed to the seabed, mounted on the seabed with mechanical joints, or 

floating devices held into position with catenary or other mooring configurations.  

Systems can be fully self-contained with all electrical and mechanical components 

incorporated in a single energy conversion unit, or in a split system configuration, where 
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an offshore component transforms the initial wave power into an intermediate form of 

mechanical energy, e.g. a pumped liquid, which is then transported to a secondary unit, 

sometimes onshore, for the conversion into electrical energy through a hydro-electric 

turbine or similar.  

Examples for seabed mounted devices are the Oyster 800 by Aquamarine Power Ltd., an 

oscillating wave surge converters, or submerged pressure differential devices such as the 

AWS Archimedes Wave Swing.  Where the Oyster 800 requires a structure that extends 

from the seabed to above the water surface, and is thus limited by water depth and 

designed for deployment in shallow water depths of less than 20m, submerged pressure 

differential devices can be well distanced from the surface and can thus be deployed in 

deeper water.  Devices that generally require a berth in intermediate or deep water 

include wave attenuators, rotating eccentric mass generators, or bulge wave technology 

systems and examples for these devices are the Salter Duck and Pelamis P2, the Wello 

Penguin, or the Bulge Wave Anaconda respectively.   

A number of technologies have been deployed across a wide range of water depths, from 

shore connected shallow water up to deep water environments, dependent on the device 

specific requirements, and these include oscillating water column devices, such as the 

LIMPET shore plant constructed and operated very successfully by Wavegen on the Inner 

Hebrides of Scotland, overtopping devices such as the Wavedragon, or surface point 

absorbers as developed and demonstrated by Wavebob.   

It should be noted that, as the WEC technology development is gaining momentum, new 

devices are being developed at academic institutes and commercial enterprises all over 

the world, and it is well possible that new generations of WECs will be deployed in ways 

and water depths supplementing or even contradicting the above description, which 

describes the current state of the art up to 2018.  Visual examples and more detailed 

descriptions of the selected wave energy conversion concepts explained above can be 

found in both Figure 1 and Table 1. 
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Attenuator Oscillating water surge converter 

Surface point absorber Oscillating water column 

 Rotating eccentric mass generator Submerged pressure differential devices 

Overtopping devices 
 

Bulge wave technology 

Figure 1. Types of WEC system technology (Adapted from AQUARET 2012).  
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Table 1. Types of WEC system technology explained 

Attenuator 
Wave attenuators extract energy from the sea by applying damping 
through a flexible connection between multiple floating members 
(example: Pelamis P2) 

Oscillating water surge 
converter (OWSC) 

OWSC devices are driven by the surge action of waves as part of the 
shoaling process.  Typically seabed mounted a vertical flap subjected to 
hydraulic damping swings back and forth as waves pass through 
(example: Aquamarine Oyster 800)  

Surface point absorber 

These devices extract energy through a vertically moving float at the 
water surface, following the wave elevation.  Energy is extracted at 
seabed or submerged level, or directly at the surface, e.g. through a 
linear generator (example: Wavebob)     

Oscillating water 
column 

OWC devices consist of a floating or fixed chamber extending to above 
the water level and with an opening to the sea below the water 
surface.  The water level in the chamber rises and falls with the 
impacting waves and the air in the chamber is thus expelled or 
replenished through an orifice.  A turbine situated in the orifice is 
driven by the passing air and thus generates electricity (example: 
Wavegen LIMPET)    

Rotating eccentric 
mass generator  

This design concept is able to utilise wave impacts from multimodal sea 
states.  A mass connected to a shaft that allows it to spin at full circles 
in the horizontal pane is eccentrically mounted inside a float.  The 
mooring arrangement is designed so to give the float maximum 
freedom of movement whilst keeping it at station.  Driven by the wave 
action in x, y and z direction, the eccentric mass inside the float spins 
around the shaft thus driving a generator (example: Wello Penguin) 

Submerged pressure 
differential devices 

Fully submerged and distanced from the surface this concept utilises 
the pressure differential that can be found in the water column as 
waves pass at the surface.  Driven by changing pressure as waves pass 
by, the volume of gas, and thus the buoyancy, inside a submerged 
buoyant chamber changes.  This effect is utilised to drive a generator 
(example: AWS Archimedes Wave Swing) 

Overtopping devices 

As waves are running up a natural beach or any artificial surface 
protruding structure, the energy contained in these waves is converted 
from kinetic energy into potential energy by an increase in height of 
the mass of water making up the wave against the datum level.  This 
effect is used to fill a reservoir up to above the mean water level of the 
surrounding sea.  Energy is generated by discharging water from the 
reservoir through a low head hydro turbine back into the sea (example: 
Wavedragon)    

Bulge wave technology 

This device consists of a flexible tube with an opening at the end facing 
the waves and fitted out with a generator at the downward side.  
Approaching waves push water into and through the entire length of 
the tube up to the end, where it is discharged through the turbine, thus 
generating electricity  (example: Bulge Wave Anaconda) 
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3.2 Wave Power Developments at European Coasts and Beyond  

Although the ambition to commence the installation of arrays of WECs in the current 

decade has been somewhat diminished following the closure of leading wave power 

companies Aquamarine Power, Pelamis, or Wavegen, considerable momentum still 

remains in Europe and internationally to bring wave power technology to market. 

A number of wave energy test sites are operated in the UK, with EMEC in Orkney being 

operational since 2003 and offering a combination of wave and tidal energy test berths 

and testing from model scale up to full size devices (Neill et al 2017).  Currently the 0.5 -1 

MW Penguin device from Finish developer Wello Oy is undergoing testing at EMEC’s Billia 

Croo full scale testing site, with Italian company UmbraGroup S.p.A. and CorPower from 

Sweden planning to test their WEC systems and innovative power take off (PTO) solutions 

in the more sheltered and benign environment of Scapa Flow in Orkney in 2018.  Figure 2 

shows a prototype of a device configuration similar to what will be used in Scapa Flow in 

2018 by UmbraGroup S.p.A. in the EMERGE project.  Shown is the device during the 

testing programme in the towing tank of Naples University Federico II under the Wave 

Energy Scotland (WES) funded ReBaS-Generator PTO stage 2 award (Vogler et al. 2016).   

 
Figure 2.  Testing of the EMERGE – ReBaS Generator WEC in 2016 in Naples. 

EMEC was preceded by the LIMPET plant in Islay, established as a wave power test site in 

1975 as a 75 kW unit, with later upgrades bringing the capacity to 500 kW in 2000 (Folley 

et al. 2006).  The LIMPET plant was a shoreline integrated site operated by Wavegen to 

test their Wells turbine based concept for an oscillating water column (OWC).  Following 

the termination of the wave power activities of Wavegen parent company Voith Hydro, 

the LIMPET plant was decommissioned and is unfortunately no longer available to 
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support commercial or academic wave energy research.  Evolving from the research and 

business development by Wavegen and including the learning outcomes from operation 

of the LIMPET site, Wavegen successfully delivered the world’s first commercial wave 

energy project in Basque Country, Spain when commissioning multiple integrated OWC 

systems within a breakwater in Mutriku (Mustapa et al. 2017).   

Activities at the WaveHub site in Cornwall have also increased over recent years with a 

number of developers considering near future deployments of devices, notably with the 

CETO device by Australian company Carnegie Clean Energy Limited, who until recently 

were planning for two stages of deployments, stage 1 for a 1 MW device and stage 2 a 15 

MW commercial array, both at the WaveHub site (WaveHub 2017).  Also in the UK is the 

FaBTest site off Falmouth, operated and supported by the University of Exeter, which 

offers berths for small and full scale models in a semi sheltered environment.   

A commercial demonstration projects is currently underway south of the Ardnamurchan 

peninsula in Scotland, where Albatern has installed a 45 kW array of six 7.5 kW Squid 

devices to provide power to a nearby aquaculture installation in Mingary Bay (Renews 

2016).  Another project currently pursued by the same company is a small community 

hub 45 -75 kW installation of wave power in partnership with West Harris Trust at Pairc 

Niseabost in the Outer Hebrides (West Harris Trust 2016).  Israeli company Eco Wave 

Power leads on a commercial project aimed at development of up to 5 MW of wave 

power in the British Overseas Territory Gibraltar.  The project plan is based on an initial 

100 kW installation of hinged buoys connected to a breakwater, with the aim to upscale 

and increase capacity on successful delivery of the first phase (Eco Wave Power 2017).   

The above section clearly demonstrates the international interest of the wave power 

community to utilise and exploit the UK based knowledge and deployment sites for 

development of their technologies.  A healthy mixture of international and domestic 

companies share access to the relevant sites, and are thus engaging in knowledge 

exchange and cross border collaboration, which creates a positive stimulus to the 

development of the sector.  Collaboration support and focussed attention to specific 

problems and challenges in the sector is also the role of The Scottish Government body 

Wave Energy Scotland (2017), a delivery vehicle for development of the wave power 

sector that was launched in 2014, following the collapse of Pelamis Wave Power.  Since its 
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inauguration WES has launched a number of calls for research proposals, with the main 

activities focussed on development of power take-off (PTO) systems or novel WEC 

systems, and additional focus on knowledge capture activities, landscaping studies, or 

smaller research projects looking at control systems, material science, or similar.  

Successful projects are passing through a stage gate development programme, where 

pre-defined activities and outcomes are to be successfully delivered before further 

activity is reviewed in a competitive process.  This programme has proved to be very 

successful to date and presently healthy discussions are taking place between PTO and 

WEC developers to ensure compatibility between sub-component, component and device 

level where possible, and aimed to support systems integration across a wide range of 

different technologies.   

But wave power sectoral activity is not limited to the UK or Scotland, and there is ample 

more activity in other European countries, or overseas.  Test sites are developed in 

Ireland, France, the USA or Canada, and considerable testing programmes have already 

been implemented towards completion, e.g. in Denmark with the Wave Dragon or Wave 

Star devices.  Further research and development efforts for wave power are also 

underway in Italy, South Korea, Chile, and a range of other countries with access to an 

energetic shoreline that might facilitate commercial exploitation of the technology.   

Due to the fast pacing environment and funding landscape in which the burgeoning wave 

power sector operates, this non-inclusive section only provides a number of examples of 

current developments, with primary focus on UK based activities.  The exclusion of any 

particular other projects is not meant to be judgemental on technology, but is mainly due 

to the public profile (or lack of) of other global efforts. 

The development of the wave power sector on a commercial scale faces a number of 

specific challenges.  To date no single technology or WEC type exists that has clearly 

demonstrated the commercial viability on a medium to long term operation.  Further 

development work is required, followed by extensive testing and demonstration 

programmes, to build and improve private sector investor confidence.  Project funding 

remains a critical challenge, as without the proper financial medium term backing, it is 

very challenging to initiate and implement project development.  Identification of suitable 

project development sites is critical, and this requires a detailed assessment of the 
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available infrastructure, including proximity to ports and harbours, access to a suitable 

supply chain including workboats and engineering facilities, community stakeholder 

engagement, impact on fishing grounds and marine traffic, connection agreements and 

access to the electrical grid, and environmental impact assessments (EIA)    

Another critical aspect for consideration of suitable project sites is the appraisal of the 

site specific tidal range, magnitude and direction of tidal currents, and of course a full 

analysis of the local wave climate.  Based on detailed statistical and spectral assessment 

of wave data on a local scale, and including information on wave height, period, 

directionality and seasonality, it is possible to produce annual production estimates (APE) 

by mapping the wave data against technology specific power performance matrices.  

Based on such APE information a strong investment case can be developed for the right 

combination of a project site and specific technology to raise project finance, where this 

appears to be viable and appropriate.  An overview of a well-established and accredited 

resource assessment process to be followed to support investor confidence is given in the 

following sections. 

 

3.3 The Wave Resource: Observations and Measurements  

Assessments on the intensity of waves in various sea areas throughout the year have 

been of interest to seafarers for a long time and efforts are well documented in historical 

and modern sailing directions. Until the second half of the 20th century information on 

sea states and waves was generally based solely on ship or land based observations and it 

has only been made possible by recent advances in wave measurement technology and 

scientific instrumentation to gather detailed and accurate information on relevant wave 

parameters.  Official navigational literature from the beginning of the 20th century 

acknowledges the limitations of existing written work and observational material and 

encourages seafarers to engage in the observations of wave heights, period and length 

(Deutsche Seewarte, 1910).   

Observations made by ships and recorded in logbooks were collated beginning in the late 

18th century, throughout the 19th century, and up to modern times.  Based on these 

collated records, which cover large geographical areas and time periods throughout all 
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seasons, maps were produced showing prevailing sea states, frequencies of gales, sea ice 

occurrence, observations of currents, and other information.  These so-called pilot charts, 

a version of which are published free of charge by the US Government’s National 

Geospatial-Intelligence Agency (NGA) (2013), are still very relevant and widely used today 

as they provide significant information to mariners for passage planning and routing.    

The understanding of forces and maximum possible impacts waves may exert at a given 

location on both man-made structures and natural coastlines is of high significance to 

civil, coastal and offshore engineers for the survivability design of structures and coastal 

protection.  To ensure survivability of ocean and coastal structures and the integrity of 

ships, not only the individual maximum wave impact is of importance, but knowledge of 

wave induced stresses and forces is also highly relevant to quantify the potential risk of 

failure through fatigue.  During prolonged storm events wave impacts on structures can 

be extraordinary and examples of structural failure under those conditions include the 

destruction of an entire breakwater in the Caithness town of Wick in 1877, when the 

complete seaward section of the structure, with an estimated mass of 2,640 tonnes, was 

“washed away by the waves” (Bathurst, 2005, p.231; Engineering Timelines, 2013).  

Another example of the forces waves can exert on the foreshore is shown in Figure 3, 

where a mooring chain in the intertidal zone at Billia Croo, the EMEC wave power test site 

in Orkney, Scotland, is partially buried by heavy boulders that were pushed around by 

wave action in the surf zone.      

 
Figure 3. Wave action has partially buried mooring chain at Billia Croo under boulders. 

In the past the visual observations of the vertical displacement of waves, i.e. wave height, 

by trained, often ship based observers, have played an important role to inform shipping, 

meteorological institutes and coastal engineering projects of certain aspects of sea states 



18 
 

at given locations.  Possible shortcomings of visual observations were identified in the 

limited geographical coverage as observations were confined to the routes on which ships 

travel.  As ships tend to avoid areas of heavy weather, ship based observations were 

usually not available from all seasons at all areas, avoiding deep winter storms, and 

therefore a bias was observed through the widely exclusion of unfavourable weather 

from these passage reports.  Other limitations in these ship based observations were 

found in the lack of detail, as visual observations are considered to be of reduced 

suitability to provide information on certain aspects of sea states, such as period, scatter, 

or full spectral resolution.  Visual observations of an acceptable accuracy are limited to 

the wave height only, with information on wave period and direction being more of an 

indicative nature (Holthuijsen, 2007).  

Driven by the desire to enhance the understanding of waves and sea states, which are 

generally of a very complex nature, a number of approaches and instrumentation were 

developed throughout the second half of the 20th century to acquire accurate and 

detailed wave data.  First approaches to introduce electronic components and data 

recorders into the field of wave data acquisition were utilising staff or pressure gauges 

installed rigidly offshore at the point of interest.  Staff gauges either use capacitive, 

resistive, or optical means of monitoring the changes in wave height.  With two 

electrodes in close proximity at a measurement pole and partially submerged in the 

seawater, the resistance or capacitance between the electrodes changes or responds to 

the level at which the pole is covered by water.  Similarly for optical gauges, e.g. a vertical 

array of emitting and receiving diodes, variation in height of water level between wave 

crest and trough can be observed (although optical devices are more suited for laboratory 

environments, due to contamination with spray and salt in the field).  Pressure gauges are 

mounted somewhere in the water column and monitor variation in pressure, or head of 

water above the device, as waves pass through.  Both staff and pressure gauges in a 

standalone configuration cannot measure wave directionality, and to obtain directional 

data with these devices an array configuration is required, where typically a minimum of 

three devices can be used to detect time lag between locations and waves and thus 

providing information on the direction of wave travel.   

The combination of bottom mounted pressure gauges with orthogonal strain gauges or 

current meters has also been used to provide directional information, prior to the 
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development and implementation of acoustic devices or buoy measurement utilising 

accelerometers in the field of wave data acquisition.  Further to the difficulty of obtaining 

accurate and detailed data on general sea states, a lack of information on extreme waves 

is described by Smith (2006), and this is explained by the sparseness of occurrence of 

extreme waves in both the time and geographical domain.  Also, as extreme waves are 

one-off events, measurements are difficult to validate, unless data is confirmed by other 

recorders, preferably of a different kind, deployed simultaneously in very close proximity.              

With any device, particularly of the early generation designs, deployed in the field and 

with direct contact with the sea water, it was observed that “for a variety of reasons, the 

percentage of time that worthwhile data are obtained is commonly much less than 100%” 

(Sorensen 2010, p.289 ).   

Significant advances in wave data acquisition and measurement technology were made in 

the 1960s when accelerometers were used for the first time to obtain detailed 

information on wave displacements.  Through the process of double integration the 

measured acceleration over time can be used to establish the distance between wave 

crest and trough, i.e. the wave height.  Sensor platforms to utilise this technology were 

developed by Datawell BV in 1968 in both shipborne and buoy configurations and results 

were found to be very satisfying.  However, it has taken another 15 years until the sensor 

platforms were successfully fitted out with additional accelerometers to provide 

information on the horizontal axis, in addition to vertical movements, required to 

evaluate directionality of wave motions.  A first directional wave measurement buoy, 

called the Wavec, was developed and deployed by Datawell BV in 1983 with good results.  

Limitations of the Wavec were caused by the size of 2.5m diameter hull, as this made it 

impossible to measure waves of a short period, as is the case for wind waves.  The 

development of a fully directional Waverider buoy with a 90 cm hull by Datawell BV in 

1988 has transformed the field of wave data acquisition, as following this innovation, it is 

now possible to obtain high resolution vertical and horizontal displacement information 

that can be fully resolved directionally (Datawell BV, 2001).  In addition, through both 

buoy internal and post processing, this development has made it possible to not only 

obtain time series of buoy displacements in x, y and z direction, but also to develop full 

wave spectral information over pre-defined time periods from a floating instrument.       
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Early endeavours to obtain wave spectra from acoustic instruments are reported by 

Pinkel and Smith (1987), who describe the setup and analytical approach used to 

successfully gather and process data from a Doppler sonar system mounted in 1983 at a 

research platform 500 km west of California.  Towards the end of the 1990s the use of the 

frequency shift of targeted moving matter by acoustic Doppler current profilers (ADCP) 

was well understood and established (Teledyne 2013) and efforts were underway to 

widen the application of ADCPs from current profiling only to the inclusion of wave data.  

Initial approaches of upgrading ADCP systems, so they can measure waves and resolve 

the gathered data directionally, included the so-called PUV-method, in which readings 

from a subsea mounted pressure sensor are combined with acoustic Doppler information.  

The working principles of this method are represented in the acronym ‘PUV’, which 

combines the vertical pressure readings ‘P’ with horizontal displacement in ‘U’ and ‘V’ 

direction.  Information on horizontal movement of the water as measured by typically 

three or four beams, slanted at an angle away from the vertical axis and are aligned 

horizontally at equidistant angles of 120° (three beams) or 90° (four beams) from each 

other, is supplemented with data from the pressure sensor to obtain values for wave 

height, period and direction.  The wave direction is determined in this method by 

identifying the direction of the beam, or the interpolated direction between beams, that 

shows the highest variation in force and direction, corresponding to the change of water 

level, as the waves pass the surface (Teledyne 2013).   

ADCP data derived from vertically slanted beams at a sufficient high resolution can also 

be resolved to produce wave spectral information, without additional information from 

an on-board pressure sensor.  By combining multiple beams pinging in different 

directions, a virtual array of instruments is produced, as information is obtained for 

several points surrounding the ADCP.  Based on the gathered velocity information along 

the beams from the instrument up to the water surface, values for the wave height can 

be obtained by applying a linear wave transfer function and satisfying results using this 

approach were reported as early as 1990 (Terray et al.).   

An enhanced configuration of a four beam ADCP, where three beams are slanted away 

from the vertical axis by 20° and aligned against each other at an angle of 120°, with 

beam number four pinging directly into the vertical direction to obtain excursive values 

for the distance between the sensor and the water surface, was tested and compared 



21 
 

against a configurations of four slanted beams, without the direct vertical feature, at the 

Field Research Facility (FRF) of the US Army Engineer Waterways Experiment Station at 

Duck, North Carolina in 1993.  Data gathered from the ADCPs was analysed using the 

analytical maximum likelihood method (MLM) and it was found that values from both 

configurations compared well against wave data obtained simultaneously from a nearby 

mounted array of pressure gauges.  It was further found that the data returns from the 

enhanced 3+1 vertical beam configuration offered a slight improvement against the 

option without the vertically aligned beam (Terray et al. 1999).  The suitability of ADCPs 

for wave measurements has been confirmed by a number of independent organisations 

such as the DHI Water & Environment agency who confirm in a report in 2000 that “the 

ADCP is a useable instrument for measuring wave parameters without compromising the 

instrument’s current measuring capability” (Rorbaek and Andersen, 2000, p. 1186).   

A configuration of three beams slanted at an angle of 25° from the vertical direction and 

supplemented by one directly vertically pointing beam is a key feature of the AWAC 

(Acoustic Waves And Currents) profiler by Nortek AS who refer to this combined method 

as acoustic surface tracking (AST).  One advantage in the utilisation of the AST approach 

over ADCP measurements without a vertical beam is the ability of the sensor to measure 

time series displacement data, useful for wave statistical analysis, e.g. maximum wave 

heights.  Another distinct feature and advantage of the AST method compared to ADCPs 

without vertical tracking is the suitability of the AWAC for deployments at deeper water 

without suffering from signal attenuation to the same degree as sensors that rely on data 

returns from slanted beams only (Pedersen and Lohrmann, 2004). 

The suitability and long term reliability of the AWAC AST instrument to produce both 

accurate time series and full spectral information is described by Puckette and Gray 

(2008) following a 16 month deployment in Chesapeake Bay near Norfolk VA, and is also 

reflected in the personal experience of the author who has deployed a number of these 

devices in shallow water at a high energy wave site off Scotland with very good data 

returns (Vögler et al. 2013, Vögler 2014).   

In addition to the in-situ wave measurement systems described in the previous section, 

that require full exposure to the sea in an either floating or submerged configuration, 

remote sensing technologies offer opportunities to gather wave data whilst avoiding the 
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difficulties associated with in-situ instrumentation.  Downward facing wave radar systems 

or laser altimetry devices are widely used at offshore oil and gas platforms to monitor the 

sea state and by deploying arrays of these often rig mounted devices in a synchronised 

way it is possible to obtain rich information on the waves including directionality.  

Although these systems do not require direct contact with the sea water, they still have 

to be in close proximity of the waves and are thus deployed in a quasi in-situ approach.   

Truly remote sensing methodologies include the use of photography or video, satellite 

altimetry and X-band or high frequency (HF) radar systems.  Aerial or cliff top 

photography or video allows a visual detection of the alignment of wave crests and 

troughs and is useful to provide information on wave direction, diffraction and refraction.  

To obtain time series data for wave height and period from still images or video, a 

calibration against fixed points and time stamps in the measurement domain is required.  

Under the right circumstances, where natural or existing manmade features such as 

stacks or navigational marks can be used as calibration points, the use of digitised video 

or time lapse photography offers a low cost opportunity to gather quality data with least 

effort, as the setup is simple and no electronics parts require an offshore installation.   

Satellite based measurements are also widely used for remote sensing of wave data with 

good accuracy.  The quality of results obtained from satellite mounted radar altimetry 

systems depends on the sea state and is quantified by Brown et al. as 1 % of the 

significant wave height for waves with a significant wave height of over 8 m and “for 

values of H1/3 up to 8 m, the accuracy is ± 8 cm” (1999, p.44).  Other forms of satellite 

mounted systems are the synthetic aperture radar (SAR) and radar scatterometry, both 

utilising the back scattering properties of the sea surface.  Although satellite wave 

measurements provide good results, they are reliant on suitable atmospheric conditions 

and, as the satellites are constantly orbiting the earth, the continuous long term 

monitoring of one dedicated area is not easily possible.   

Another land-based approach to apply remote sensing for the acquisition of wave data is 

the use of HF radar, sometimes also referred to as Ocean Surface Current Radar (OSCR).  

For land based radar monitoring of waves standard ship’s radar antennas can be used, 

but with an enhanced tuning option and software algorithm to visualise features, i.e. 

waves, generally supressed by these radar systems when deployed for navigation.  To 
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reveal information on waves, these radar systems are tuned in a way to maximise the 

information from the Bragg scatter effect, which is related to the “resonance between the 

radar waves and features at the water surface” (Holthuijsen 2007, p. 20). 

Data analysis presented in this report in later sections is based on wave datasets obtained 

by the Marine Energy Research Group of Lews Castle College under the Hebridean Marine 

Energy Futures programme from 2011-2014, under the MERIKA project during 2015-17 at 

the Outer Hebrides of Scotland, and for a number of additional sites by Hebrides Marine 

Services Ltd under a semi-commercial arrangement.  The main datasets that form the 

foundation of this report originate from an array of three Datawell Waverider buoys and 

two Nortek 1 MHz AWAC ADCPs that were deployed for consecutive periods of more than 

12 months in intermediate and shallow water depths off the north-west coast of the Isle 

of Lewis.  An overview of sensor characteristics, deployment configurations together with 

a detailed data analysis is given in section 6.1.  Additional information on other field data 

campaigns and novel tools for spatial monitoring of the wave resource, such as X-band 

radar data, and high resolution new generation ADCPs are provided in the subsequent 

sections of the same chapter. A more detailed description of instrumentation used during 

the various campaigns during this study is given in chapter 4.2. 

 

3.4 The Wave Resource: Numerical Modelling and Analysis  

The availability of measured data is of high importance to understand and quantify the 

wave resource at any given location.  However, due to the difficulties and costs involved 

in obtaining long term datasets, an alternative approach to the sole use of measured data 

for wave climate assessments is to combine real wave, wind and tidal data with numerical 

models to obtain a comprehensive coverage in the time and geographical domain.  

Dependent on the modelling task, or the specific question to be answered by a model, 

different numerical suites are available to provide the required solutions.  Modelling tasks 

can vary in size from small scale, such as hydrodynamics around breakwaters and wave 

interactions within port environments, coastal scale, e.g. to evaluate sediment budgets at 

a longshore beach under varying wave conditions, up to ocean scale to provide global 

answers to changing metocean conditions under different climate scenarios or to quantify 

the wave climate of a large area.   



24 
 

Different algorithms and approaches to the creation of model domains are used by 

individual software packages, and a high level categorisation between platforms can be 

made as follows:  

1. Computational Fluid Dynamics (CFD) is best suited to model wave-structure 

interactions on a micro to small or device scale.  CFD is the tool of choice for naval 

engineers to model hydrodynamic interactions between structures such as wave 

energy converters and the impacting resource (e.g. Knud E. Hansen A/S, 2013).  

2. Phase Resolving Models are often used to evaluate the progression of waves into 

river estuaries or harbours and are based on a domain mesh size of less than the 

wavelength to provide solutions on "wave reflection, diffraction, phase-dependent 

wave nonlinearities and refraction, shoaling, and breaking” (Rusu and Guedes Soares 

2013, p.1310), e.g. by resolving the time domain using the Boussinesq 

approximation.   

3. Phase Averaging Models are solving the energy balance equations and are providing 

statistical solutions to model domains of typically mesoscale or large scale, i.e. for 

coastal or ocean environments (Booij, 2012).  Energy flux throughout the domain is 

modelled across individual mesh cells using the energy source term equation [1] 

(adapted from DHI 2012a):  

S = Sbou + SWind + Snl3 + Snl4 + Sds + Sbot + Ssurf    [1]                         

where S represents the energy source term, Sbou the energy input from the nearest 

boundary, SWind the energy input from wind-water surface boundary interaction, Snl3 

and Snl4 show the energy transfer from triad and quadruplet wave-to-wave 

interactions respectively, Sds and Sbot represent energy dissipation through white-

capping and bottom friction, and Ssurf is used to describe energy losses through 

shoaling related wave breaking. 

Phase averaging models, also often described as Spectral Wave models in the wave 

modelling context, are widely used for the evaluation of the wave or tidal energy 

resource at potential energy extraction sites.    

One difficulty shared by all software solutions is the accurate representation of individual 

WECs or combined array installation in numerical models, due to the lack of calibration 
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and validation data.  No full scale array installations exist to date, and real life data from 

individual prototypes tested at locations such as the European Marine Energy Centre 

(EMEC) in Orkney is generally not available to the research community.  In addition the 

use of scale model outputs from laboratory test programmes in numerical up-scaled 

scenarios also has limitations due to the differing requirements of individual parameters 

when changing scaling factors (e.g. for Reynolds and Froude number scaling, different 

factors have to be used for wave period, wave geometry, air entrainment or surface 

tension, and this affects modelling of steep waves in a tank and other applications).    

A number of different numerical modelling suites and approaches are available to 

represent WECs in simulated scenarios.  Such a representation is sometimes undertaken 

for individual devices or on small scale by the relatively detailed representation of energy 

extraction through non-trivial complex, and often non-linear algorithms, (e.g. based on 

Navier-Stokes equations applying Finite Volume or Finite Element solutions, or boundary 

integral equation method (BIEM))  at a very high computational effort and long duration 

model run times, or on the other end a more generic solution is provided by phase-

averaged spectral wave models with the ability to simulate coastal scale environments in 

shorter time, but at a lesser resolution and limited detail of the results.   

Examples for high resolution Computational Fluid Dynamics (CFD) solvers are the widely 

used Navier-Stokes solvers Star CCM+ (Siemens 2016), OPENFOAM or Fluent, or applying 

the Euler equations, i.e. without viscosity, such as Ansys Aqwa (2010), or WAMIT (2016) 

packages.  Spectral wave models widely used in the marine energy context include DHI 

Mike 21 SW (DHI 2012a), SWAN or Delft3D (Deltares 2014), with the phase-resolving DHI 

Mike 21 Boussinesq wave module (DHI 2012b) offering an alternative platform with an 

improved level of detail compared to spectral wave models, but still less detail than in 

CFD solvers.  

Due to the intense computational requirement of CFD high resolution models, there 

appears to be a preference for use of spectral wave or Bousinesq solutions to simulate 

the energy extraction from WECs (Vogler et al. 2011; Greenwood 2015; Greenwood et al. 

2016), and alternative solutions exist in form of simplified analytical methods, e.g. as 

described by Renzi (2014) for energy extraction through oscillating surge energy 

converters in regular sea conditions.  A novel approach to combine the use of the wave-
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structure interaction tool WAMIT with the spectral wave model of DHI Mike 21 is 

described by Venugopal et al. (2017) and results and method shown offer an interesting 

solution to integrate high resolution and detailed model outputs from a CFD solution on a 

device or small array scale into a coastal area model.  

Throughout recent years a wide number of global and regional models to characterise the 

wave energy resource have been commissioned and a variety of results have been 

released into the public domain.  This modelling effort has been supported by 

governments, economic development agencies, and third and private sector 

organisations, and is still continued, as the availability of computational resources, 

processing power, and the access to real measured wave data increases.   

Based on a numerical model the World Energy Council “has conservatively estimated the 

market potential for wave energy to be in excess of 2,000 TWh/year” (Pelamis Wave 

Power 2013b).  The technically extractable wave resource in UK waters was further 

quantified to be “50-90 TWh of electricity per year, or 14-26 % of current UK demand” 

(Pelamis Wave Power 2013b).   

In a recent report published by the Scottish Government, it is estimated that 25 % of the 

total European offshore wind and tidal energy potential and 10 % of Europe’s wave 

power potential lies in Scottish waters (2013).  A summary of previous models simulating 

the offshore wave resource is given by Mørk et al (2010) who have undertaken an 

assessment of the global wave resource based on a 10 year validated and calibrated wave 

data set at 6 hour intervals on a 0.5° latitudinal and longitudinal grid resolution.  The 

global total resource was evaluated by Mørk et al as 3.7 TW and the study concludes that 

seasonality is of higher impact in the northern hemisphere than in the southern ocean 

with view to wave resource.   

A widespread approach to visualise the wave resource across an area is the production of 

maps, representing mean conditions for selected parameters such as wave height, period 

or power over a defined period of time.  An example for this is the global wave resource 

map in Figure 4, which shows the annual mean power density based on a 6 year boundary 

dataset computed on the NOAA WaveWatch III platform (Gunn and Stock-Williams, 

2012).  Clearly visible in Figure 4 is the high energy belt along the southern latitudes, in a 
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circumpolar area that came to fame as the ‘roaring forties’ and ‘furious fifties’ during the 

times of the sailing ship trade, due to its fierce wind and wave conditions.   

With very few landmasses obscuring or hindering the wave fetch, and strong to storm 

force winds throughout the year, waves build up and travel for long distances in the 

southern oceans and thus create a highly energetic environment.  However, the absence 

of landmasses in the area makes it very difficult or impossible to exploit most of this 

resource, with the exception of the Chilean coast or west Australia, where efforts are 

currently well underway to establish wave energy conversion schemes (Bloomberg News 

2013, Carnegie Clean Energy 2017).   

From Figure 4 it can be seen that around the tropical regions the wave energy potential is 

much less than at higher latitudes, and for the northern hemisphere the most energetic 

wave fields are at the European Atlantic coast, primarily at Ireland and north-west 

Scotland, with the north-west of America also showing a high wave resource. Figure 4 

also shows different levels of energy dissipation towards the shorelines, and this is caused 

by different seabed slopes and bottom friction. However, for global wave models the 

nearshore resolution is generally insufficient for detailed wave power assessment.  

Energy dissipation and absorption rates are further an important consideration when 

installing multiple rows of WECs, as the available energy further down in a wave farm may 

be reduced by up-wave devices.  (Note that the coastal region colour just identifies the 

different continents, and not the nearshore wave power density.)          

 
Figure 4. Global Wave Power Resource: Annual Mean Power Density (adapted from Gunn 

and Stock-Williams 2012). 
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To eliminate uncertainty in the quantitative and qualitative outputs of marine energy 

resource models as much as possible, huge efforts were made to enhance modelling 

techniques and integration of field data into models over previous decades.  The aims of 

these efforts are to improve the credibility and validity of outputs – something of very 

high importance to investors into energy extraction projects, as this information is used 

directly to inform energy yield forecasting and return on investment predictions.  

Considerable progress has been made over recent years with view to the reliability of 

resource models.  Even though in some occasions considerable fluctuations between 

older resource studies and the recent state-of-the-art can be observed, due to advances 

in modelling techniques and implementation of widespread agreed approaches on how to 

set up, calibrate, validate and operate resource models, confidence in the latest 

generation of modelling software suites and outputs has improved to levels considered 

acceptable to developers and funders of ocean energy projects.      

An example for the fluctuation between different models (using similar approaches, i.e. 

describing the total available power density) can be seen by comparing an early 

assessment of the wave resource for an area offshore to the north-west off the Outer 

Hebrides of Scotland, published by the Department of Industry (1976), with figures 

released by The Scottish Government (2010, p.107), based on a study by ABPmer (2008) 

for the same area.  Where the former study from 1976 quantifies the annual mean power 

density as 70 kWm-1, this is contradicted by a reduced resource of only 42.4 kWm-1 for the 

same area as suggested in the 2010 study, i.e. a reduction of approximately 40% against 

the earlier report.  A one-year resource evaluation for spots within this area, based on 

measured data from a buoy array and published by the author, concludes that “the mean 

annual power for the three buoy locations is with 75.5kWm-1 considerably higher than the 

figures currently promoted” (Vögler et al. 2013, p.514).  However, it is stressed in the 

report that a one year period is not of sufficient length to be used for a long term energy 

assessment, as great fluctuations can be experienced between individual years. 

With the aim to agree a global standard for wave resource characterisation, a great effort 

was made by the international research community and co-ordinated by the International 

Electrotechnical Commission (IEC) to define an unanimously acceptable approach on how 

to set up and run wave resource models.  An authoritative technical specification on wave 

power resource assessment has now been published as PD IEC/TS 62600-101 by the 



29 
 

British Standards Institution (BSI) (2015a).  This standard prescribes three different stages 

of resource assessments during the development of marine energy projects.  

An initial reconnaissance phase consists of a high level overview of the resource, and 

model domains typically cover a long shore section of more than 300 km.  During the 

reconnaissance phase suitable areas are identified for further assessment in the next 

stage, the so called feasibility phase and this typically cover coastlines of between 20 km-

500 km.  The feasibility phase is followed by the design phase as the final and most 

accurate model stage, used to provide detailed information to the design of a 

development, e.g. the array location and layout, and this generally covers long-shore 

sections of less than 25 km. Guidance is also given in the 62600-101 standard on the 

maximum grid spacing for bathymetry data during assessment of the three different 

phases and at certain water depths.   

For calibration and sense checking of resource models the standard prescribes that “all 

numerical modelling shall be validated using measured wave data.  Whenever possible the 

numerical model output should be validated using data from one or more locations close 

to where wave energy converters might realistically  be deployed” (BSI 2015a, p. 16).  It is 

further recommended that for model validation and calibration measured field data 

covering at least a full consecutive year is used to prevent any seasonal bias in the data.  

Measured data returns of less than 70 % over any three month period, should be flagged 

up to help interpret any possible inconsistencies between models and field data.   

The relevance of the inclusion of different seasons, covering a full calendar year of data to 

achieve true mean values, can be seen in the wave resource model for UK territorial 

waters in Figures 5 and 6, commissioned by the Department for Business, Enterprise and 

Regulatory Reform (BERR) (2008).  Figure 5 shows the annual wave power per metre 

wave crest as the average of the conditions modelled throughout the full year.  Figure 6 

contains the same information, but this time for the summer months only on the left, 

with mean power off the Isle of Lewis of between 20-30 kW/m, and for the winter 

months on the right, with much higher wave resource of 70-80 kW/m for the same area.   

Contrary to the approaches used in the wind energy sector, where the resource is 

quantified by measured or modelled mean annual velocities, rather than power density, 

wave resource assessments are typically based on calculated power values.  This 
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widespread use of ‘power per meter wave crest’ for wave resource characterisation is not 

undisputed, as wave power is calculated as an exponential function of the significant 

wave height.  Therefore, it is argued by Folley and Whittaker (2009) that short storm 

events with exceptional wave heights are overrepresented in mean power calculations, 

thus leading to a distorted picture.  The equivalent approach to the one used and fully 

accepted in the wind energy sector for wave resource estimates would be to use the 

significant wave height to describe the resource, rather than the wave power per meter.   

 
Figure 5. UK Annual Mean Wave Power (adapted from Department for Business, 

Enterprise and Regulatory Reform 2008, p.57). 

 
Figure 6. UK Seasonal Mean Wave Power: summer/winter (adapted from Department for 

Business, Enterprise and Regulatory Reform 2008, p.58). 



31 
 

An alternative method to limit any possible distortion to annual power maps caused by 

short storm events is proposed by Folley and Whittaker (2009, p. 1713) who introduce 

the concept of “the exploitable wave energy resource”, by only considering unidirectional 

energy flux capped by a multiple of four times the average wave power.  However, as the 

initial resource characterisation is only an interim step in the production of annual 

production estimates (APE), which are an essential requirement to secure financial 

backing for marine energy projects, any possible distortion of wave power maps due to 

the overrepresentation of storm events could well be acceptable, provided an 

appropriate level of awareness is raised within the user community of these maps.   

The key purpose of current wave power estimates is to inform policy makers and 

regulators of potentially suitable areas for further development, and also to support 

decision making on a high level by industry and project developers.  For this purpose a 

reduced level of certainty due to distorted values will be of limited consequences, as any 

uncertainties are addressed in small scale site specific models of a higher accuracy, 

together with the production of device specific APEs, aimed “to identify the best locations 

along the coastal area however these are a normal part of project development” 

(Waveplam 2010, p. 16).  These APEs are generally based on device specific power 

matrices that create a link between combinations of significant wave heights and wave 

energy periods with the power generated per individual WEC.  Because of the commercial 

sensitivity of detailed design and performance data of the current generation of wave 

energy converters, these power matrices are generally not openly available.  An example 

of a generic power matrix for a hypothetical WEC, based on significant wave height [Hs] 

against period [T], is shown in Figure 7 to visualise the working principle used for analysis 

of WEC power performance against individual sea states.                

 
Figure 7. Generic Wave Power Matrix [Hs vs T] for generic WEC (adapted from Robertson 

et al 2016). 
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3.4.1 Boundary Conditions  

Any numerical or physical simulation can only produce good results if the boundary or 

input conditions used to drive the simulation are of sufficient quantity and quality.  This is 

very true and relevant to wave resource models and the identification and sourcing of 

appropriate boundary input parameters for such models is of utmost importance.  To 

alleviate effects between individual years it is recommended for wave energy resource 

assessment and characterisation models to “produce a minimum of 10 years of sea state 

data…with a minimum frequency of 1 data set every three hours” (BSI 2015a, p. 21).  As 

stated in the ‘Methodology for site selection’ by Waveplam (2009, p.13) “numerical 

models usually do a hindcast, i.e. they simulate past wave conditions from past measured 

meteorological (wind) conditions, for which long term records do exist”.   

To achieve this target, boundary data is required for the entire duration of the model 

output period, i.e. for a minimum of 10 years, and such data is often not easily available 

or affordable.  Suitable boundary conditions of appropriate accuracy, often derived from 

other numerical models, are provided by a number of organisations e.g. the US National 

Oceanic and Atmospheric Administration (NOAA), the UK Metoffice, or the European 

Centre for Medium-Range Weather Forecasts (ECMWF).  Wave data should have a 

minimum spatial resolution of 5 km for a reconnaissance model and wherever possible 

should be fully spectral with “a minimum of 25 wave frequency components and 24 to 48 

directional components (depending on the assessment class)”.  Furthermore “it is 

recommended that the frequency range of the model output should cover at least 0.04 to 

0.5 Hz” (BSI 2015a, p. 20).  Dependent on the size of the model domain wind data points 

should also be included across the domain.   

On occasions when adequate datasets giving full spectral information for a full 10 year 

period are not available, or also when the wave modelling task in question is not solely 

focussed on a mean wave power density assessment, alternative data can be used.  

However, in those instances it is important to understand the implications of using 

alternative approaches, e.g. datasets of a shorter duration, standard time series wave 

parameters only without spectral information, or no wave boundary at all.  For example, 

a model set up and run on the DHI Mike21 SW software and covering the entire North 

Atlantic was driven with ECMWF wind data only across the entire domain.  This model has 
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produced very good similarity against calibration points off the Outer Hebrides, as the 

cross domain wind information has sufficed in providing adequate information to 

generate or simulate a fully spectral sea state in the specific area of interest.  As the wider 

model boundaries coincided with the coastline of the North Atlantic at the boundaries in 

the east, north and west, and only negligible or no swell waves were entering the domain 

from the south, all the required information relevant to the generation and progression 

of waves was contained in the model (Venugopal 2012).   

A similar approach was used for another model investigating the wave climate in Scottish 

waters using the SWAN software code by the Technical University Delft.  However, this 

model has used a smaller domain that only extended to an Atlantic boundary at 10° W, 

i.e. only up to 150km into the Atlantic and thus excluding a wave fetch of more than 

3,000 km of open ocean area.  This model was also only driven with wind data.  It was 

found that due to the exclusion of any southerly or westerly swell waves that are known 

to enter the domain in the real world, the model has considerably underestimated the 

wave resource at the Scottish west coast and was thus found to be of limited value in its 

former setup (Gleizon and Woolf 2013).  However, the model was easily rectified later by 

the inclusion of swell wave components at the Atlantic boundaries to achieve improved 

correlation between model outputs and measured wave data from in-situ sensors 

(Gleizon and Murray 2014).   

Focussed on the north-west coast of the Isle of Lewis, work by Greenwood et al (2013) 

has used measured spectral data from a wave buoy in intermediate water depths to 

model transitional processes as the waves are entering shallow water.  This model was 

calibrated and validated against measured data from a submerged acoustic wave sensor 

in the nearshore region and correlation between model and measured data was found to 

be very good.  However, due to the non-availability of long-term boundary data to 

operate this model, model outputs covering the current duration are not sufficient for use 

in a wave resource assessment.  Although in this instance all that is required to utilise this 

fully calibrated and validated model in a standardised resource assessment is a 10 year 

hindcast dataset for the westerly boundary and sufficient time and computational 

resource to run the model for the entire duration.        
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The datasets gathered from the same sensors as used by Greenwood et al (2013) are 

presented and analysed further in the following sections of this study to enhance the 

understanding of wave processes and hydrodynamics along one of the coastlines with the 

highest wave power density in Europe, or arguably the world.   

As a final observation to this chapter, and to demonstrate the enormous amount of wave 

energy that is dissipated at the Hebridean west coast during severe weather events, an 

example of a storm wave front with significant wave heights of around 15 m, a short 

distance offshore off the Isle of Lewis, is presented in Figure 8.  Produced and published 

by Magicseaweed (2013) 66 hours in advance, the map shows the output of a forecast 

model for the wave heights across the North Atlantic for the 15th of December 2013.  

Visible is the significant wave height across the domain, with the highest values 

originating from a deep low pressure system that has traversed the model domain from 

west to east-north-east, and the main wave front passing by the Outer Hebrides at close 

distance.  The storm force winds associated with this Atlantic depression have resulted in 

a significant wave height of up to 15 m off the Scottish coast, with an approximate 

associated power density of 2 MWm-1 wave crest, calculated using linear wave theory.  

The power density under those conditions is thus almost 47 times higher than the 42.4 

kW/m value that was published by The Scottish Government (2010) for the same area as 

the long term annual mean.   

 
Figure 8.  Wave Forecasting Model for 15 December 2013, 18:00UTC; shown is significant 

wave height in Feet; 1ft = 0.3048m (adapted from Magicseaweed 2013). 
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To compare, the mean annual significant wave height for the area that featured 15 m 

waves on 15 December 2013 is given by The Scottish Government (2010) as 3 m, i.e. the 

storm waves observed on 15 December are only 5 times higher than the annual mean, yet 

47 times the average power value.  This example supports the concerns expressed by 

Folley and Whittaker (2009) with view to a limited applicability of mean power density 

maps, instead of mapping of wave height distributions across a domain, as one big storm 

event has the potential to create significant distortion of the annual mean values.  

 
3.4.2     Standardisation of the Resource Assessment Process  

This chapter starts by giving a number of examples of recent modelling studies, to show 

discrepancies between different approaches and model outputs, thus highlighting why a 

standardised resource assessment process is important as a planning tool to allow a 

direct comparison across models and sites.  The second part of this chapter proceeds to 

elaborate on the international standard on wave resource characterisation agreed 

through the International Electro-technical Commission (BSI 2015a). 

Following on from the availability of a more and more powerful computational 

infrastructure the use of numerical computer simulations covering wide spatial areas has 

generally displaced the use of more simple methodologies, often using wave fetch based 

algorithms and considering linear wave theory only.  Although these traditional 

calculations are still valid and offer a simple way to obtain results of a good indicative 

nature in short time, they lack considerable detail and accuracy when compared with 

standard spectral wave models such as DHI Mike 21 SW, Delft 3D-Wave, or SWAN.  

The strong ambition shared by politicians, academics, entrepreneurs and innovators to 

develop an economic viable wave power sector in the UK, with the aim not only to supply 

domestic power, but also to provide an economic stimulus by developing a global export 

industry of knowledge and technology with UK origin, has led to the publication of a 

number of numerical wave models covering the UK coasts and continental shelf over 

recent years.  One of the most influential of these models, known as the “Atlas of UK 

Marine Renewable Energy Resources” was commissioned by BERR (2008) and the model 

results have been widely cited and used as information and planning tool to inform policy 

development and for identification of geographic regions with the highest wave power 

potential around the UK coastline.  However, as this model only uses a relatively coarse 
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mesh of 0.25° cell size (approx. 28 km by 28 km), the ability to represent near shore areas 

with complex coastlines and bathymetry is compromised.  Detailed model performance 

near the coast is also affected by a relatively small number of only 13 frequency bins and 

a large directional discretisation of 22.5° bins (Lavidas et al 2017). 

An example for another study based on wave input information from the BERR report is 

the “UK Wave Energy Resource” assessment commissioned by the Carbon Trust (2012) 

and delivered by AMEC Environment and Infrastructure UK Limited.  This study delivered 

not only an overview of the total wave energy resource of UK territorial waters, but also 

included an assessment of the Levelised Cost of Energy (LCOE).  A graphical output of the 

normalised LCOE for UK waters is shown in Figure 9.  Based on the Carbon Trust study the 

area with the lowest cost of wave energy is in an area somewhere in the Rockall Trough 

at a considerable distance from shore.  This is an interesting observation, considering the 

enormous difficulties faced by the main Scottish island archipelagos Shetland, Orkney and 

the Outer Hebrides to secure a sufficient electrical grid connection to facilitate the export 

of renewable energy (wind, wave and tide) to the UK mainland (e.g. Baringa Partners LLP 

2013, The National 2016).  Although the geographical LCOE assessment of the Carbon 

Trust study offers an interesting first pass overview of the most beneficial sites, a re-

assessment of installation costs at sites in the far offshore region and considering recent 

developments in construction costs for offshore high voltage direct current (HVDC) 

connectors might well result in a revised assessment outcome.  

 
Figure 9.  Map showing the areas of lowest cost for wave power production (adapted from 

Carbon Trust 2012, p. 22). 

A wide range of additional modelling studies to assess the wave power development 

potential have been undertaken over recent years for various areas.  Based on a common 
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methodology Gleizon et al. (2015, 2017) have developed wave energy maps for possible 

WEC locations in different regions in France, Portugal, Spain and Scotland with a 

particular focus on refined model mesh resolutions near complex coastlines.  Similar 

model domains have also been investigated by Neill and Hashemi (2013), who have found 

that by running a 7-year hindcasting model using a more advanced SWAN model setup 

with improved representation of non-linear wave-wave interaction, than what was used 

by the previously cited ‘Atlas of UK Marine Renewable Energy Resources’, a 10 % 

reduction of wave power was observed in the areas covered by both models.  However, 

this reduction might also have been caused by the fact that both models have 

investigated different time periods, with annual variability also possibly having been a 

contributory factor in the reduction of observed wave power. 

A detailed model for Scotland based on DHI Mike 21 has been developed by Venugopal 

and Nemalidinne (2015), with model data comparisons against a number of in-situ wave 

sensors off the Hebrides, Orkney, and also the Scottish east coast.  An interesting 

approach taken in this model, and previously also taken by Neill and Hashemi (2013), is 

the integration of boundary input parameters into nested high resolution models 

covering the areas of interest. Boundary conditions were developed using a model 

covering the entire North Atlantic and applying wind forcing based on wind data from the 

ECMWF or Met Éireann (the Irish Meteorological Service) in a 0.125° or 0.5° interpolated 

mesh resolution respectively.  An example for a North Atlantic wide domain is shown in 

Figure 10, including the grid used as input mesh for wind forcing. 

 
Figure 10.  North Atlantic domain used to generate boundary data (adapted from 

Venugopal and Nemalidinne 2015). 
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To assess the long term averaged energy potential for different areas a 35 year hindcast 

model was developed for the Aegean Sea in Greece (Lavidas and Venugopal 2017), and 11 

year hindcasting maps were produced for the coastlines of Scotland, in both cases with a 

particular focus on the nearshore regions and using the SWAN code (Lavidas et al. 2017).  

Energy production assessments were also included in these studies based on a range of 

WEC technologies to evaluate the efficiencies of specific combinations of devices at 

particular sites.  

Recent development of modelling suites with the ability to couple hydrodynamic and 

spectral wave models has opened up opportunities to investigate effects of wave-current 

interactions.  An example for a recent study in this context for the Pentland Firth and 

Orkney waters region, based on a coupled wave-tide model running on the Delft 3d 

platform, has shown the ability of the model to represent wave modulations caused by 

the interaction of progressing waves with an opposing or following current (Maciver et al. 

2015).  The TeraWatt project, funded by the UK Engineering and Physical Sciences 

Research Council (EPSRC) Supergen Marine Challenge programme, has run a suite of both 

wave and tidal flow models, focussed on areas around Pentland Firth and Orkney, 

followed by the development of a range of methodologies for the representation of wave 

and tidal energy extraction in these numerical models (Side et al. 2016).  A key output of 

the TeraWatt project was the suite of position papers and toolboxes published by the 

Marine Alliance for Science and Technology for Scotland (MASTS) to inform the 

understanding of how to assess the impact of energy extraction from wave and tidal 

energy converters on the benthic habitat, based on changes to the physical environment, 

i.e. magnitude of flow velocities across the depth profile, bed shear stresses, or changes 

to wave parameters at the surface, but also in the water column (MASTS 2015).   

Approaches to assess the impact of climate change scenarios on the future wave climate 

were recently investigated under the UK EPSRC EcoWatt2050 programme (EPSRC 2014), 

and another study in the same context has found that the wave power in the north-east 

Atlantic region is likely to decrease by the end of the 21st century, with changes in 

directionality also being observed (Janjic 2017). 

The accurate parameterisation of wave models is obviously of great importance to 

achieve relevant results.  Where this is relatively straightforward in case of the wave 
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height, with the spectrally derived significant wave height Hm0 widely accepted and 

generally available as a model parameter, the selection of the most appropriate wave 

period is slightly more ambiguous.  A number of wave period terms are widely used, e.g. 

the mean period (also often referred to as T01) describes the average period of all waves 

over an observation period based on a spectrally weighted relationship, The zero-crossing 

period Tz or sometimes called T02 is similar to the T01 period in value, but with a different 

spectral weighting, peak period Tp describes the period of waves with the highest energy 

content, and the energy period TE applies a higher weighting on longer periods.  More 

detail on how to calculate the different wave periods is provided in chapter 5.    

In the context of wave energy resource assessment, there appears to be a widespread 

preference in the scientific numerical modelling community to use the energy period as 

input and output parameter for resource characterisation.  However, depending on the 

source and quality of wave data from in-situ measurements, or also from some older 

generation numerical model outputs, the energy period is not always available.  A 

description of different wave spectra is given in chapter 5.2 and comparison between 

theoretical spectra and Hebridean field data in chapter 6.1.3.3.  Based on a Bretschneider 

wave spectrum a relationship has been suggested, where TE can be approximated by 

multiplying Tz with a factor of 1.14 (Cornett 2008).  This approach was tested and 

analysed for applicability to the Irish wave resource, which is assumed to feature a 

spectral shape more aligned to a Jonswap, than a Bretschneider distribution.  A range of 

different peak-shape parameters (or γ-values) was tested with the conclusion that neither 

spectrum complied with the previously proposed factor of 1.14.  Instead it is suggested 

that a factor of TE = 1.2 Tz and TE = 1.18 Tz should be used for the Bretschneider and 

Jonswap Spectra (based on γ = 3.3 for Jonswap) respectively (Cahill and Lewis 2014).  A 

similar test of the theory was also made based on observations by Vogler and Venugopal 

(2015) for a one year period for a range of sensors in intermediate and shallow water 

depth off the Outer Hebrides in Scotland.  In this case based on the analysed datasets an 

empirical relationship could be established as TE = 1.31 Tz at 15 km distance to shore and 

60 m depth, and as TE = 1.44 Tz based on two nearshore sensors deployed in 13 m depth, 

thus suggesting a different spectral shape compared to Bretschneider or Jonswap with γ = 

3.3.  
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The snapshot selection of examples described in the previous section demonstrates 

different approaches used by consultants and scientists when setting up and running 

resource models.  Without a dedicated standard in place to provide clear guidance on the 

appropriate number of years to be used for hindcasting models, grid resolution, boundary 

data, parameterisation and discretisation of time steps, directional bins or frequency 

intervals, etc., inter-model comparisons and model credibility is compromised, making it 

difficult to support an investment case based on APE target numbers.   

To improve model confidence levels and aimed to develop an internationally accepted 

standard to harmonise the approach to characterise marine energy conversion systems, 

including technology and resource, an international technical committee, known as IEC 

TC114, was created by the IEC in 2007 (Marine Renewables Canada 2007), and a suite of 

standards is now available.  This is described in more detail in the following section. 

 

3.4.3     PD IEC/TS 62600-101:2015 Content and Background 

The suite of IEC technical standards under the 62600 publication series comprises a total 

of seven publications, as shown in Table 2, and with standard number 62600-1 defining 

terminology used in the subsequent framework standard publications.  Published in 2015 

in the UK by the BSI under reference number PD IEC/TS 62600-101:2015 and titled 

“Marine energy - Wave, tidal and other water current converters - Part 101: Wave energy 

resource assessment and characterization” the relevant standard for the characterisation 

of the wave resource throughout a wave power project development and 

implementation process is intended for use by not only project and device developers, 

but also to inform policy makers, planners, and energy consultants, and last but not least 

utility companies and other potential project investors (BSI 2015a). 

An initial introduction into some of the content of the IEC/TS 62600-101 standard has 

already been given in previous chapters, and this is supplemented here with additional 

detail in a compact form.  A first important consideration in the context of wave resource 

assessment is the intended purpose and regional scale of a proposed model.  

Appreciating the uncertainty that previously dominated the model definition and 
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required level of detail, the IEC standard has now developed a resource assessment 

classification across three different distinct classes and these are summarised in Table 3.  

Table 2. Suite of IEC 62600 series of Marine Energy technical standards. 

Number Title 

IEC TS 62600-1:2011 
Marine energy - Wave, tidal and other water current converters - Part 1: 
Terminology 

IEC TS 62600-10:2015 
Marine energy - Wave, tidal and other water current converters - Part 10: 
Assessment of mooring system for marine energy converters (MECs) 

IEC TS 62600-100:2012 
Marine energy - Wave, tidal and other water current converters - Part 100: 
Electricity producing wave energy converters - Power performance 
assessment 

IEC TS 62600-101:2015 
Marine energy - Wave, tidal and other water current converters - Part 101: 
Wave energy resource assessment and characterization 

IEC TS 62600-102:2016 
Marine energy - Wave, tidal and other water current converters - Part 102: 
Wave energy converter power performance assessment at a second location 
using measured assessment data 

IEC TS 62600-200:2013 
Marine energy - Wave, tidal and other water current converters - Part 200: 
Electricity producing tidal energy converters - Power performance 
assessment 

IEC TS 62600-201:2015 
Marine energy - Wave, tidal and other water current converters - Part 201: 
Tidal energy resource assessment and characterization 

 
Table 3. Classes of Resource Assessment (adapted from BSI 2015a, p. 11, table 1).  

Class Description 
Uncertainty of wave energy 

resource parameter estimation 
Typical Long-Shore Extent 

Class 1 Reconnaissance High > 300km 

Class 2 Feasibility Medium 20 km to 500 km 

Class 3 Design Low < 25 km 

 
Additional detailed requirements for model setup and parameterisation across the 

reconnaissance, feasibility and design classes are given in the standard for different water 

depths, e.g. a bathymetry resolution of at least 10 m is prescribed for class 3 assessments 

in depths of less than 20 m.  This increases to a resolution of 5 km for class 1 assessments 

and water depths of more than 200 m, with a recommendation of at least 25 m resolution 

for class 3 assessments in water depths of between 20 to 200 m.   

Recommendations are also included on the inclusion of wind data with view to time steps 

and spatial resolution, tidal elevation and current velocities and directionality.  

Furthermore requirements are specified for suitability assessment of numerical models 

for each class, with a range of parameters to be considered described as mandatory, 

recommended, acceptable or not permitted for inclusion in the model.   
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The full detail of the standard cannot be included here, and thus the interested reader is 

strongly urged to obtain a full copy of Part 1: Terminology and Part 101: Wave energy 

resource assessment and characterization of the 62600 IEC publication series.  Of 

particular interest to this study in the IEC standard is the section on wave measurements, 

either for use as boundary data or for model calibration and validation.  For compliant use 

as model boundary data for any class of the standard, a requirement for a quality 

controlled measured dataset over a ten year timeframe is specified, or alternatively a 10 

year model run, where outputs have been firmly validated against extensive field 

observations.  For model validation the requirement is for a minimum of one year data 

covering all seasons and a mean return rate of at least 70 % across any 3 month period 

within that year.  Information is also provided on instrument precision, calibration, 

deployment, redundancy, quality control and analysis.  These aspects will be dealt with in 

more detail in following chapters, based on field deployments in Scottish waters over the 

previous years. 

Following the release of the IEC/TS 62600-101 standard it is now possible to check on 

compliance of previous studies against this framework document, and where compliance 

is not given, an assessment can be attempted to quantify deviations and to adjust for any 

omissions through a post-processing model manipulation.  For new models compliance 

with the standard is strongly urged, as resource characterisation and APEs derived 

through the standardised processes of the 62600 series will be indispensable for securing 

finance through banking houses or traditional private sector investors.   

Although there will still be future opportunities to secure project funding for higher risk 

projects without compliance with a standardised evaluation process through less risk 

adverse angel investors, venture capitalists, or crowd funding campaigns, the more 

promising investment routes will rely on utility companies, traditional banking houses, or 

governments with a more risk adverse approach to investment.  The reason for a more 

cautious approach to investment is not at last the result of unsuccessful project delivery 

over recent years, when no prescriptive approaches were available for the assessment of 

site specific wave resource and energy production assessments.                
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4.     Field Measurements and Instrumentation 

This chapter provides information on the field data acquisition campaigns that have 

provided the data for further analysis on this study.  An overview of the different sensors 

used for wave and current measurements by the author in his role as Principal 

Investigator of the Marine Energy research activity at Lews Castle College UHI is given, 

together with an overview of places and durations of instrument deployments.  Detail is 

further provided on the deployment methodologies, including information on sensor 

frames, instrument mounts, and mooring arrangements, plus the relevant setups and 

configurations during the individual deployments.   

 

4.1     Data Campaigns 

4.1.1 Hebridean Marine Energy Futures - west off Isle of Lewis 

The first meaningful deployment of met-ocean sensors in support of this study was 

undertaken by the LCC Marine Energy Research group under the Hebridean Marine 

Energy Futures (HMEF) programme in 2011 to the west of the Isle of Lewis in the Outer 

Hebrides of Scotland.  An array of three wave measurement buoys was installed for a 12 

month period some 15 km offshore at 60 m water depth with 10 and 13 km spacing 

between buoys. This array of floating wave buoys was supplemented by a seafloor 

mounted Acoustic Wave and Current Profilers (AWAC) in January 2012, with a second 

AWAC profiler being installed in September of the same year.  These AWAC units were 

situated at close proximity to each other with a separation distance of only 900 m in a 

water depth of 13.5 m, some 600 m offshore.  To support correlation studies between the 

wave information and local wind data a cup anemometer station was installed onshore at 

a nearby site.  Data was stored locally on an internal memory card in case of the AWAC 

profilers, or relayed via a high frequency radio link to a receiver station onshore by the 

wave buoys.  As backup the wave buoys also featured an additional internal memory 

card.  Data from the anemometer was also transmitted by a wireless data transfer to the 

same station that was recording the buoy data in real time.  Data from the AWAC 

profilers was recovered manually at quarterly intervals by a dive team, together with 

checking, and when required replacement, of the battery pack. 
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 The aim of these deployments was to obtain a minimum of 12 months consecutive data 

for all sensor locations in support of resource assessment efforts by Aquamarine Power, 

Pelamis Wave Power and Voith Hydro Wavegen, the world leading wave energy 

technology and project developers at the time, and all with a strong interest to develop 

sites in the area.   

Initially the plan was for a single AWAC profiler deployment only, but on successful 

retrieval of the initial data, Aquamarine Power decided to provide funding for a second 

subsea sensor installation and an extension of the deployment time for the first AWAC 

profiler.  This decision was made, as both quality and quantity of data exceeded 

expectations, which was based on previous less successful deployments in similar 

environments at other sites.   

 
Figure 11. Location of the Hebridean Sensor Network; Positions 1, 2, 3 represent wave 
measurement buoys, pos. 4 two AWAC profilers, pos. 5 a cup anemometer.  Locations 

referred to later in this chapter are shown as a (Tiumpan Head), b (Taransay) and c (Butt 
of Lewis). The Orkney Islands are marked in the inset. (Adapted from Vogler and 

Venugopal 2012). 
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The deployments were very successful and the obtained datasets of an outstanding 

quality as confirmed by leading industry representatives.  During a workshop meeting on 

how to accelerate marine deployment west of Lewis, facilitated by the local authority 

Comhairle nan Eilean Siar (CnES), Aquamarine Power have commented with reference to 

the AWAC profiler data returns that “sophisticated wave resource mapping has been 

done, and the Lewis site is the only one in the world with the level of data available over a 

2 year period” (Comhairle nan Eilean Siar 2015, p.2).  The timeline of this sensor 

deployment campaign is summarised in Table 4 and a map of the deployment location for 

this campaign is shown in Figure 11. 

Table 4. Sensor Deployment Periods (adapted from Vogler 2014). 

 

 

4.1.2 Minch and Inner Hebrides 

Working together with wave power developer Albatern and seafood producer Marine 

Harvest a number of wave sensor deployments were undertaken at existing or 

prospective finfish aquaculture sites.  Driven by a growing demand for farmed salmon, 

companies such as Marine Harvest are actively searching for and developing new sites 

that feature sufficient dispersion rates to prevent contamination of the near field 

environment, but also offer some degree of protection against the most aggressive wave 

events.  As most sheltered sites with sufficient water exchange rates and compliant with 

other planning considerations to allow fish farm installations are already utilised, the 

development focus has now shifted towards more exposed sites.  This opens up 

opportunities to exploit the modest wave power resource available at these sites to 

produce electricity to power the fish farm cages and offshore infrastructure.  Presently 

fish farms tend to produce 100 % of their power requirement through diesel generation 

at considerable inconvenience and cost, and this has led to a partnership between Marine 
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Harvest and Scottish WEC developer Albatern to explore and develop opportunities to 

utilise small scale wave power generation as primary power source for the offshore sites.  

To this end a number of data gathering missions have been supported by the LCC marine 

research group and led by the author.  Wave buoys have been deployed twice between 

the islands of Barra and Hellisay in 2013/14 and early 2017.  The combination of a wave 

buoy and a wave and current profiler was deployed off Colonsay in 2014/15 to compare 

different sensor types, but also aimed to capture some current and tidal elevation data 

with the AWAC.  Wave buoys were also deployed off the Isle of Rhum in the Inner 

Hebrides in 2016/17 and in the Sound of Harris in 2017/18.  Deployment locations are 

shown in Figure 12.  It is clearly notable that all sensors are in the lee of islands to receive 

some shelter against the harsh North Atlantic wave climate.  But at the same time it can 

also be seen that the sites feature significant open fetch towards the east, which has to 

be considered for any type of offshore installation.           

 
Figure 12. Wave sensor deployments in support of aquaculture development. A = 

Barra/Hellisay; B = Isle of Rhum; C = Colonsay; D = North Uist (adapted from Google 2017).  

 

4.1.3 Orkney and Pentland Firth  

As leader of the field data acquisition work stream of the EPSRC funded FloWTurb 

(Response of Tidal Energy Converters to Combined Tidal Flow, Waves, and Turbulence) 

project, and in some other cases also under commercial arrangements, a number of 

sensor deployments have been designed, led and undertaken by the author in the Orkney 
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archipelago and Pentland Firth in 2016 and 2017.  An array of sensors consisting of five 

individual acoustic spot sensors, one multi-sensor frame kitted out with four different 

instruments, and a shore-based X-band radar was installed during a short term 

deployment in July 2016, supported by the research vessel RV Alba na Mara from Marine 

Scotland Science (MSS).  Figure 13 provides a geographic overview of the sensor network 

and the location of Orkney is included in Figure 11.  This was a very ambitious deployment 

with wind conditions that were at times unsuitable, and success was limited, as some 

damage and loss of instruments occurred.  Towards the end of the Fall of Warness 

deployments, a single AWAC sensor was deployed in alternating wave and current 

measurement mode in the Westray Firth, with successful recovery after a 2.5 month 

period by the MSS operated RV Scotia.  

   
Figure 13.  Acoustic Sensor Network at Fall of Warness, Orkney, 2017. 

Other deployments in the area, aimed to either capture flow data for tidal turbine 

development, or combined wave and current data at high sample rates for analysis of 

wave-current interaction and impact of waves on turbulence, have taken place in 2017 at 

the Inner Sound in the Pentland Firth and Hoy Mouth.  As the Inner Sound data is of a 

commercially sensitive nature, analysis of this will not be covered in this report.  

A dataset that has not been gathered directly by the author, but is discussed in a later 

chapter, covers a one year sensor deployment in Scapa Flow at the EMEC scale wave test 

site.  This dataset was procured in support of a private sector WEC PTO research project 

and is used here to support a regional wind sea analysis using a wave fetch based model.   
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4.1.4 Taransay 

The initial deployment of a wave measurement buoy in 2015/16 between the Isle of 

Taransay and the Isle of Harris was also triggered by WEC developer Albatern, this time in 

conjunction with West Harris Trust who were considering the use of wave power as a 

supplementary power source for a new community hub at Pairc Niseabost (West Harris 

Trust 2016).  This initial deployment was supplemented for a short period in March 2016 

with a high resolution ADCP, a second wave measurement buoy, and a wave pressure 

sensor connected to the buoy mooring.  The purpose for the deployment of this 

additional sensor array was to provide greater spatial coverage of in-situ wave and 

current measurement for comparison against a remote sensing X-band radar system, 

successfully installed and operated for two days from 23rd to 25th March 2016 at the site. 

The locations of Taransay, Tiumpan Head and Butt of Lewis are shown in Figure 11.   

4.1.5 Tiumpan Head 

Another short term deployment of a combination of wavebuoy, ADCP and X-band radar 

has taken place in September 2015 in Tiumpan Head in the Isle of Lewis (Nortek AS 2015).  

During this deployment, which was in part facilitated as a training event to commission 

and operate the X-band radar system, unfortunately only very small waves were 

encountered and the value of returned data for in depth analysis was limited for most of 

the time of this 2 day installation.  However, this deployment and installation at calm 

conditions was a good learning exercise in setting up and deploying in-situ and remote 

sensors for the team.   Figures 14 and 15 show snapshots of the installed wave buoy off 

Taransay and the temporary X-band radar installation at Tiumpan Head respectively. 

4.1.6 Butt of Lewis 

Driven by the ambition to advance the state of the art in processing and analysis of waves 

by X-band radar the system was installed 53 m above sea level at the Butt of Lewis 

lighthouse in April 2016 as a medium to long term installation and was generally operated 

at a 3 km range.  This site was chosen, due to the interesting combination of considerable 

current velocities and an extreme wave climate featuring long period ocean swell 

conditions.  For calibration and validation of the X-band radar data two wave 

measurement buoys were also installed in a straight line at 1 km and 2 km distance 
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respectively and at a bearing of 310° from the lighthouse, with one of these buoys also 

featuring an Acoustic Doppler Velocimeter (ADV) to measure flow velocities.  The 

installation was supplemented with an AWAC sensor for a one month period in April 

2017; unfortunately at that time the wave measurement buoys had lost battery power, so 

the simultaneous operation of all sensors was not possible.  The Butt of Lewis lighthouse 

is shown in Figure 16 with one of the floating buoys in the foreground.    

 
Figure 14.  Small wave buoy deployed off Taransay in 2016.  

 
Figure 15.  X-band radar at Tiumpan Head, Isle of Lewis in 2015. 

 
Figure 16.  Wavebuoy as part of the Butt of Lewis sensor network.  The X-band radar is 

installed at the lighthouse at 53 m above sea level. 
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4.2     Instrumentation 

Where the previous section has shown the most relevant sensor deployment locations 

initiated and led by the author, this chapter provides some background information on 

the different types of instruments and deployment methodologies that were used 

throughout the duration of this work, starting in 2011 and concluding in 2017.  Both wave 

measurement buoys and acoustic profilers have been extensively used for wave data 

capture and analysis in the marine energy context, with buoys being the preferred 

solution for deeper water sites, and ADCPs playing a greater role in shallower sites, or 

sites with strong tidal currents.  Significant advances have been achieved in wave 

measurement technology over the last 20 to 30 years, with directional wave energy 

spectra now very much being a standard output, compared to the simple surface 

elevation observations from the 1970s.  

 

4.2.1 Wave measurement buoys 

There are a number of different makes and models available for directional wave 

measurements with floating buoys.  Following a review of the market, and discussions 

with other equipment users, during the beginning of the HMEF project, it was decided to 

procure two Datawell Waverider DWR Mk3 buoys in support of data acquisition and 

resource modelling activities.  This decision was in part informed by one of the project 

partners – Voith Hydro Wavegen – who already had used this type of buoy in the past, 

and in fact agreed to loan one additional buoy to the project for a one year period as an 

in-kind contribution.  Therefore this section will deal entirely with the Datawell type 

buoys and exclude other makes and models.  However, this is not to be seen as 

judgemental on the performance or ability of other types, but only reflects the direct 

experience of the author with the Datawell type of floating wave measurement buoys. 

Wave buoys can be deployed either free-floating or tethered to a mooring line.  In the 

first scenario the buoy can move entirely unrestrained on the sea surface, and this allows 

for measurements of longer wave periods compared to a buoy that is connected to a 

mooring tether.  In such a scenario the buoy is only limited in following the waves by the 

ratio between buoy hull size and wavelength, and mass of buoy, due to geometrical 



51 
 

restrictions, or the impact of inertia on the buoy dynamic movement.  Although it could 

be said that wind loads also have an impact on the buoy dynamics, the author would 

counter argue that as higher wind velocities also result in more energetic waves, the 

proportion of wind forcing on the buoy (which has only a small half spherical area above 

the surface, plus a short length of antenna), is insignificant compared to sea surface 

elevation.  Quite obviously a big drawback of utilising free floating buoys is the inability to 

maintain station and the buoy will be moving around, including the risk to end up 

stranded on a shore.  A positive outcome of the same effect is that the drift path of the 

buoys can be monitored based on the internal GPS logger, and thus providing additional 

information on surface current patterns in addition to the wave data.  On the other side, 

when considering a buoy tethered to a ground weight (recommended are 300 kg and 500 

kg for 0.7 m and 0.9 m hull diameter buoys respectively), the buoy would be relatively 

stationary and only sway a short distance around the central mooring point, depending 

on the length of the tether.  The drawback here is that the buoy movement is constrained 

by the connection to the ground weight, with the risk of underestimating the wave 

situation by introducing an error into the dataset.  To minimise or avoid introduction of 

such a negative bias Datawell recommend the use of an elastic bungee cord, together 

with the combination of floats and weights in the mooring line, to provide damping, 

absorb the wave induced buoy motion and avoid all but the worst shocks.  The bungee 

cord supplied by Datawell is made from natural rubber, and is able to fully reversibly 

extend to a multiple of the initial length without suffering any damage. An example 

mooring configuration is shown in Figure 17.               

 
Figure 17.  Example mooring buoy configuration for Datawell Waverider buoy (adapted 

from Datawell 2014). 
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Due to the elasticity of the bungee cord caution is required during the recovery of 

Waverider buoys and mooring ground weights, as an overstretched bungee poses a 

hazard and can lead to severe injury when handled in a wrong way. 

Because of the floating nature of wave measurement buoys, a license is typically required 

from the regulator of the marine environment to prevent any dangers to safe navigation 

and other stakeholders in the area.  In Scotland this is dealt with by the Marine Scotland 

Licensing and Operations Team (MS-LOT), and usually an IALA (International Association 

of Lighthouse Authorities) compliant navigational light is required to avoid the buoy 

posing a hazard at darkness.  All Datawell Waverider buoys feature a light with a 

characteristic of five yellow flashes every 20 seconds (shown on a chart as Fl(5)Y20s).  

This type of buoy, when moored as described above in intermediate or deep water is a 

very reliable and tested means to gather wave data.  However, in shallow water, areas of 

breaking waves or strong tidal currents, the forces on the mooring configuration are 

accelerated and increased, and thus there is a risk of wrong data returns, but also of 

breaking mooring lines with subsequent loss of a valuable instrument.    

Although Datawell also offer a small buoy of 40 cm diameter only that relies entirely on 

GPS data to establish the directional wave information, most of the standard buoy 

solutions utilise a combination of GPS and accelerometers to monitor and record the 

buoy displacement in both vertical and horizontal direction.  By double integrating the 

data from the accelerometers, data is first translated from acceleration to velocity, and 

then to displacement.  The displacement data is what is used to work out the buoy 

movement, and thus wave height, in east, north and upwards direction.   

To prevent excessive roll of the buoy, the Datawell buoys feature a gravity stabilised 

system consisting of a mass suspended in a bowl of liquid with a natural frequency of     

40 s.  Due to the inertia of this stabilisation platform, the buoy’s vertical alignment 

remains very stable under most situations.   

Buoy displacement data is sampled continuously at 1.28 Hz and transmitted via the high 

frequency (HF) radio link or satellite broadcasting to a shore station in near real-time.  

Every half hour summary files are also transmitted, including spectral and statistical 

information, together with the full displacement data at the sample frequency.  In 
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addition data is also stored on an internal memory card to avoid loss of data in case of 

failed connectivity to the shore receiver.      

Figure 18 shows one of the HMEF Waverider buoys during recovery by local vessel ORCA3 

after a one year deployment off the Isle of Lewis.  Due to the highly energetic wave 

climate in the area the amount of biofouling was found to be much less compared to 

other deployments in more sheltered locations.  

 
Figure 18.  Recovery of Waverider buoy off the Isle of Lewis in 2012.  

 

4.2.2 Acoustic Doppler Current Profiler (ADCP)     

The possibility to install ADCPs in a number of different ways makes these sensors a 

versatile solution for a wide range of tasks and situations.  Typically installed upwards 

facing in a gravity frame, and often inside a gimbal mount to compensate for an uneven 

seafloor, an alternative deployment method is inside a surface buoy and downwards 

facing, or somewhere in the middle of the water column, facing either up or downwards 

depending on the aim of the data mission.  The integration of ADCPs into autonomous 

underwater vehicles (AUV) has become quite common in recent years, and other 

deployment methods include vessel mounted solutions, either installed permanently with 

a through-hull fitting, or attached on a pole through a moon pool or over side.  ADCPs are 

also sometimes mounted as horizontal profilers, and depending on the application this 

can have advantages, e.g. for implementation of a dynamic fast adaptive control for wave 

or tidal energy converters based on monitoring of the incoming flow or wave field.     
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The main application of ADCPs is traditionally in flow measurement.  However recent 

developments of the technology and data processing algorithms have now resulted in a 

more widespread use of ADCPs for both wave and current measurements.  Data returns 

from ADCPs can also be interpreted to obtain information on suspended sediments in the 

water column, and when used in bottom tracking mode ADCPs also provide information 

on vessel speed over ground. 

In the context of the work presented here, the main interest was in wave measurements, 

with secondary and tertiary interests also in monitoring of currents and tidal elevation.    

ADCP technology is derived from simple single beam echo sounders, which operate by 

measuring the time lapse between the emission of an acoustic pulse and the reception of 

an echo return of the same signal.  Echo sounders are primarily concerned with 

establishing the distance between the vessel mounted transducer and the solid seafloor.  

Following the same principles as other waves, e.g. electro-magnetic or sea surface, 

acoustic waves are subject to the basic physical laws of transmission (τ), absorption (α) 

and reflection (ρ), where τ + α + ρ = 100 % of the radiated energy.  A vessel mounted 

acoustic transducer emits a short directional pulse at a given frequency towards the 

seafloor.  The water column typically has a high transmission rate, so that most of the 

pulsed energy arrives at the seafloor, where some of it is absorbed, but depending on the 

composition of the ground a considerable part is also reflected back towards the vessel.   

Acoustic waves travel with the speed of sound, and therefore the distance between 

transducer and seabed is easily established based on the time lapse between outgoing 

and returned pulse.  Additional information is also contained in the sharpness of the 

signal return, i.e. if a very short high energy pulse is returned, this would indicate a highly 

reflective seabed, such as bedrock or very compacted sediment.  On the other side if the 

return is of a weaker nature, but longer duration, this might indicate kelp or very soft 

bottom, where the signal is reflected at a similar strength across the height of plants, or 

the thickness of a soft sediment layer at the bottom.  This is further influenced by the 

frequency of the transducer, where lower frequencies have better ground penetrating 

ability than high frequencies, and higher frequencies return a sharper more precise signal 

with the ability to detect smaller objects, e.g. fish in the water column.   
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ADCPs follow the same basic principle as echo-sounders, but rather than just listening out 

for a strong signal return to indicate the seabed, or sea surface, ADCPs operate in an 

active listening mode to measure the returned signal strength at pre-set times, based on 

the water density dependent speed of sound.  Every time the ADCP sends out a signal, it 

works out the time lapse after which a signal return will be received form normally 

regularly spaced distances away from the transducer.  If for example information is 

required at bin sizes of 2 m, the ADCP will listen for the acoustic return related to a time 

lapse corresponding to a 2 m, 4 m, 6 m, up to X m distance, depending on the setup.  

Although not as strong as reflection from the sea bed or sea surface, salt water also 

reflects parts of the emitted energy, and the amount of emitted or absorbed energy is 

related to the amount of salt, but also to other impurities, such as plankton or suspended 

sediment.  Different to the traditional echo-sounder, ADCPs not only register the return 

signal intensity, but also register the frequency of the returned signal.  Following the 

Doppler principle, the frequency of a reflected signal will change depending on the 

velocity of the reflecting medium towards or away from the source.  This is shown in 

equation [2], where the frequency of the emitted signal is represented by FSOURCE, FDOPPLER 

is the change of frequency between the emitted and returned signals, i.e. the Doppler 

shift, v is the resulting velocity, and c indicates the speed of sound in the given medium. 

𝑣 =
𝐹𝐷𝑂𝑃𝑃𝐿𝐸𝑅

𝐹𝑆𝑂𝑈𝑅𝐶𝐸
×
𝑐

2
                        [2] 

So by listening out for the frequency of the signal return at times corresponding with the 

distances of interest, the ADCP can establish the velocity of the medium at the given 

distance along the acoustic beam.  By utilising a multitude of beams, typically 3 or 4 

beams in a configuration where the transducer heads are slanted away from the vertical 

axis at a uniform angle, with equidistant spacing between the beams along a 360° radius 

(e.g. 120° or 90° spacing for a three beam or four beam arrangement respectively), and by 

applying a geometric conversion, it is possible to work out the velocity and direction in X, 

Y and Z direction corresponding to beam co-ordinates.  By introducing compass heading 

information the directional information can be transformed to velocity in east, north and 

upwards direction.  In addition to the slanted beams, some systems now also utilise a 

vertical beam to measure the distance between sensor and either sea surface or seabed.  
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By pointing such a vertical beam at the surface, it is possible to monitor the sea surface 

elevation, and thus capture wave-by-wave displacement information.      

An important aspect for acquisition of high quality data is the stability of the sensor 

platform.  A fixed sensor without any movements will produce better data quality data, 

compared to gimbal mounted solutions, that might be exposed to vibration or movement 

under wave and current loads, or vessel or buoy mounted solutions, where compensation 

for speed, direction, pitch and roll is essential to capture meaningful data returns.  

Figure 19 shows a Nortek 1MHz AWAC, a Nortek Signature 500 and a Teledyne V50 as 

examples for widely used ADCPs for wave and current applications.   

The geometric arrangement for an AWAC profiler is shown in Figure 20.   

 
Figure 19.  From left to right: Nortek 1 MHz AWAC; Nortek Signature 500, Teledyne V50 

(adapted from Nortek AS 2014, 2016; Teledyne RDI 2011).   

 

 
Figure 20.  ADCP Beam angle setup. Example: Nortek AWAC. 
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Given a beam arrangement as shown in Figure 20, the horizontal velocity in the individual 

beam direction can be calculated as shown in equation [3]. 

    𝑉𝐻 =
𝑉𝐵

cos(90−25)°
    [3] 

Considering beam geometry and labels as shown in Figure 21 for a three beam setup with 

120° spacing between beams, following conversion into horizontal velocities as shown in 

equation [3], the actual streamwise direction and velocity can be worked out by applying 

simple geometry as shown in equations [4] to [11]. 

  
Figure 21.  Geometric arrangement between streamwise and beam velocities. VS = actual 

streamwise velocity (magnitude and direction); V1 = velocity beam 1; V3 = velocity beam 3.  

To work out direction with respect to the X-axis: 

cos(𝛼) =
𝑉1

𝑉𝑆
→ 𝑉𝑆 =

𝑉1

cos(𝛼)
     [4]  

cos(60 − 𝛼) =
−𝑉3

𝑉𝑆
= cos(60) 𝑐𝑜𝑠(𝛼) + sin(60) sin(𝛼) [5] 

cos(60) 𝑐𝑜𝑠(𝛼) + sin(60) sin(𝛼) = −
𝑉3cos(𝛼)

𝑉1
  [6] 

cos(60) +
sin(60)sin(𝛼)

cos(𝛼)
= −

𝑉3

𝑉1
    [7] 

sin(𝛼)

cos(𝛼)
=

−
𝑉3
𝑉1

−cos(60)

sin(60)
= tan(𝛼)    [8] 
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𝛼 = atan(
−

𝑉3
𝑉1
−cos(60)

sin(60)
)     [9] 

The horizontal streamwise velocity and y-coordinates are now derived as: 

cos(𝛼) =
𝑉1

𝑉𝑆
→ 𝑉𝑆 =

𝑉1

cos(𝛼)
     [10]  

−𝑦 = √𝑉𝑆
2 − 𝑉1

2      [11] 

To help with the transfer from beam velocities to XYZ or earth co-ordinates and actual 

velocities, sensor specific transformation matrices for processing in Matlab or similar 

platforms are generally available from the manufacturers.  Alternatively proprietary 

software to transform and export the raw sensor data into the required formats and co-

ordinate systems is generally available under commercial license terms (e.g. Nortek Storm 

or Teledyne Velocity).  Such proprietary software platforms generally also offer additional 

features in support of quality control, averaging of large datasets over specified time 

periods, or to help with visual representation of results.  

ADCPs typically operate with sample rates of between 1 Hz to 4 Hz, with some state-of-

the-art instruments offering higher sample rates of up to 16 Hz.  Instruments are either 

deployed fully self-contained with an internal data logger and power pack as part of the 

deployment assembly or it is also possible to operate ADCPs in live mode by running a 

cable from the instrument to the monitoring station.  Solutions to wire the instrument to 

a surface buoy or similar to act as a relay for further broadcasting of the live data via 

satellite comms, high frequency radio, or mobile phone network are also available. The 

streaming of data from subsea to surface via an acoustic modem offers another solution, 

albeit suitable for low baud rates only. 

Data is generally in a manufacturer specific code (e.g. *.wpr, *.ad2cp, or *.pd0 file 

extensions), but can be exported as ASCII, csv or Matlab format for further independent 

processing.   

In case of the main data campaigns described in this study, i.e. for the combined ADCP 

and buoy deployments off Lewis under the HMEF project, and off Colonsay, 1 MHz Nortek 

AWACs were deployed.  To capture both wave and current information in the least 

battery power consuming way to maximise deployment periods, the units were set up to 
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alternate between wave and current measurements, with 2 Hz wave samples being 

captured for 2,048 s every hour in surface tracking mode, together with current bursts 

scheduled to average over 60 s every 10 minutes.  In case of use of the high resolution 

sensors (i.e. Nortek Signature 500, Signature 1000 and RDI Sentinel V50), the units were 

generally set up to ping non-stop at 2 Hz in 5 beam mode to capture wave and current 

data continuously for the full duration of the deployments.      

Depending on the methodology a marine license may or may not be required for 

deployment of ADCPs, and this should always be checked with the regulator.  As a rule of 

thumb it can be assumed that a license is not required provided the entire system is 

classified as a scientific instrument, is fully confined to the seabed, and no danger to 

navigation is posed e.g. by surface marker buoys – in this case deployments can be 

classified as license exempt activities (The Scottish Government 2011).  

 

4.2.2.1 ADCP Deployment Frame Solutions for Marine Energy  

The correct stable siting of ADCPs on the seafloor is an important aspect when 

undertaking wave or current measurement campaigns.  To improve data quality, it is very 

desirable to minimise movement of the deployment frames, and this can be achieved by 

fixing them to the sea floor, or to increase bed friction through the use of ballast weights.  

But it is also important to prevent movement of the ADCP head itself when mounted in a 

gimbal and exposed to surge actions from passing waves or strong tidal currents. 

Although ADCPs are regularly deployed using buoys, either on the surface, or mid-water 

column, the author has no experience with the use of these.  Therefore this chapter will 

only consider ADCP deployment solutions on the seabed.   

When deploying ADCPs for wave measurements the deployment depth is an important 

consideration, as the signal return quality greatly reduces with distance from the sea 

surface.  This is to some extend caused by normal signal attenuation as the acoustic pulse 

travels through the water column, although this effect can be countered by selecting an 

instrument with a lower frequency, more suitable for a longer range.  But more important 

is that due to the spread of the signal, which is related to the beam opening angle, the 

beam diameter increases with distance from the sensor head, and thus an ADCP deployed 
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a large distance away from the sea surface may receive signal returns from an area too 

large to single out individual wind waves of a shorter wavelength.  However, successful 

wave measurements can still be possible at greater depth for waves with a sufficient long 

period and wavelength, as in the case of swell waves.  The author has successfully 

captured valuable wave data from ADCPs at a depth of 35 m at different sites, and 

considers this depth as close to the limit to the return of comprehensive sea state 

information including wind waves from ADCPs.  From personal experience ADCP based 

wave measurements are of limited value for depths of more than 40 m, unless no 

information on short period wind waves is required and higher frequency parts of the 

wave spectrum can be ignored.      

The vertical beam width of the Nortek AWAC series sensors is 1.7°, and the depth 

dependent beam width at surface can be calculated by equation [12], where the surface 

beam width is represented by w and the distance between transducer and surface by d.  

See also Figure 22 for a graphical representation of the setup. 

𝑤 = tan(
1.7

2
) × 2𝑑       [12] 

Also considering the ADCP transducer width, which has to be added to the calculated 

surface beam width, the cross sectional diameter covered by the vertical beam in acoustic 

surface tracking mode is 1 m, 1.2 m and 1.5 m for distances between transducer and 

surface of 30 m, 40 m, and 50 m  respectively.  

 
Figure 22.  Vertical beam opening angle and surface beam area in AST mode. 
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A wide range of frames for subsea ADCP deployments are available either as off-the-shelf 

or bespoke design solutions.  This section presents a range of options either considered 

for deployment, or actually deployed by the author, over the course of this study.   

A frame for easy deployment from small craft with limited lifting capacity is shown in 

Figure 23.  This frame is ballasted down by the external battery canister, together with 

the two grey tubes filled with lead weights.  The sensor head (shown in the picture is a 

Nortek Signature 500) is situated in a gimbal, but is very exposed to the external flow.  

This frame has been successfully deployed by the LCC team off Tiumpan Head, the Butt of 

Lewis, and between the islands of Taransay and Harris.  Given the lightweight nature of 

this frame and exposed gimbal mount, deployments should only be considered in areas 

with low flow velocities and a good distance away from the surf zone in a wave context.     

The other side of the spectrum is shown in in Figure 24.  These concrete frames, with a 

dry weight of approximately 3 tonnes, have been designed and built during the University 

of Edinburgh led Redapt project, and have been deployed extensively at the Fall of 

Warness tidal energy test site in Orkney.  Due to the heavy weight these frames sit very 

stable in the water and provide good protection to the gimbal mounts.  But at the same 

time deployment is more difficult and a suitable vessel with sufficient deck space, crane 

and winch with the correct ratings has to be sourced and budgeted for.  Road transport to 

quayside at the deployment location and associated costs also has to be considered when 

using this type of frame.   

 
Figure 23.  Lightweight Innova ADCP frame. 
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Figure 24.  Heavy weight concrete ADCP frames for use at tidal energy sites (picture 

supplied by Brian Sellar, Redapt project, University of Edinburgh). 

Two standard frames widely used in the oceanographic sector are shown in Figure 25.  

The open frame in the background features a hexagonal footprint and allows for ballast 

weights to be added dependent on the environmental conditions at the deployment site.  

The sensor head and gimbal are protected by the bucket in the centre.  The orange AL200 

frame in the foreground of Figure 25 offers a degree of protection against trawling due to 

the shallow angle of the housing and the Perspex cover that protects the sensor head.  

This frame is typically deployed with an acoustic release, so an internally coiled up 

deployment line can be released and floated to surface for recovery, thus no surface 

marker is required.    

Acoustic releases can also be fitted to other frames and an example for this is shown in 

Figure 26, where two different types of acoustic release are connected to provide 

contingency in case of failure of any one system.  Figure 27 shows a frame similar to the 

hexagonal NortekUK solution, but here with closed side panels and without bucket.  The 

frames in Figures 25 and 26 were used during deployments in the Fall of Warness and 

Westray Firth in 2016 under the FloWTurb project.  Figure 27 shows the frame during the 

actual deployment in the Pentland Firth under a commercial arrangement, and Figure 28 

shows the same frame during another deployment in Hoy Mouth, Orkney, both in 2017.   

The experimental frame shown in Figure 29 was designed and built for a deployment 

during the Fall of Warness deployment in 2016 to compare different sensor types with 

view to their suitability to measure turbulence.  Included in the frame were four different 

ADCPs, including a Teledyne RDI Sentinel 500, a Nortek Signature 500, a 1 kHz Nortek 

AWAC, and a Nortek 400 kHz Aquadopp profiler.  Again, this deployment was part of the 

FloWTurb project and data is still being analysed.    
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Figure 25.  AL200 trawl resistant frame in front, NortekUK frame at back. 

 
Figure 26.  NortekUK frame kitted out with 600 kHz AWAC and two acoustic releases. 

 
Figure 27.  Similar to NortekUK frame, but with closed sides.  Here shown during 

deployment in the Pentland Firth in 2017. 
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Figure 28.  Frame deployed with ROV support in Hoy Mouth, Orkney 2017. 

 
Figure 29.  Experimental multi-frame to compare sensor performance in Orkney 2016. 

Building on lessons learned from previous deployments, a small project was started at 

LCC in 2016/17 funded under the MASTS Visiting Fellowship programme and secured and 

led by the author.  The project combined a CFD design and optimisation study on 

different types of sensor frames with the actual construction of the chosen solution for 

deployment at high energy sites.  Simulations were run by Dr Giuseppe Calise, Visiting 

Fellow from Naples University Federico II, on the Star CCM+ platform and results have 

shown the hydrodynamic advantages of a frame with closed side panels compared to the 

“open sides with bucket” solution. The aim of the optimisation study was to develop a 

design that is easy to manufacture and deploy, but offers a high resistance to drag and a 

high degree of protection to the sensor head.  A design interim step is shown in the CFD 

model output in Figure 30 and Figure 31 shows the frame fully kitted out and ready for 

deployment in the Pentland Firth, which was successfully completed.   



65 
 

 
Figure 30.  CFD results of frame optimisation study shown with streamlines.  The solution 

shown features a vortex generator to improve the lift to drag ratio (Calise 2017).  

 
Figure 31.  The frame from Figure 30 now manufactured and kitted out with Teledyne RDI 

V50 ADCP for deployment in the Pentland Firth. 

 

4.2.2.2   The Hebridean Marine Energy Futures ADCP Frame  

All the frames shown in the previous section depend on the integrated ballast weight and 

gimbal mounts to ensure adequate station keeping and sensor head stability.  When 

preparing the deployment of two Nortek 1 MHz AWAC sensors in water depths of 

approximately only 13 m at a wave energy site, these standard ballast frame solutions 

were not considered suitable to withstand the harsh conditions, particularly during winter 

storms.  During extreme storm events a sensor at 13 m depth will be exposed to heavy 

surge action and will occasionally be within the surf zone of the breaking waves at the 

target site, which is fully exposed to the open Atlantic.  Therefore an alternative solution 

was required, was subsequently designed, manufactured and successfully installed.  This 

chapter details the underlying processes that have concluded in the successful acquisition 

of what has been described as an unprecedented dataset for shallow water wave energy 

sites (Comhairle nan Eilean Siar 2015). 
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The successful and efficient design of any tool, support frame, or infrastructure requires 

an appropriate understanding of the operational environment, including physical 

processes and acting forces.  In case of a subsea sensor frame for the nearshore zone the 

most relevant parameters to consider are the tidal and wave forces.  From tide tables and 

anecdotal evidence it was easily established that tidal currents in the planned ADCP 

deployment area are likely to be less than 0.5 ms-1 and can thus be neglected for the 

frame design.  An initial desk based assessment to establish likely maximum wave forces 

at the project site has previously been described by Vogler (2014), following guidance on 

50 year design wave heights issued by HSE Health & Safety Executive (1997), and 

calculations on wave heights and velocities in shallow water as published by Holthuijsen 

(2007).  Based on a 50 year design wave height (Hs50) of approximately 17 m for the shelf 

area west of the project site maximum wave heights (Hmax) of > 30 m would appear 

realistic for the offshore region.  For the purpose of the initial assessment a wave period 

of 15 s was assumed for the Hs50 and the corresponding wavelengths (λ), based on deep 

and intermediate water conditions, are approximated following equations [13] and [15] 

respectively (based on a water depth of 14 m in equation [14]).  A more comprehensive 

introduction on both wave terminology and calculations is provided in chapter 5. 

Deep water   𝜆 =
𝑔𝑇2

2𝜋
=

9.81
𝑚

𝑠2
×(15𝑠)2

2𝜋
= 351𝑚  [13] 

Intermediate depth    𝜆 =
𝑔𝑇2

2𝜋
tanh (

2𝜋𝑑

𝜆
) = 168𝑚      [14] 

Based on linear wave theory the depth limited maximum wave height, i.e. the limit at 

which waves will break due to bottom interaction and related wave steepness, is 

calculated as in equation [15].  Applying the result from equation [14] for wavelength, 

and using a value of d = 14 m for the water depth at the proposed project site, a 

maximum wave height of slightly below 12 m is estimated. 

    𝐻𝑚𝑎𝑥 ≈ 0.14𝜆 × 𝑡𝑎𝑛ℎ (
2𝜋𝑑

𝜆
)    [15] 

Following Holthuijsen (2007) the horizontal wave surge related velocity in very shallow 

water is calculated as shown in equation [16], where ω is the radian frequency (ω = 2πf),  

f represents the frequency, a the wave amplitude, and k the wave number (k = 2π λ-1).  

�̂�𝑋 =
𝜔𝑎

𝑘𝑑
     [16] 
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Solving equation [16] based on a wave height and period of 12 m and 15 s respectively, a 

wavelength of 200 m and a water depth of 14 m, a horizontal velocity of 5.7 ms-1 is 

returned for a non-breaking wave.  Considering that the nearshore wave conditions are at 

times highly non-linear, and surge motion related to wave breaking can be significant, the 

approach taken here only provides a rough estimate of one of the key design parameters.  

However, the calculated velocity has still provided a useful indicative assessment to 

inform the further design of an ADCP frame suitable for this site.  

The horizontal drag force (FD), acting on a subsea frame at the sea bed is related to the 

water density (ρ), surface area (A), water velocity (v) and the drag co-efficient (CD), where 

CD is related to the shape of the exposed area of the frame.  Values for CD vary depending 

on shape, and typical values are around 1 for a cube, 0.82 for a long cylinder, or 0.47 for a 

sphere, and 0.42 for a half-sphere (Wikiversity 2016).  Considering the density of salt 

water as 1,025 kgm-3, and based on a drag co-efficient for a long cylinder, and an assumed 

1 m2 surface area  (in the absence of detailed design knowledge of the sensor frame at 

this stage), the forces acting on the frame are estimated as in equation [17].  

𝐹𝐷 = 𝐶𝐷
𝜌𝑣2𝐴

2
= 0.82 ×

1025
𝑘𝑔

𝑚3
×[5.7

𝑚

𝑠
]
2
×1𝑚2

2
= 13.65𝑘𝑁  [17] 

Accepting that the actual maximum forces acting on the frame may well be a multiple of 

the calculated value, e.g. in case of breaking waves during severe storm conditions, or 

also in case of mechanical impact of large moving boulders that may be pushed around 

hitting the frame, careful consideration had to be given to a suitable method of securing 

the frame at station.  As it was considered that the standard ballast frames as shown in 

Figures 23 to 31 were not suitable for this specific task, alternative options were 

evaluated.  The idea to use a frame with increased ballast content was ruled out, as the 

required mass would make it more difficult and dangerous to handle the frame with the 

range of workboats available in the area and considering the prevailing swell conditions, 

even on calm days. Also a higher amount of ballast requires an increased footprint of the 

frame, and thus the surface area exposed to the overall impact drag forces would also 

increase.  Therefore a decision was made to secure the frame at station using rock bolts, 

rather than relying on gravity ballast only.   
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To work out the diameter and number of rock bolts required, the exposed surface area, 

drag co-efficient, maximum velocity and shear strength of the bolts were considered.  For 

marine grade stainless steel (AISI316 or A4) the shear strength is given as 384 Nmm-2 by 

the British Stainless Steel Association (2017).  Further considering acting drag forces as 

calculated above, safety factor, impact of moving boulders, and higher water velocities 

under breaking waves, it was established that based on a total number of three bolts, an 

individual diameter of 12 mm would suffice to withstand the shear forces. 

However, to also consider bending forces and the ease of installation of the frame under 

water by commercial divers, it was decided to increase the bolt diameter to 24 mm, and 

this also added a considerable additional safety margin.   

To ensure the frame is rigidly mounted to the seabed and secured with a number of bolts, 

but at the same time to allow for easy recovery of the ADCP and power supply for data 

download and battery replacement, a modular design consisting of three individual 

components was initially developed by the author of this thesis, and afterwards refined 

and finalised by members of the LCC marine research group.  The final design consists of a 

base tripod carrier frame, a levelling support tool, and a combined ADCP and power pack 

inset carrier and is shown as individual components in Figure 32 and as CAD drawing and 

fully assembled prototype in Figure 33. 

 
Figure 32.  Modular ADCP frame for high energy nearshore wave sites. 
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Figure 33. ADCP frame CAD drawing and fully assembled prototype. 

Given the installation method without the requirement to use any ballast, the design 

attempted to minimise the exposed surface area to maintain a minimal drag force.  This is 

reflected in the final design, which is to be installed with the peak end of the triangular 

footprint facing into the predominant wave direction, thus reducing the resistance of the 

battery canister (shown in blue in Figures 32 and 33) to the flow.  To minimise the risk of 

magnetic interference from the batteries to the sensor head a maximum distance was 

maintained between both, whilst keeping the batteries a reasonable distance of the 

seafloor.  The sequence of the installation of the bespoke frame design is described in 

table 5 and the use of the levelling tool is demonstrated in Figure 34.   

Table 5. Sequence of tasks during ADCP frame installation. 
Step Description 

1 Transit to site; secure workboat using three point mooring system 

2 Deploy surface supply diver to microsite ADCP frame location 

3 On agreement of site, diver to drill hole #1 using 25 mm core drill to a depth of 20 cm 

4 Align frame leg 1 with hole #1 and secure with steel peg  

5 Using frame as template diver to drill holes #2 and #3 

6 
Remove frame from holes; inject rock bolt resin into holes (e.g. Hilti HIT RE500 V3 or 
similar) and fit threaded rods 

7 Place double nuts and washers on threaded rods before shifting frame in place 

8 Place bulls-eye levelling unit on frame; adjust height by moving nuts up or down  

9 Once frame is levelled to < 5° (see Figure 34) secure with lock-nuts from top 

10 Remove levelling unit and insert ADCP carrier module 

11 Diver to surface; lift anchors; leave site 

Note: 
Depending on work conditions on site, water depth and curing time of the rock-bolt resin, 
the above tasks may require up to 2 or 3 days. 
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Figure 34. ADCP frame levelling unit in lab and during installation. 

The ADCP was powered by double lithium batteries and based on the chosen data 

capture configuration a battery lifetime of up to six months was estimated.  However, to 

ensure data was received at regular intervals for quality checking and analysis, it was 

decided to download data from the sensor quarterly at three month intervals.  The 

process of downloading data was again relying on use of a commercial dive team and 

workboat to recover the ADCP carrier unit from the tripod towards surface, where data 

was downloaded from the sensor internal SD card prior to redeployment of the same 

carrier unit.  During a later stage of the data programme, when two ADCP units of the 

same make and model were deployed, a fully kitted out spare ADCP carrier was also 

available, so recovery of ADCP and replacement with an alternative identical unit was 

possible during a single dive.  

The chosen design and methodology proved very successful with excellent data returns of 

close to 100% reliable and useful data during the deployment periods of 12 and 25 

months for two ADCPs.  At the same time data acquisition endeavours in similar 

environments off Scotland and west of Ireland by others and using different approaches 

were returning less useful results, or sensors were lost due to insufficient station keeping.   

Figures 35 to 37 show the unit successfully deployed, and also during the data download 

activities.  Data captured from the frame described here is presented and discussed in 

chapter 6.1.3. 
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Figure 35. ADCP successfully installed and logging data. 

 
Figure 36. ADCP with open head and circuit board to recover SD-card and facilitate data 

download.  

 
Figure 37. The author during data recovery on board MV ORCA 3. 
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4.2.3 Pressure Sensors 

A relatively low cost approach to measure waves is the use of standalone pressure 

sensors with internal data logger such as the RBRsolo D│wave (RBR Limited, 2017).  With 

purchase costs of only around 7 to 15 % when compared with wave buoys or ADCPs, but 

higher sample rates, these sensors offer an attractive alternative for certain applications, 

e.g. to capture the wave run up at beaches.  Pressure sensors deployed at the seabed are 

not only useful for measuring wave displacement time series, but also for tidal elevation 

data, which is an advantage against floating wave buoys.  However, unless deployed in 

arrays of multiple devices within a relatively small area, it is not possible to obtain 

directional wave information from standalone units.  There are also limitations for the use 

of pressure sensors for wave measurements related to the deployment depth, as the 

ability to accurately detect short period waves of smaller wave lengths reduces greatly 

with distance to the surface.  On the other side experiments to the west of Ireland have 

demonstrated that pressure based wave data can be successfully recorded up to 100 m 

depth in the case of longer period swell waves (Emu Limited, 2010).  Following Sorensen 

(1993), the pressure signal of a sensor deployed close to the seabed can be related to the 

surface elevation by equation [18], where η is the surface elevation.  The pressure 

response function Kp is defined by equation [19], with k representing the wavenumber 

(2πλ-1), d is the water depth and z the height of the sensor above the seabed.   

𝑝(𝑡) = 𝜌𝑔𝐾𝑝𝜂     [18]  

𝐾𝑝 =
𝑐𝑜𝑠ℎ(𝑘(𝑑+𝑧))

𝑐𝑜𝑠ℎ(𝑘𝑑)
    [19] 

Equations [18] and [19] can then be rearranged to solve from the near seabed pressure 

signal to surface elevation time series as shown in equation [20].  

𝜂(𝑡) =
𝑝(𝑡)

𝜌𝑔
𝑐𝑜𝑠ℎ(𝑘(𝑑+𝑧))

𝑐𝑜𝑠ℎ(𝑘𝑑)

    [20] 

Although standalone pressure sensors for wave measurement can be very useful and cost 

efficient, due to the inability to measure wave directionality they have only been used 

once by the author for a short term deployment and are thus not further discussed in this 

thesis.  But the combination of pressure sensors with acoustic Doppler data as is often 

available in ADCPs is sometimes very useful, e.g. for comparison between pressure and 
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vertical beam surface tracking data, or during high energy events, when aeration due to 

breaking waves can make the acoustic signal unreliable.  Examples for this are included in 

the chapter on data analysis from nearshore ADCP measurements off the Isle of Lewis 

(chapter 6.1.3).   

 

4.2.4 X-Band Radar 

Radar technology allows capturing hydrodynamic processes from a remote sensing 

platform across the space and time domains.  Downwards looking narrow beam 

transducers for installations at offshore platforms or harbour breakwaters are the 

simplest form of wave radar.  These work out the wave height based on the change in 

distance between moving water surface and fixed sensor, based on the time lapse 

between outgoing signal and reflected signal return.  These systems are limited to 

measuring displacement time series of the water surface at a fixed location, and other 

more sophisticated radar tools provide information about a wider geographical area.  

Electromagnetic pulses transmitted from satellites at high altitudes and aimed towards 

the sea surface are reflected back to the satellites and the sea state is derived based on 

the level of distortion of the reflected signal.  As the satellites orbit around the earth, it is 

possible to monitor large areas or transects using this method, although not continuously 

for the same area.  High frequency (HF) radar typically requires multiple shore based 

antenna stations to monitor the same area from different angles to work out surface 

currents and waves based on the Doppler shift.  Depending on available hardware and 

target outputs HF radar can operate within ranges of between 20 to 200 km and an 

example for a successful installation covering the Fair Isle channel between Orkney and 

Shetland is described by The Brahan Project (2013) with an example output image for 

surface current velocities shown in Figure 38.   

Standard navigational radar as used by ships presents another useful opportunity to 

monitor surface hydrodynamic processes across the scanned domain.  Typically such 

systems operate within the X-band (8 to 12 GHz) of the radar wave spectrum, although 

the use of S-band (2 to 4 GHz) is also occasionally considered, with the S-band spectrum 

being less compromised by atmospheric influences or rainfall.  Although standard 

transmitting and receiving hardware can be used for wave and current monitoring as is 
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currently used on ships as navigational safety tools, different algorithms, tuning, and filter 

methods have to be applied for wave detection and analysis. 

 
Figure 38. Example of HF radar output for the Fair Isle Channel during ebb tide (left) and 

flood (right) (adapted from: Lipa et al. 2014). 

When used for navigation, the aim is to visualise coastal features and floating objects, but 

to suppress so-called sea clutter originating from reflections of the sea surface at the 

same time.  In those situations the wave related signal returns are being processed as 

noise and are removed from the visible image.  In case of wave and current monitoring 

with X-band radar it is important to maximise the contrast between individual waves 

across the scanned domain to return backscatter maps closely related to the wave 

features.  The strength and fluctuations of the returned wave backscatter signal are 

closely related to wave height, wave steepness, and the so-called Bragg Scatter strength 

of the target area, where the latter is related to small periodic capillary waves, (i.e. wind 

waves with a wavelength of only approximately 1.7 cm), that are overlaying any 

background wave signature of a longer period.  Depending on the installation height of 

the radar antenna and the wave height during the time of observation wave shadowing 

might be an issue when using X-band radar.  This might occur when the angle between 

wave slope and radar beam is of a size and alignment, so that parts of the wave troughs 

are obscured to the radar beams by the preceding wave crests.  The interaction between 

radar signal and surface waves, including wave shadowing, are shown in Figures 39 and 

40.  An example image from an X-band radar installation initiated by the author at the 

Butt of Lewis lighthouse in 2016 is shown for a 3 km range in Figure 41.  Towards the left 

in the image the incoming waves are clearly distinguishable, and the wave length can 

simply be derived geometrically during image post-processing.     
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Figure 39. Interaction between radar and surface waves (adapted from Rutten 2013). 

 
Figure 40. Wave shadowing as result of radar incident angle and wave height (adapted 

from Rutten 2013). 

 
Figure 41. Example X-band radar image from the Nortek SeaDarQ system at the Butt of 
Lewis in 2016.  The two yellow points represent wave buoy locations that were installed 

simultaneously with the radar to allow correlation between different systems. 
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Following linear wave theory there is a clear relationship between wave length, wave 

period, and water depth, and thus it is possible to determine the bathymetry in 

intermediate and shallow water by applying the wave dispersion relationship.  The same 

relationship can also be exploited to extract information on surface current magnitude 

and direction from the radar image.  However, such processing is only possible when the 

backscatter data is of a reasonable quality, normally given with the presence of 

distinguishable waves and wind speeds of more than 2 ms-1 (SeaDarQ 2009), and 

following additional post-processing of the raw sea clutter data return.  During an initial 

trial installation of an X-band radar system on the Isle of Lewis in 2015 (Nortek 2015), a 

number of independent in-situ sensors were also deployed at the same time in the area 

scanned by the radar.  Figure 42 compares the power spectral density (PSD) data on a 

linear scale as taken from a wave buoy with the raw radar backscatter data processed via 

a fast Fourier Transform (FFT) for a 10 minute period, where each time series is 

normalised against it peak value.    

 
Figure 42. Comparison of normalised spectra for a wave buoy and X-band radar sea 

clutter data from Tiumpan Head (adapted from Nortek 2015). 

Although generally the frequency peaks correlate well between radar and spot sensor, 

the magnitude shows some more fluctuations and these could be caused by shadowing 

effects, atmospheric noise, insufficient roughness of the sea surface, or similar.  To 

counter these fluctuations a variety of different methods have been developed and 

tested and a comprehensive overview of these is given in Huang, Liu and Gill (2017).  One 

method to translate sea clutter data to significant wave height that has been widely 

tested is based on linear wave theory and the assumption of a homogenous sea state 

over the observation time frame (e.g. Nieto-Borge et tal. 2006, Hessner et al. 2008, 

Izquierdo et al. 2004).  Rather than considering peak backscatter values only for 
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evaluating wave height, it is assumed that the overall backscatter intensity is related to 

the disturbance or roughness of the sea surface, and thus the unidirectional significant 

wave height can be obtained from the signal-to-noise (SNR) ratio as shown in equation 

[21].  To make this approach valid a calibration against an in-situ sensor is required first, 

during which the best fit values for calibration constants a and b are established.  Due to 

the requirement of a site specific calibration, this method is currently considered most 

practical for fixed or shore based applications, not so much for installations on moving 

ships.  

𝐻𝑠 = 𝑎 + 𝑏√𝑆𝑁𝑅               [21] 

This method has been developed further with the aim to produce sea surface elevation 

maps, i.e. to resolve the radar backscatter data for individual waves across the entire 

domain.  A number of different approaches have been tested to this end and a widely 

used method is based on the application of a modulation transfer function (MTF), as 

described by Borge et al (2004).  An attempt to improve on this method has been made 

by the LCC research group through the introduction of artificial wave troughs into the sea 

clutter data and early results have shown a satisfying phase resolved similarity between 

the processed radar outputs and an in-situ spot sensor (Greenwood et al 2018).  

One considerable disadvantage of X-band radar for monitoring of hydrodynamic 

processes is the volume of raw data generated during continuous operation.  An analogue 

data stream related to the backscatter signal is received from the antenna hardware, 

together with decoder information on the exact position of the rotating antenna.  The 

analogue data is processed through an AD-converter into a digital signal and to achieve a 

high resolution data values are recorded for 1024 radial bins across 4096 circular sectors 

to cover the entire radar domain (Figure 43).  Due to speed limitations for processing and 

data storing, and to avoid backscatter interference between neighbouring sectors, only 

approximately every third sector returns data values for all 1024 bins per antenna 

revolution.  To ensure that all sectors are covered at short intervals the scanned sectors 

are alternated each revolution of the antenna, which turns at a rate of one cycle every 

1.33 s, i.e. at 0.75 Hz.  As a result of the relatively high resolution sampling of an entire 

spatial domain approximately 1 GB of data is generated every 12 minutes, resulting in a 

dataset for the installation at the Butt of Lewis lighthouse in excess of 60 TB.  But in 
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return and due to the large number of sectors and bins, the generated data is very 

detailed, as individual backscatter values are stored at a high resolution of maximum grid 

cell sizes of 4.6 m x 2.9 m at the outer radius in case of a 3 km range of the radar, as was 

chosen at the Butt of Lewis setup.  As the Butt of Lewis installation was supplemented 

with two floating buoys, one fitted out with a current meter, and for a short period also 

with a bottom mounted ADCP, the generated dataset is very valuable and useful in 

support of further work on the development of sea surface elevation maps, rogue wave 

detection, and general processing of radar sea clutter to hydrodynamic parameters.  

Although X-band radar systems are of a high technical complexity, with the right 

consideration to operational safety (related to exposure of personnel to electromagnetic 

waves), and provided a relevant license is in place (through the regulator OFCOM in the 

UK), it is possible to operate systems in a variety of modes.  This includes long term data 

capture missions such as in the Butt of Lewis lighthouse, but also semi-mobile short 

duration installations and an example for this is shown in Figure 44 a.    

 
Figure 43. Radar data is recorded across 1024 bins for 4096 alternating sectors. 

 
Figure 44. Semi-mobile radar installation at Sound of Taransay (Isle of Harris)(a) with 

radar image of this installation shown in (b). 
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4.3     Quality Control 

To ensure a standardised validity of measured datasets of any kind, it is always advisable 

to implement a rigid quality control approach.  A well thought through methodology for 

data acquisition campaigns will consider the target parameters to be measured, 

acceptable tolerances, environmental conditions, duration, sample rate, data storage, 

contingency, calibration, suitability of instrument, and more.  But even when everything 

has been considered, it is in the nature of measured datasets to maintain a degree of 

uncertainty or error, and the magnitude and relevance of such errors should be assessed 

when using field data for further analysis.   

Generic guidance on how to deal with data uncertainty has been published by ISO/IEC 

(2008). And this should be considered and implemented where practical.  However, 

generic guidance is often limited with its applicability for specific applications and to 

address this, additional guidance has been developed under the auspices of the IEC and 

published by the BSI (2013, 2015a, 2015b).  This guidance covers specifically the 

requirements for set up, preparation, and post processing of marine instruments for wave 

and tidal energy resource assessment and power testing ranging from pre-deployment 

instrument maintenance and calibration, to parameterisation, deployment, and post-

processing.  But again, these standardised approaches can only be of a generic level, as 

different makes and models of instrumentation feature different levels of access to 

facilitate full compliance with the relatively new standardised approaches, and 

sometimes other methodologies have to be followed to ensure maximum quality data 

returns, best done in agreement with the equipment suppliers and developers.        

A good pragmatic approach for successful measurement campaigns combines the above 

mentioned standards with instrument manufacturer’s guidance and recommendations, 

and also carefully considers the planned deployment conditions.  It is worth noting here 

that research often operates outwith normal operational parameters to develop and 

gather information from an unknown or only marginally understood environment.  This is 

certainly true in the case of marine renewables technology, as planned energy 

developments are frequently in very high energy waters, with either the strongest 

currents, or highest waves, and traditionally these sites would have been avoided for 

development of any kind due to the high risk and associated cost involved with 
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operations.  So when planning sensor deployments in such areas, it is not unusual to 

realise that very few if any purpose built sensors for specific tasks are available, and thus 

other standard systems have to be tweaked to achieve desired results.  And this 

sometimes means that a deviation away from the relevant standards is unavoidable.  

However, as the marine energy sector develops further, and over recent years, a number 

of new solutions for subsea sensing have been developed and are now available to help 

increase the success rates of deployments. 

Once the boundary parameters for a sensor campaign have been identified, and decision 

has been made on the type and methodology for a deployment, initial consideration for 

ensuring maximum quality relates to a basic background review of the site.  In case of 

floating buoys consideration has to be given to the correct mooring arrangement and 

ground weight or anchor, but also to the amount of shipping in the deployment area, as 

deployment in a fairway may quickly lead to equipment loss due to collision with a 

passing ship.  For subsea sensors of high importance is the question of fishing (trawling) 

activity in the area, as very few sensor frames will manage to survive being run over by a 

dredging scallop fishing vessel or similar.  Also of importance is the composition and 

gradient of the seabed.  If the ground consists of soft mud or silt, or large volumes of 

shifting sands, there is a risk of sensors sinking in or becoming submerged with sand.  

Large boulder or deep crevasses in a deployment area increase the risk of heavily tilted 

and unstable sensors, and this might compromise data quality.  But provided good 

consideration to these and other aspects is given, and a sound deployment and recovery 

solution has been identified, there should be a realistic chance to recover a quality 

dataset on completion of the deployment for further analysis. 

Although the above paragraphs do not relate directly to quality control, these are 

important considerations with view to the requirement for traceability and accountability 

for any dataset.  In this specific context, this means that to fully understand a met-ocean 

dataset it is very useful to have a full awareness of any particular aspects related to the 

acquisition of the data.  If a sensor has been pushed around the seabed during 

deployment, this might compromise data quality.  Was the sensor installed in a fixed 

arrangement, or gimbal mounted?  Is it possible that high flow velocities have resulted in 

oscillations of a gimbal mount? Has compass data been corrected from magnetic to true 

north?  What was the height of the sensor above the seabed?  When was the last time 
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the sensor has been calibrated to relevant standards by the manufacturer or another 

accredited institute?  Was the time zone set to UTC, or adjusted for daylight savings time 

in another time zone?  These and other questions are very relevant when analysing met-

ocean data returns, and thus any dataset should always comprise an additional set of 

metadata to provide such relevant background context.  

 

4.3.1     Quality Control – Wave buoys 

The wave measurement buoys used throughout the duration of this study by the author 

are all from the Datawell range and include Waverider buoy models DWR-G4, MkII, MkIII, 

and DWR-IV(ACM) with hull diameters of 0.4 m, 0.7 m and 0.9 m.  

The ability of floating buoys to measure short period waves is limited by the ratio 

between hull diameter and wavelength.  If the wavelength becomes too small the hull is 

no longer able to follow the motion of the wave, and thus no correct readings are 

recorded.  For linear waves in deep water the relationship between wavelength and 

period is as shown in equation [22], resulting in measurable wave periods of 0.5 s for a 

wavelength (or buoy diameter) of 0.4 m, and a period of 0.75 s for a hull diameter of 0.9 

m.  However, there are also other factors limiting the accurate measurement of short 

period waves (e.g. the inertia of the hull also limits the buoy to follow small short period 

waves within the required timeframe), and the minimum measurable periods are given by 

Datawell as between 1.0 to 1.6 s, depending on buoy model.       

𝜆 =
𝑔𝑇2

2𝜋
     [22] 

The DWR-G4 buoy relies entirely on displacement data as recorded by the internal GPS 

receiver to measure waves, with the other models featuring accelerometers in x, y and z 

direction to calculate horizontal and vertical displacement values through a process of 

double integration.  To minimise noise at lower and higher frequencies of the working 

range of the buoys, low-pass and high-pass filters are incorporated into the buoys 

circuitry to limit the recorded values to a period range understood to return credible 

results.  Where measurements of short period waves are limited by parameters such as 

hull size and inertia, the ability to accurately measure waves is reduced by the small 

accelerations in case of small amplitude/long period swell waves, but also by the 
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constraining forces acting on the hull by the mooring assembly.  For directional wave 

measurements with moored buoys the calibrated range is given as between 1.6 s – 20 s 

for the larger buoys, with a cut-off period of 1 s for the 0.4 m diameter buoy.  Therefore 

any readings outside this specified range should be carefully reviewed and if in doubt 

removed from the dataset.  The buoy internal data system features a quality monitor with 

a filter function to flag any abnormal events indicating false readings.  Once triggered, e.g. 

by extreme accelerations from a steep breaking wave, or by a collision with a passing 

vessel, this filter results in error flags being set in the dataset to exclude these data points 

from further processing.  Similar error or status flags are also set by the receiving station 

on-shore in case of poor HF-radio transmission, or other abnormal events, and a status 

number indicates the nature and relevance of the problem (Datawell 2012a, 2017, n.d.). 

From experience of working with the Datawell buoys for a number of years, the setting of 

error flags appears to be very reliable and no additional screening of the data seems 

required.  However, during extreme storm events, and in the context of rogue wave 

detection, it can be useful to visually analyse the displacement dataset to try and identify 

if some of the error flagged events may indeed be actual extreme waves, rather than 

sensor artefacts that were initially deleted from further analysis. 

By default the Datawell software W@ves21 processes the raw displacement data at half 

hourly intervals to provide a spectral analysis on the incoming data stream and related 

displacement values sampled at 1.28 Hz.  As the continuous data stream for displacement 

values in easterly, northerly and vertical direction is available, either from the buoy 

internal data logger post recovery in case of transmission errors or loss, or through the HF 

radio stream, it is possible to include or remove any spurious data for autonomous post-

processing using alternative software tools, such as the WAFO suite of Matlab routines 

(WAFO-group 2000, Brodtkorb et al. 2000). 

Additional standard quality control methodologies can be applied where considered 

valuable, and these include a correlation analysis, i.e. the setting of maximum thresholds 

between neighbouring data points, the search for outliers of a multiple of the standard 

deviation of the displacement data set, or screening for individual wave heights that 

exceed the significant wave height by a certain factor.  
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4.3.2     Quality Control - ADCPs 

Data quality from ADCPs can be checked by careful analysis of a number of parameters.  

An easy test on instrument recovery and data download is the screening of pitch, roll and 

heading parameters.  Generally it is desirable for these parameters to be relatively 

constant, as this is a good indicator that the sensor frame has been situated in a stable 

way without much movement post deployment.  Following manufacturers guidance pitch 

and roll values should be kept below 5° to ensure optimum data quality.  However, in 

some occasions it is unavoidable to encounter sensor movement and possible higher 

values for pitch and roll, e.g. if data originates from a vessel or buoy mounted 

deployment.  In those instances data can be corrected for dynamic pitch, roll and heading 

parameters to ensure a consistent dataset with velocities in x, y and z direction or earth 

co-ordinates is produced. 

Once the sensor movement has been checked and any values outwith the required 

threshold settings have been flagged for further review, the dataset can be screened for 

correlation and signal-to-noise ratio, sometimes also described as signal amplitude.  

Correlation simply describes the similarity of individual data points with their preceding 

neighbours, and this method allows filtering out any large spikes or irregular peaks or 

troughs in the dataset.  Signal-to-noise or amplitude refers to the signal strengths of the 

returned pulse, after correction for internal noise values.  Internal noise levels can be 

established by evaluating the noise floor of the receiving beams without pinging out any 

signals.  Noise can originate from the ADCP internal circuit boards, and once the level of 

noise is established, this can be removed from the returned burst signals. 

For standard data campaigns investigating time averaged currents, or wave 

measurements using acoustic surface tracking mode the above checks are generally 

deemed sufficient for quality control of datasets. Generally the manufacturer proprietary 

software suites such as Nortek Storm or RDI Teledyne Velocity have inbuilt features to 

allow production of fully quality controlled datasets, with any spurious data points being 

either removed or flagged for further consideration.   

However, when working with high frequency sample data aimed to evaluate turbulence 

in high velocity stream environments on a burst-by-burst mode, consideration also has to 

be given to the Doppler noise.  This Doppler noise is related to the random distribution of 
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moving particles that contribute to the acoustic echo in the individual bins and has been 

described in detail by Lohrman et al. (1994).  As Doppler noise changes over time and 

space, depending on conditions, it is possible to separate it from an otherwise 

homogeneous flow.  But obviously the highly turbulent flow encountered at tidal energy 

sites is more of a heterogeneous nature, and thus additional filter or screening methods 

are required to separate the normal signal of the turbulent flow pattern from the Doppler 

noise level.  A generally accepted method to achieve this has been described by Richard 

et al. (2013) and enhanced further by Durgesh at al. (2014), who suggest processing of 

data in the frequency domain for short intervals (~ 10 minutes) to identify and remove 

high frequency parts of the signal that can likely be attributed to the Doppler noise 

phenomena. But this is still an active research area and no fully accepted and accredited 

standard is yet in place.   
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5.     Wave data analysis: Theory  

This section is based on lecture notes developed by the author in his role as module 

leader of UHI810790 – Marine Energy, part of year 4 of the engineering curriculum 

(Vogler 2016, 2017).   

An overview of terminology, approaches and calculations used to analyse datasets from 

sensor deployments under this research is given, based on linear wave theory.  Although 

it is acknowledged that inclusion of non-linear processes in particular in relation to the 

shallow water sensor deployments would enhance the level of detail, this would also 

introduce another level of complexity which is best served with another standalone 

study.  Therefore, and to maintain comparability of results throughout this thesis, and 

also with other studies in a similar context, non-linear processes are not considered in 

depth in this work. 

 

5.1     Statistical and Spectral analysis 

Sea states are generally described either based on statistical time series data, or as 

spectral analysis in the frequency domain.  For time series based statistical analysis, 

surface elevation data, and in case of floating wave buoys also displacement in horizontal 

direction, is bundled into sequences of identical duration to identify characteristic 

features over these time windows.  To ensure an appropriate minimum number of waves 

within a sample, but to also allow identification of changes in a sea state at adequate 

resolution, half hourly intervals are often chosen for statistical analysis. 

Based on the up or down crossing of the sample points of the mean value, the statistical 

datasets can be resolved as individual waves, including information on individual wave 

height and period.   Typical parameters obtained from statistical analysis include the 

maximum individual wave height Hmax, the significant wave height H1/3, defined as the 

average of the highest third of waves across the sample period, or defined with the 

acronym Hs and obtained as four times the standard deviation of the entire time series 

across the half hourly sample intervals.  Although in literature the zero up-crossing 

periods, i.e. the time lapse between two subsequent upwards movements across the 

mean, are typically used to break down displacement time series data into individual 

waves, in some instances preference is given to use of the zero down-crossing data.  
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Although both approaches return identical time averaged values over longer periods, 

differences in steepness of wave fronts and backs can be observed.  Also when analysing 

individual waves within a time series, different results are obtained on a wave-by-wave 

basis when comparing up and down crossing periods.  The author would argue the zero 

down-crossing periods are of higher relevance to structural design of ships, wave energy 

converters, offshore platforms, or ports and harbours infrastructure, as this allows 

capture of the full impacting wave front from trough to crest.  This is contrary to use of 

the zero-up crossing periods, which describe individual wave heights from crest to trough, 

i.e. based on the backside of waves, rather than looking at the impacting front face.  

Understanding of the impacting incoming wave front is clearly relevant for stress and load 

analysis in case of rogue waves, or generally steep waves that exert high forces on any 

ocean based structures.   

Figure 45 shows some of the relevant definitions used to describe waves and a 

comprehensive text based glossary is given in standard IEC TS 62600-1:2011 ‘Marine 

energy - Wave, tidal and other water current converters - Part 1: Terminology’ (BSI 2011). 

 
Figure 45. Wave Terminology (adapted from Vogler 2016). 

From analogue signal processing theory it is understood that any regular or irregular 

signal can be broken down into a number of individual sine waves with different 

frequencies and amplitudes.  Using an additive approach when looking at different sine 

waves, and dependent on signal frequency and phase shift between individual sine waves 

it can be differentiated between constructive, destructive and complex interference.  

Examples for these three types of interference are given in Figure 46.  The breakdown of 

an irregular sea state S into its individual constituents S0…Sꚙ, is shown in Figure 47, where  

𝑆 = ∑(𝑆0 + 𝑆1 + 𝑆… + 𝑆∞)   [23] 
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Figure 46. Wave Interference (adapted from Vogler 2017). 

 
Figure 47. Constituents of an irregular sea sample waveform (adapted from Vogler 2017). 
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To be able to undertake a spectral analysis of sea states and to establish amplitudes and 

frequencies of individual constituents, the data sample is conveniently processed through 

a Fast Fourier Transform (FFT) first.  The output of an FFT is a breakdown of signal 

magnitude across a range of different frequency bins over the sample period.  Spectral 

analysis is very useful to identify complex sea states, e.g. in case of bimodality with waves 

approaching from different direction, or to assess the different wave heights or wave 

height components for individual wave periods.    

To comply with the normally used standard, where spectral wave data is generally 

presented in terms of Power Spectral Density (PSD) with units of m2Hz-1, the output from 

a standard FFT process has be modified as shown in equation [24], where FFT represents 

the output of the initial Fast Fourier Transform process in metres, N is the number of 

samples and fs denotes the sample frequency in Hz.  

𝑃𝑆𝐷 =
2×𝐹𝐹𝑇2

𝑁×𝑓𝑠
     [24] 

A number of different solutions are available to offer the transform from displacement 

data to spectrally resolved PSD data, and these include standard FFT or use of Welch’s 

Method in Matlab, the Fourier analysis tool in MS Excel, or more advanced toolboxes 

such as WAFO (Wafo-group2000) to also allow for full directional analysis.  In addition the 

functionality to transform from sea surface elevation data to spectral outputs is generally 

included in proprietary software available from wave sensor developers, and this includes 

Datawell W@ves21, Nortek Storm, or RDI Teledyne Velocity.  An example of a time series 

signal converted into PSD values against the relevant range of frequency bins is shown in 

Figure 50.  The pink shaded area in the diagram represents the PSD values in m2Hz-1. The 

solid blue line is the direction of waves with the maximum energy content per frequency 

and the blue dotted line indicates the directional spread of waves from the given 

direction at frequency components 

Once the underlying data for graphs as in Figure 48 has been derived from processing the 

time series information, the relevant sea state parameters can be calculated based on the 

individual moments of the curve.  The moments are calculated as shown in equation [25], 

where Mn is the spectral nth moment, n is the order of the moment to be calculated, fj is 
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the given frequency in Hz, Δfj represents the frequency spacing at fj, also in Hz, and PSD(fj) 

is the power spectral density at frequency fj  with units of m2Hz-1. 

𝑀𝑛 = ∑ 𝑃𝑆𝐷(𝑓𝑗)𝑓𝑗
𝑛Δ𝑓𝑗𝑗    [25] 

Based on the individual moments relevant sea state parameters can be calculated as 

shown for a number of examples in table 6. 

A number of typical spectral shapes have been identified for different sea states, e.g. for 

fully or not fully developed seas in deep water, or fetch limited areas such as the North 

Sea and examples for are the Pierson-Moskowitz, Bretschneider or JONSWAP spectra.   

 
Figure 48. PSD against frequency plot, taken from a Waverider buoy and processed with 

Datawell W@ves21 software (adapted from Vogler 2017). 

 

Table 6. Sea state parameters derived from spectral moments. 

Parameter Acronym Origin 

Significant wave height Hm0 𝐻𝑚0 = 4√𝑀0 

Zero-crossing period Tz 𝑇𝑧 = √
𝑀0
𝑀2

 

Energy Period TE 𝑇𝐸 =
𝑀−1
𝑀0

 

Mean Period T01 𝑇01 =
𝑀0
𝑀1
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5.2    Ocean Wave Spectra 

Ocean waves are primarily generated by wind interacting with the water surface over 

long distances and creating disturbances through frictional effects between air and water.  

When a wind of a constant force blows continuously across a sea surface for a prolonged 

period of time, waves will continue to grow until a state of equilibrium is reached 

represented by a constant fully developed sea state.   

In 1964 Pierson and Moskowitz (1964) confirmed a theory previously developed by 

Kitaigorodskii (1961), that fully developed seas exposed to wind input velocities of 

between 10.29 ms-1 to 20.89ms-1 (20 to 40 knots) feature a similar distribution of wave 

heights across the frequency range with a common shape of the normalised power 

spectra.  This spectral shape theory which has been tested against wind and wave data 

from the North Atlantic is known as the Pierson-Moskowitz or PM spectrum.  However, as 

the PM spectrum is entirely based on a fully developed unidirectional sea in deep water, 

and is only based on the significant wave height, applications and relevance were found 

to be limited.   

To overcome the limitations of the PM Spectrum, the two-parameter Bretschneider 

spectrum was found more applicable for situations other than fully developed seas.  

Although the Bretschneider Spectrum, sometimes also referred to as Modified Pierson-

Moskowitz spectrum, was developed in 1959 and thus before the PM Spectrum, it gained 

popularity only sometime after the release of the PM Spectrum (Michel 1999).  Based on 

the modal or peak period and the significant wave height, the Bretschneider spectrum 

offers additional tuning options compared to the PM Spectrum and is thus applicable to a 

wider range of scenarios (Techet 2005).   

Aimed to develop a standardised wave power spectrum for fetch limited seas a number 

of wave measurement stations were established and operated some 160 km off the 

German coast in the North Sea in 1968/69 under the JONSWAP project.  Measurements 

were supplemented with additional data on wind, temperature, tidal elevation and tidal 

currents, and the so-called JONSWAP Spectrum was established (Hasselmann et al. 1973).  

The JONSWAP spectrum features a more pronounced peak when compared with the PM 

or Bretschneider spectra and is still widely used in support of offshore operations in the 

North Sea and other fetch limited situations.  However, it is suggested that additional site 
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specific modifications to this spectrum might yield an improved similarity with observed 

data, where such data exists (Michel 1999). The Bretschneider spectrum also still 

represents a relevant method for occasions with not fully developed sea states.  

The mathematical solutions for the spectral power density PSD per frequency following 

e.g. Sorensen (2010) or Techet and Triantafyllou (2003) to the Pierson-Moskowitz, 

Bretschneider and JONSWAP spectra are shown in equations [26] to [31]. 

Bretschneider Spectrum: 

𝑃𝑆𝐷(𝑇) =
5

16
×
𝜔𝑚

4

𝜔5
× 𝐻1

3

2 × 𝑒
−
5𝜔𝑚

4

4𝜔4   [26] 

Pierson-Moskowitz Spectrum: 

𝑃𝑆𝐷(𝑓) =
𝛼𝑔2

𝜔5
𝑒−1.25(

𝜔𝑚
𝜔
)
4

   [27] 

JONSWAP Spectrum: 

𝑃𝑆𝐷(𝑓) =
𝛼𝑔2

𝜔5
𝑒−1.25(

𝜔𝑚
𝜔
)
4

𝛾𝛿   [28] 

𝛼 = 0.033 (
𝜔𝑝𝑈10

𝑔
)

2

3
    [29] 

𝛿 = 𝑒
−[
(𝜔−𝜔𝑝)

2

2𝜎2𝜔𝑝
2 ]

    [30] 

    𝜎 = {
0.07; 𝑓 < 𝑓𝑝
0.09; 𝑓 ≥ 𝑓𝑝

    [31] 

The Modal or Peak Period is described by ωm in radians per second and ω gives the 

frequency for each relevant bin also in rads-1.  The wind velocity at 10 m height in ms-1 is 

given by U10.  Typical values for the variable α range between 0.01 to 8.1 x 10-3.   

It can be seen that the only difference between the PM and JONSWAP spectra is the 

added peak enhancement factor ϒ in the JONSWAP spectrum.  Therefore both spectra are 

identical based on a ϒ-value of 1.  Based on the value for ϒ the peak spectral density can 

be adjusted to fit specific sites and typically values are in the range of 1.6 to 6 with a value 

of 3.3 recommended if no further specific information is available.   
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Different text books offer slightly different variations to the above given spectral shape 

definitions, and these generally relate to different or additional shape parameters in the 

individual approaches.  Understanding of the site specific spectral shape of a sea state is 

useful to assess design conditions, in particular in situations where no fully spectral 

measured or modelled data is available.  In such cases the spectral shape and distribution 

of waves in a sea state can simply be estimated based on wave fetch models or generic 

values for wave height only.    

 

5.3    Linear Wave Theory – standard calculations 

When calculating relevant wave parameters it is useful to understand whether the 

underlying wave input parameters originate from deep, intermediate or shallow water. 

Although equations that are valid for intermediate water depth can also often be applied 

for deep or shallow water conditions, simplified solutions are available to calculate 

parameters for these. Deep water conditions are applicable when the water depth is 

equal or greater than half the wavelength (λ) (equation [32]).  Shallow water conditions 

are given when the depth is less or equal than 1/20th of the wavelength (equation [33]) 

and intermediate water depth is defined for situations where the depth is more than 

1/20th of the wave length, but less than half the wavelength, as shown in equation [34]. 

Deep water    𝑑 ≥
1

2
𝜆      [32] 

Shallow water    𝑑 ≤
1

20
𝜆    [33] 

Intermediate water depth  𝑑 >
1

20
𝜆   𝑎𝑛𝑑   𝑑 <  

1

2
𝜆  [34] 

From equations [32] to [34] it can be seen that knowledge of the wavelength is required 

to establish whether simplified deep or shallow water conditions can be applied for 

further calculations.  The wavelength is dependent on the wave period and can be 

calculated for any water depth through an iterative process as shown in equation [35], 

where d represents the water depth and tanh the hyperbolic tangent. 

Wavelength any depth  𝜆 =
𝑔𝑇2

2𝜋
𝑡𝑎𝑛ℎ (

2𝜋𝑑

𝜆
)   [35] 
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Equation [35] can be simplified for deep and shallow water conditions as in equations [36] 

and [37] respectively.  

Deep water     𝜆 =
𝑔𝑇2

2𝜋
    [36] 

Shallow water    𝜆 = √𝑔𝑑 × 𝑇    [37]  

The phase speed or celerity c of a wave is established as in equation [38], with the 

resulting equations for intermediate, deep and shallow water conditions shown in 

equations [39] to [41] respectively. 

Celerity    𝑐 =
𝜆

𝑇
      [38]  

Intermediate depth   𝑐 =
𝑔𝑇

2𝜋
𝑡𝑎𝑛ℎ (

2𝜋𝑑

𝜆
)   [39] 

Deep water    𝑐 =
𝑔𝑇

2𝜋
     [40] 

Shallow water    𝑐 = √𝑔𝑑    [41 

A useful concept for simplifications in wave calculations is the wave number k defined as  

     𝑘 =
2𝜋

𝜆
     [42] 

By substituting the wave number k into equation [40], the celerity for any water depth 

can now be calculated as in equation [43]. 

     𝑐 =
𝑔𝑇

2𝜋
𝑡𝑎𝑛ℎ(𝑘𝑑)   [43] 

As water waves in the natural environment are not monochromatic, but irregular and 

with individual wave period components within a sea state distributed across a frequency 

spectrum, understanding of the wave group velocity Cg, i.e. the progression of a sea state 

across a distance related to the speed with which defined groups of waves travel, is also 

important for wave power calculations (equations [44], [45] and [46]).      

Intermediate depth   𝐶𝑔 = 0.5 (1 +
2𝑘𝑑

sinh(2𝑘𝑑)
) 𝑐  [44] 

Deep water     𝐶𝑔 =
𝐶

2
     [45] 

Shallow water     𝐶𝑔 = 𝑐     [46] 
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It is worth noting that the period, wave length, celerity, or group velocities are 

independent of the wave height, which is not required to work out any of these 

parameters.  But a relationship exists between wave height and wavelength in the form 

of wave steepness, defined as in equation [47].  Considering deep water conditions and 

linear wave theory, ocean waves are not able to sustain themselves and will break if the 

ratio of wave height over wavelength is above 0.142 or 1/7.  

Steepness    𝑆 =
𝐻

𝜆
     [47] 

Considering a regular, monochromatic, sea in deep water, the energy E contained in a 

single wave is calculated as shown in equation [48]. 

Monochromatic sea    𝐸 = 𝜌𝑔
𝐻2

16
𝜆    [48] 

To work out the power P contained within a single wave the rate at which the energy is 

transported has to be considered as shown in equation [49], where T represents the wave 

period and L the width of the wave crest considered for the power calculation.  This is 

typically set as one metre, as common usage generally refers to wave power in terms of 

Watts per metre crest (Wm-1).  

Monochromatic sea   𝑃 =
𝐸

𝑇
× 𝐿     [49] 

By substituting the wavelength term in equation [48] with equation [36], equation [49] 

changes to 

Deep water monochromatic waves 𝑃 =
𝜌𝑔2𝐻2𝑇

32𝜋
      [50] 

The difference between a monochromatic and a complex sea state is that, where in a 

monochromatic sea all waves are of the same period and wave height, the distribution of 

waves in an irregular sea normally follows a Rayleigh distribution as shown in Figure 49. 

It can be seen in equation [50] that the wave power is linked to the product of the square 

of the wave height and the period.  Therefore the wave height is dominant over the 

period and of higher weighting in power calculations.  For wave power calculations of 

irregular sea states the defining terms are often the significant wave height Hm0 and the 

energy period TE, although sometimes also the zero crossing period Tz or the peak or 
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modal period Tp are also used.  The decision on which definition of wave period provides 

the correct result in case of WEC power production is device and sea state specific.  

Commonly used is the energy period, with the peak period sometimes showing better 

results, e.g. for WECs that only extract the peak energy component of the sea state 

spectrum.  As is seen in Figure 49, a larger number of waves within the sample group are 

smaller than the significant wave height resulting in a mean wave height of < Hm0.  This is 

unlike in a monochromatic sea state, where the mean wave height equals Hm0, as all 

waves are identical.  Therefore it follows that the wave power in an irregular sea state 

must be less than in a monochromatic sea state with the same input parameters for Hm0 

and T.  Due to the nature of the statistical Rayleigh distribution, the power for an irregular 

sea in deep water is exactly 50 % when compared against a monochromatic sea in deep 

water as shown in equations [50] and [51]. 

Deep water irregular waves   𝑃 =
𝜌𝑔2𝑇𝐸(𝐻𝑚0)

2

64𝜋
   [51] 

To consider wave power in intermediate or shallow water, equation [51] has to be 

modified to incorporate the wave group velocity as shown in equation [52].    

Any water depth approximation:  𝑃 ≈ 𝜌𝑔
(𝐻𝑚0)

2

16
𝐶𝑔(𝑇𝐸 , 𝑑)  [52] 

Unless stated otherwise, calculations in the following sections are based on the 

mathematical approaches shown above.  

 
Figure 49. Typical Rayleigh type distribution for wave heights in a given sea state (adapted 

from Wikimedia Commons 2012). 
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6.    Data Analysis 

This chapter presents the data analysis related to various field work campaigns that were 

initiated and led by the author between 2011 and 2018.  Both spectral and statistical 

analysis are included, and where this was felt to add relevant detail or information, high 

level comparison is made between field data and model outputs from a DHI Mike21 

spectral wave model.  Considerable developments have occurred in the wave energy 

sector over recent years, and this is reflected in the different locations of the data 

campaign.  Where the ambition of the wave power sector was focussed on developments 

of large arrays in the most energetic waters, such as west off the Isle of Lewis, Orkney, or 

Shetland some years ago, this has somewhat changed in recent years, with more 

attention now also given towards more benign sites with a less energetic, but possibly 

more constant wave climate.  Different scenarios are analysed and presented in this 

section to include wave data from what was then the world’s largest fully consented wave 

power development site off Siadar on the Isle of Lewis, and also a wave study for an area 

in the lee of Colonsay in the Inner Hebrides, together with some detail from other sites.  

Wave and current directions are described as “coming from” and “setting towards” 

respectively throughout this chapter.       

 

6.1    Isle of Lewis: Hebridean Marine Energy Futures sensor network  

Data and results included in this section are largely based on previous peer reviewed 

publications by the author and are supplemented with some further analysis (Vogler and 

Venugopal 2012, Vogler et al 2013, Vogler and Morrison 2013, Vogler and Venugopal 

2015, and Vogler et al 2015).  Results originating from this fieldwork and data campaign 

were further presented at international conferences such as the Offshore Mechanics and 

Ocean Engineering conference (OMAE) in Rio de Janeiro, Brazil, in 2012 and in St John’s, 

Newfoundland, Canada in 2015.  Results were also presented at the annual conference of 

the International Society of Offshore and Polar Engineers (ISOPE) in Anchorage, Alaska, 

USA, in 2013, and at the European Wave and Tidal Energy Conference (EWTEC) series in 

Aalborg, Denmark in 2013, and in Nantes, France in 2015. Furthermore an overview of 

the work presented here was also given at the 2nd international conference on the 
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Environmental Interactions of Marine Renewable Technologies (EIMR) in 2014 in 

Stornoway, UK (Vogler 2014).  Unless stated clearly otherwise, work presented here is 

based entirely on the original work by the author.     

6.1.1    The study area 

Some basic background information on the data campaign off the Isle of Lewis and a 

locational map are given in chapter 4.1.1 and Figure 11, with deployment durations of the 

individual sensors shown in Table 4 of the same chapter.  Only very limited information 

on measured wave data was available for the wider area prior to the data campaign 

described here.  Previous wave measurements include the deployment of a directional 

wave buoy by the UK Offshore Operators Association (UKOOA) in 167 m depth some 60 

km north of the site described here.  Data was gathered over a two year period from 1986 

to 1988 aimed to establish the 50 year design wave height and other general information 

for the north-west approaches to UK waters (HSE Health & Safety Executive 1997, EDMED 

2009).  A data campaign by the Institute of Oceanographic Sciences was launched in 1976 

in an area off South Uist, some 120 km south of the area described here (Fortnum 1981).  

A network of four wave measurement buoys was set up almost perpendicular to the 

shore at different water depths to investigate the wave shoaling processes and other 

features and detailed findings are reported by Crabb (1980), Mollison (1983) and Count 

(1980).  Additional data campaigns by the Marine Information and Advisory Service 

(MIAS) north of the Butt of Lewis in 80 m depth in 1979/80 and in 15 m depth inshore in 

Loch Roag in 1969/70 were based on capturing non-directional data only, with 

considerable gaps in the data returns (Ramsey and Brampton 2000). 

The bathymetric profile of the study area described in this section is shown in Figure 50.  

Situated some 100 km distance away from the edge of the north-western continental 

shelf, the Atlantic coast of the Outer Hebrides extends for approximately 200 km into a 

primarily north-easterly direction.  The seabed features a shallow gradient of only 

between 1-2 degrees, and the water depth reaches 200 m at a 75 km distance from 

shore, before it starts dropping to more than 1,000 m over the following 20 km.  To the 

west-south-west of the study area a number of small islands and shoaling rocks are 

located some distance from shore.  The area features a generally unhindered fetch with 

the nearest landmasses being Iceland some 800 km away to the north-west, Greenland to 
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the west at around 2000 km distance, and Newfoundland at around 3,000 km distance to 

the west-south-west.  At around 370 km distance towards the west and with water 

depths of between 100 to 200 m, the Rockall Bank presents a change to the otherwise 

deep water.   

 
Figure 50. Bathymetric contour lines and sensor locations off the Outer Hebrides (adapted 

from Vogler and Venugopal 2012). 

The weather in the area is dominated by the close proximity to the North Atlantic drift 

with water temperatures ranging between approximately 5°C in the winter to some 15°C 

towards the end of the summer.  Situated at a relatively high latitude of 58°N the area is 

strongly influenced by the different seasons, with prolonged periods of high winds and 

storms being a dominant feature during the winter months.  A typical weather feature 

than can be observed throughout the year is the exposure to low pressure systems 

originating in the Great Lakes in North America and travelling across the North Atlantic 

driven by the jet stream. Depending on the ever changing pathway of the jet stream, 

exposure to these depressions can be high in some years with a high frequency of very 

windy periods, where in other years these systems may by-pass the area with more stable 

weather systems being dominant in those situations.  But even if the latter is the case, 

swell waves originating on the west side of the North Atlantic frequently find their way 

across the ocean to terminate on the Hebridean shoreline, making the area an interesting 

location for wave power development.   

 

 

20kmN
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6.1.2    Sensor network 

Starting in October 2011 and ending in 2014, the Hebridean sensor campaign has 

featured the deployment of three Datawell Waverider buoys in 60 m water depth 

approximately 15 km offshore and with distances between buoys of around 10 to 13 km.  

The three Waverider buoys were supplemented with two Nortek 1 MHz AWAC Doppler 

profilers (ADCPs) rigidly mounted on the seafloor in 13.5 m depth with a separation 

distance of 600 m and at a distance of 700 m from the shore.  The location of the shallow 

water AWAC sensors was chosen as directly downwave from the wave buoys, so that 

relevant information on shoaling effects could be obtained.  Sensor locations are shown 

in Figure 50 indicated by the crosshair circles, and with a slightly higher level of detail in 

Figure 11 (chapter 4.1.1).  In addition a cup anemometer based Davis Vantage Pro2 

weather station was set up on a six metre mast in an open field at between 15 to 22 km 

distance to the wave sensors.  Data from the Waverider buoys was broadcasted live to a 

shore base receiving station, and data from the AWACs was downloaded during 

dedicated recovery missions at quarterly intervals.  The wave buoys were sampling 

displacement data in vertical, easterly and northerly direction at a sample rate of 1.28 Hz, 

and the AWACs were set up to capture wave data using the vertical beam in acoustic 

surface tracking (AST) mode for 34 minutes every hour at 2 Hz sample rate for the 

acoustic beams, giving 4,096 samples per scheduled burst interval, with pressure being 

sampled at 1 Hz over the same duration.  In addition currents were sampled at 10 minute 

intervals averaged over one minute.  The sensor was set up so that wave measurements 

take priority over current data, and no currents were captured whenever the AWACs 

were pinging for waves.   

Initial quality control was done using the sensor manufacturer’s proprietary software 

Datawell W@ves21 and Nortek Storm, and where additional control functions were 

applied this is described at the relevant sections on data analysis.  

Due to technical, organisational and financial aspects related to deployment and recovery 

of the wave sensors it was not possible to have the entire data acquisition network 

operational simultaneously throughout the campaign.  Sensor deployments commenced 

in September 2011 and all three buoys were fully operational in October of the same 

year, a status which was maintained for a period of 12 months.  The buoy network was 
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supplemented with the installation of the first ADCP in January 2012, and overlapping 

data covering all three buoys and the ADCP is available for an 8 month period.  

Unfortunately funding for the second ADCP deployment became only available towards 

the end of the deployment of the first wave buoy, and therefore comparison between the 

buoy locations and both shallow water AWAC stations is limited to simultaneous 

operation of two Waverider buoys and two AWACs, or all three buoys together with a 

single AWAC.  The complete deployment schedules have been presented previously and 

can be found in Table 4 (chapter 4.1). 

6.1.3    Data analysis 

As an introduction to the site specific data and to evidence the impact of remote weather 

systems and related swell waves to the local wave climate this section starts with an 

example of a distant storm. A deep low pressure system with only 958 mbar at its centre 

was leaving the eastern seaboard of Newfoundland and Labrador on 19 November 2011 

towards Cape Farewell and Denmark Strait south and east off Greenland, where it arrived 

on midnight the following day.  The surface pressure chart of this weather system is 

shown in Figure 51, where the closely spaced isobars together with the area of high 

pressure in the south-south-west indicate strong to storm force winds from a south-

westerly direction.  As the low pressure system passed Cape Farewell it continued moving 

towards a north-easterly direction and slowly filled up with wind speeds declining. 

 
Figure 51. Surface Pressure Chart (Metoffice 2011) showing 958 mbar low pressure system 

in Denmark Strait; 4.5m swell waves originating in this system were detected off the Isle 
of Lewis on the following day (adapted from Vogler and Venugopal 2012). 
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At the same time when the depression was transiting with high wind speeds across the 

Great Banks of Newfoundland towards Greenland, wind velocities off the Isle of Lewis 

were modest with around 5 ms-1 on 20/11/2011, and even less the following day.  The 

wave height as measured by the Waverider buoy network was around 2 m and conditions 

were settled.  Conditions changed on the late morning of 21 November, when the wave 

height increased from 2.5 to 4 m over two hours with an observed change of wave period 

from 7 to 10 seconds.  At the same time a directional shift of 15° towards the north-west 

was recorded and the directional spreading decreased by 10°.  Despite the change in the 

wave parameters, the wind speed remained modest and even reduced to around 2.5 ms-1 

during the day.  The changes due to the incoming wave front and described above are 

shown in Figures 52 to 55.          

To understand the origin of the wave front with the observed increases of wave height 

and period, the wave group velocity was calculated, based on the measured peak period 

of buoy 1 following the arrival of the wave front.  Buoy 1 was chosen for this analysis, as 

due to the location of the buoy, and alignment with the other buoys, the least amount of 

bottom interaction between the incoming waves and the continental shelf will have 

occurred at this station.  As the interest in this instance is on the long period swell waves, 

the peak period was found to be the appropriate parameter to work out the wave 

velocity, rather than Tz.  Following equations [35], [43] and [44], the wave group velocity 

was calculated as 14.3 ms-1, resulting in some 40 hours transit time to cover the 2,000 km 

distance between Greenland and the study site.  Considering the arrival of the wave front 

at the sensor network was around 12:00 UTC on 21 November, and going backwards by 

40 hours, the resultant time is 20:00 UTC on 19 November, by which time the low 

pressure system and associated winds would have been somewhere to the south of Cape 

Farewell, Greenland.  Therefore it can be concluded that the observed incoming long 

period swell waves originated from this low pressure system and associated strong winds 

and high waves.  This observation is relevant, as it clearly demonstrates a degree of 

predictability in support of wave forecasting, which is important in the wave power 

context to boost operational performance, support electrical network management, or 

weather windowing for operations and maintenance tasks offshore.         
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Figure 52. Hm0 increase on 21 Nov 2011 (adapted from Vogler and Venugopal 2012).  

 

Figure 53. Tz increase on 21 Nov 2011 (adapted from Vogler and Venugopal 2012). 

 
Figure 54. Directional shift on 21 Nov 2011 (adapted from Vogler and Venugopal 2012). 
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Figure 55. Reduction of directional spreading on 21 Nov 2011 indicating high swell 
component (adapted from Vogler and Venugopal 2012). 

 

6.1.3.1 Directional wave height distributions  

Widely used methods to visualise wave or other data for durations that are too long to be 

covered in time series graphs is the statistical presentation in form of wave roses or 

histograms.  Based on the Datawell standard of establishing spectrally derived 

parameters over half hourly sample intervals, Figure 56 presents the distribution of the 

significant wave height for the one year period from October 2011 to September 2012 for 

Buoy 1, the south-westernmost sensor location. It can be seen that the predominant 

wave direction is from slightly north to west with a generally westerly direction for the 

largest percentage of occurrences with wave heights mainly in the range of three to six 

metres.  In addition during the time period covered here, a significant amount of 

northerly winds resulting in wind seas from the same direction and swell waves coming 

from a north-westerly to north-easterly direction was observed during the summer 

period.  However, based on a one year dataset it is not possible to conclude on whether 

such northerly seas are typical for the area, or just a statistical irregularity, and longer 

term measurements or numerical models covering a minimum of 10 years, or better 50 

years, are required to assess the recurring presence of northerly swell and wind waves 

with high confidence.  For the observation period covered in Figure 56 approximately 7 % 

of the peak wave direction is from the north-east with wave heights of mainly around two 

to three metres, and often creating a bi-modal sea with less powerful waves also arriving 

in the area from a westerly direction.        
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For the same period and location the energy period and wave power are plotted in Figure 

57, and not surprisingly a similar distribution as in Figure 56 can be observed.  As the 

energy period is not directly provided in the half hourly history files by the Datawell 

W@ves21 software, the approach taken here was to derive TE from two other available 

period terms, namely the mean period T1 and a not further named period Tdw2, where 

both terms are defined as shown in equations [53] and [54].   

    𝑇1 =
𝑀0

𝑀1
     [53] 

    𝑇𝑑𝑤2 = √
𝑀−1

𝑀1
     [54] 

As the energy period TE is calculated as TE = M-1/M0, it is possible to integrate the terms 

for T1 and Tdw2 into the equation for TE as shown in equation [55].  

    𝑇𝐸 =
𝑇𝑑𝑤2

2

𝑇1
     [55] 

The predominant direction of wave power can clearly be identified as from the west and 

slightly north of west with a considerable proportion of sea states from those directions 

featuring a power density of above 80 kWm-1 over the year.   

Another way to plot the wave power density against direction is shown in the scatter 

diagram in Figure 58 for hourly timestamps over the year.  It is worth noting here that the 

directional data from both Waverider buoys and ADCPs is subject to magnetic variation of 

the compass readings, and to convert to true north this variation has to be accounted for.  

In 2012 for the study area, the magnetic variation can be taken as 5.45° west, and thus 

this value has to be subtracted to convert from magnetic to true north.  Unless otherwise 

stated, data presented in this thesis has been corrected and refers to true north. 

Figure 58 clearly shows a very pronounced peak around 280° with a majority of 

observations between 225° and 320°.  Maximum power values of above 600 kWm-1 are 

observed on a number of occasions, with an isolated number of data records even 

showing values of above 1 MWm-1 during severe storm conditions.  However, the 

confidence level in the data during extreme storm events is limited, as measurements will 

have been heavily affected by wave breaking and overtopping and associated 

accelerations of the buoys. For 23.8 % of the records a wave power density of more than 

100 kWm-1 was observed, and this reduced to 9.7 % and 4.5 % of the year for power 

density values above 200 kWm-1 and 300 kWm-1 respectively.    
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Figure 56. Hm0 distribution Buoy 1, Oct 11 to Sept 12 (adapted from Vogler et al 2013). 

 
Figure 57. Wave Buoy 1: Energy period TE (left) and Wave power P (right) for the period 

Oct2011-Sept 2012 (adapted from Vogler et al 2013). 

 
Figure 58. Wave buoy 1: Power vs Dir (T); (adapted from Vogler et al 2013). 

0

200

400

600

800

1000

0 45 90 135 180 225 270 315 360

W
av

e 
p

o
w

er
 [

kW
m

-1
]

Direction (T) [ ]

Wavebuoy 1,  Sept 2011 to Oct 2012



106 
 

 
The annual directional Hm0 distributions for wave buoys 2 and 3 are shown in Figure 59 

for a similar period as in Figure 56 for buoy 1.  By comparison between buoys 2 and 3 and 

for westerly waves a directional shift towards the north is clearly visible, and the same 

effect is also featured between buoys 1 and 2, although less pronounced.  This shift can 

be explained by the interaction between the waves and the seabed, as from the 

bathymetric contour lines shown in Figure 50, it is clear that any waves approaching from 

the west have to travel a longer distance across the shelf area before reaching buoy 2 and 

3, when compared with buoy 1.  Considering that the waves start to ‘feel’ the seabed 

when the water depth is around half the wavelength, and based on the water depth at 

the buoy locations of around 60 m, bottom interaction between the waves and the 

seabed will occur at wave lengths of > 120 m.  By rearranging equation [36] to solve for 

period a wave length of 120 m correspondents with an 8.8 s period, and this increases to 

11.3 s for a wavelength of 200 m.  Therefore any waves with a period of more than 11 s 

will have been exposed to bottom friction processes and seabed interaction once the 

water depth has shallowed to 100 m, i.e. some distance to the west of the buoy locations.   

 
Figure 59. Hm0 distributions for Wave Buoys 2 and 3 (adapted from Vogler et al 2013). 

Figure 57 shows that the energy period for the majority of sea states from a westerly 

direction is above 8 s and the only significant amount of shorter period wind seas is seen 

from the north-east.  A generic relationship between peak period Tp and energy period TE 

has been suggested by Cornet (2008) as TE = 0.9Tp and this relationship has been modified 

by Vogler and Venugopal (2015) for the buoy locations off the Outer Hebrides as TE = 

0.8Tp. Based on this relationship a TE of 9 seconds equates a Tp value of 11 s and thus a 

wavelength of the peak frequency component at which bottom interaction will start to 
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occur at 100 m depth.  Hence it can be said that the majority of sea states approaching 

the study area from the west will have been exposed to bottom induced shoaling effects 

for some distance before reaching the buoy locations.  

There are generally two dominant effects of interactions between waves with the seabed.  

As the orbital motion under the waves reaches deep enough to start interacting with the 

sea bed, frictional losses occur and the wave height slowly reduces, as energy is 

dissipated.  The second effect is wave refraction, where the direction changes towards a 

perpendicular alignment with the seafloor gradient.  The effect from refraction can clearly 

be seen in Figure 59 for comparison between buoys 2 and 3 for a one year data record.  

This effect is even more pronounced between the buoy locations and the shallow water 

AWAC stations as shown for a three month period in Figure 60.  Due to the close 

proximity to the shore and influenced by the north-eastwards extending shoreline no 

dominant waves from a north-easterly direction were recorded by the AWACs and the 

directional wave distribution is considerably more narrow-banded than at the buoy 

stations further offshore.   

 
Figure 60. Wave roses for Wave buoy 1, Wave buoy 2, ADCP 1, ADCP 2; clockwise; Sept - 

Dec 2012 [Hm0] (adapted from Vogler et al 2013). 
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The reduction in wave height as a result of bottom interaction is of a more subtle nature 

at the buoy stations, when compared against the shallow water location, and is more 

difficult to identify in the wave rose plots.   

From numerical comparison and for peak wave directions between 220° and 310° the 

average significant wave heights between October 2011 and September 2012 were 

recorded as 3.62 m, 3.60 m and 3.50 m for Buoy locations 1, 2 and 3 respectively.  

The predominant wave directions for the sensor locations are around 270°, 280°, 300° 

and 315° for Buoy 1, Buoy  2, AWAC 1 and AWAC 2 locations respectively, giving a 

maximum refraction of 45° between the locations least and most affected by the shoaling 

effects.  One of the aspects of interest here is the difference in directional wave height 

distribution between both AWAC locations, which are in similar water depth and with 

spacing between sensors of only 600 m.  The locational arrangement of both AWACs 

together with the bathymetric layout is shown in Figure 61, where it can be seen that 

waves approaching AWAC 2 location from the west have to travel a longer distance across 

shallow water than at AWAC 1 station.  However, on first discovery of the differences 

between both AWAC locations, there were some concerns that one of the AWACs might 

have been faulty.  To check on this possibility, a search was undertaken for some aerial 

photography, and a suitable picture was found on Google Earth (2017).  When looking at 

the wave crests near the AWAC location as shown in Figure 62, and highlighted by the 

yellow lines, a directional shift of 11° is clearly visible between both stations.  On further 

investigation this phenomenon was also confirmed through numerical spectral wave 

models based on DHI Mike 21 SW (Greenwood et al 2013, Vogler et al 2015, Vogler and 

Venugopal 2015).  Model outputs also highlighted the AWAC 1 location as an energy 

hotspot, with a wave power density considerably higher than for the neighbouring area.  

The distribution of significant wave height near the AWAC locations based on model 

boundary input parameters of Hm0 = 3 m, Tp =7 s and Dirp = 270° near the wave buoy 

locations is shown in Figure 63, and a closer up plot for the wave power distribution 

against Hm0 = 5 m, Tp = 9 s in Figure 64. 
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Figure 61. Bathymetry in the near-shore zone around the ADCP locations (adapted from 

Vogler et al 2013). 

 
Figure 62. Visible refraction at AWAC locations (adapted from Google Earth 2017).  

 
Figure 63. DHI Mike 21 SW model at 200m mesh size. Close up of the AWAC location 
clearly confirms the energy hot spot 600m SW of AWAC2 at AWAC1.  An additional 
hotspot is visible 3.5km to the NNE of the AWACs (adapted from Vogler et al 2015). 
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Figure 64. DHI Mike 21 SW model showing the wave power distribution near the AWAC 

locations at a 200 m triangular mesh at input conditions of Hm0 = 5 m, T = 9 s.  Although 
at the same water depth and at close distance, AWAC 1 features a considerable higher 

wave power resource (adapted from Vogler and Venugopal 2015). 

 

Based on the initial data returns for the period from September to December 2012 the 

wave power was calculated for the sensor locations based on intermediate water depth 

equations [35] and [52].  Wave power appears to be higher in the offshore region of the 

Outer Hebrides here than what has previously been suggested, e.g. in reports by The 

Scottish Government (2010), and this can be explained by the limited time period in the 

autumn over which the data presented here was captured.  

The directional distribution of wave power for the period is shown in Figure 65, with a 

direct comparison of monthly averages between the individual locations given in Figure 

66.  It can clearly be seen how the wave power reduces with the distance that waves are 

exposed to sea bed interaction.  The difference between both AWAC locations is also very 

evident with AWAC 1 location featuring a very sharp distinct peak in a narrow directional 

distribution.  A similar effect, but by far not as pronounced, is also visible at AWAC 2 

location.  Given the observed higher directional bandwidth at the buoy locations, and 

compared against the narrow band distributions in the nearshore, this confirms the 

higher suitability of wave energy converters with a fixed directional alignment (e.g. 

Aquamarine Oyster) for the nearshore region, with WECs that are able to sway into the 

predominant wave direction (e.g. Pelamis) also being able to adapt to a more versatile 

directionality as experienced in deeper water.        
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Figure 65. Wave power against Direction(M), 19/09-12/12/2012 (adapted from Vogler et 

al 2013). 

 

Figure 66. Wave power distribution across the sensor network 19/09-12/12/2012 

(adapted from Vogler et al 2013). 

For further analysis of the changes in sea state between the buoy locations and the 

shallow water AWACs, the 252 day period from 22 September 2012 to 01 June 2013 was 

chosen, as this data period includes relevant data from both buoy and AWAC stations.   

Wave heights during this period included a wide range from an Hm0 of less than 1 m, up to 

a maximum of 14 m during a severe storm event.  To maintain a focus on the 

diversification during the shoaling process from the 60 m contour line at the buoy 

locations to 13.5 m at the AWAC sites, only data from Buoy 2 is used here to compare the 

conditions at 60 m depth with the shallow water data.  In cases when data returns from 

Buoy 2 were of spurious quality or not received, these timestamps were filled in with data 

from Buoy 3 to amalgamate a continuous dataset.  Data was substituted for 1.1 % or 62 
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hours over the 252 day period, and for 0.1 % or 6 hours no reliable buoy data was 

available from either station over this timespan.  Data returns from both AWACs were 

very reliable with 100 % for AWAC 1, although for 3.4 % of the observation period the 

vertical beam signal in AST mode was compromised due to aeration in the water column 

and strong surge action during storm conditions.  During these times the wave spectra 

were calculated based on data from the on-board pressure sensor to achieve a 

continuous data sequence.  For AWAC 2 data was not recorded for 2.1 % or 5 days over 

the timespan, due to insufficient battery power.  AST data was substituted with a 

pressure based spectrum for 1.9 % or 113 hours of the data period due to severe wave 

conditions impacting the acoustic data returns.  During quality control using statistical 

approaches together with a visual review and sense check of the data, any apparently 

spurious data and data that exceeded the sensor specifications was removed from buoy 

and AWAC datasets, and this included wave heights of above 20 m and periods of more 

than 20 s, or data marked with error flags by the proprietary software packages.  In 

addition data outliers were identified based on standard deviation ratios, or the ratio of 

Hmax and H1/3, where the half hourly data sequences with ratios of Hmax/H1/3 > 2 were 

visually checked to identify abnormal or faulty behaviour.  Where spurious data was 

identified, this was removed from the time series and the relevant parameters for the half 

hourly data intervals were re-calculated prior inserting these revised values into the 

amalgamated dataset.  This was required in total for a 6 hour period, or 0.1 % of the 

duration covered.   

For direct comparison between the sensor locations a merged dataset was used.  Missing 

data points for any of the sensors were deleted for the other sensors also, to achieve a 

like-for-like comparison without introducing bias due to inconsistent data coverage.  In 

total 148 records or 2.4 % of the data were removed over the 252 day period.   

The relationship between wave height and direction for this data period is shown in 

Figure 67 and is consistent with observations made earlier for a shorter period at the 

same location.  Although the predominant wave direction at the 60 m line is slightly more 

towards the south-west for the extended data period shown in Figure 67, when 

compared against Figure 60, the effects of refraction are still clearly visible.   
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Figure 67. Percentage occurrence of significant wave height against direction at sensor 

locations for 22/09/12 to 01/06/13 (adapted from Vogler and Venugopal 2015). 

As per previous observations, the considerable differences between both AWAC locations 

are still clearly identifiable with AWAC 1 station again showing a more focussed 

directional distribution than AWAC 2.  The differences in directional spreading across the 

sensor locations can be described by the standard deviation across the directional time 

series, and values are σ = 47.1 for the buoy, σ = 22.3 for AWAC1 and σ = 22.9 for AWAC2, 

with mean peak directions of 297°, 298° and 310° for Buoy 2, AWAC 1, and AWAC 2 

respectively.    

The concept of exploitable wave power based on Folley and Whittaker (2009), who 

suggested that only sea states with less or equal to four times the average incident wave 

power should be considered for the resource evaluation, has been introduced previously 

in chapter 3.4.   The implication of this threshold is shown in Figure 68, where the plot on 

the right shows the difference in energy density for the 252 day dataset between the 

total energy density as shown to the left, and the maximum exploitable energy following 

the application of a capping factor of 4 times of the average incident power.  The energy 

values are also shown numerically for the total energy, the exploitable energy and the 

percentage reduction in Table 7.  Based on the underlying dataset it is clearly shown that 

the nearshore locations are less affected by this capping factor, with AWAC 1 location 

showing only around half the reduction of exploitable energy than the other locations.  

This is a clear indication of a more homogenous wave climate at the AWAC 1 location 

when compared against the neighbouring nearshore site, or the buoy location.  

Considering project planning and site finding for WEC installations, this observation is 

very relevant, as a less versatile wave climate will allow an energy converter to improve 

the efficiency as a smaller range of conditions has to be considered for optimised device 

tuning.  The difference between both nearshore locations clearly evidences the 
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requirement for careful micro-siting of devices during the final layout planning, as 

significant differences in yield can be achieved by having a full awareness of local energy 

hotspots and wave power distribution.           

 
Figure 68. Total wave energy in 10° bins shown in left; exploitable wave energy shown in 

middle, and difference to the right (adapted from Vogler and Venugopal 2015). 

 
Table 7. Difference between total and exploitable energy at sensor stations for 22/09/12 

to 01/06/13 (adapted from Vogler and Venugopal 2015). 

 Buoy AWAC1 AWAC2 

Total Energy 381 MWh/m 237 MWh/m 178 MWh/m 

Exploitable Energy 318 MWh/m 218 MWh/m 149 MWh/m 

% reduction 16.5% 8.0% 16.3% 
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6.1.3.2 Individual wave height distributions  

Linear random wave theory suggests that the occurrence of individual wave heights in a 

given sea state in deep water follows a Rayleigh distribution.   

To evaluate the distribution of the wave height at both buoy and nearshore location at 

the range of occurring sea states, samples were identified to cover wave heights from 

between 1 to 10 m, as measured at the wave buoy locations.  In addition a severe storm 

event with an Hm0 of 14 m at the 60 m deep offshore location was also added to the 

analysis.  The aim of this approach was to detect changes in distribution with increasing 

wave heights, as expected due to bottom interaction and the shoaling process.    

Only limited records were available for the higher wave heights and to maintain 

comparability across all sea states it was decided to limit the individual sample size to half 

hourly records.  On identification of suitable sea states at the required 1 m intervals a 30 

minute wave-by-wave statistical record was isolated from the buoy data.  This was 

supplemented with statistical information derived from both nearshore locations for the 

pre-set 34 minute wave bursts.  Up to a wave height of 6 m the AWAC data was taken 

from the vertically pinging AST mode, and to avoid errors due to compromised acoustic 

signals, e.g. due to aeration in the water column, sea states above 6 m were isolated 

based on the pressure sensor signal.  It is an inherent feature of the Nortek AWAC sensors 

that the AST mode samples at twice the rate as the pressure sensor, i.e. 2 Hz against 1 Hz, 

and therefore it was found that the AST mode is the preferred option for shorter period 

waves, typically corresponding with lesser wave heights, compared to the reduced 

sample rate which works well for longer period waves.  Individual waves were isolated 

based on the zero up-crossing period, and this was supplemented with values for Hmax, 

Hm0 and number of waves over the 30 minute sample, based on the buoy location.    

Further comparisons were made for buoy and AWAC locations for the spectrally derived 

Hm0 and H1/3 as taken from the average of the highest third of waves during the records, 

and Hs as four times the standard deviation of the full displacement sample record.  Good 

agreement was observed between H1/3 and Hs, and some discrepancies were observed 

between the statistical and spectral parameters for the shallow water locations.   

As already mentioned in chapter 5.1, it is worth noting that the commonly used approach 

to single out individual waves based on the zero up-crossing records, e.g. as is the case in 
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the Datawell W@ves21 software, only captures the full height of the down wave side 

only, i.e. from crest to trough, rather than the approaching face of the wave about to 

interact with any offshore structure.  On comparing statistical wave heights using both up 

zero-crossing and down zero-crossing, no clear bias could be detected within the limited 

datasets.  However, strong fluctuations for maximum wave heights were observed for all 

locations with discrepancies of up to 45 % in either direction between both approaches.  

During the most energetic sea state that formed part of this analysis (with Hm0 of 14 m) 

the difference between both approaches was 3.6 m with maximum wave heights of 25.8 

m and 29.4 m for zero up-crossing and down-crossing respectively.  It remains indicated 

that use of the zero down-crossing period achieves more relevant results when designing 

for survivability, as this parameter is closer related to forces of an impacting wave front.   

The individual wave height distributions for all locations and the sea states under 

observation are shown in Figure 69, in raw form for the 1 m scenario, and also following a 

5th order polynomial smoothing for all sea states.  It can clearly be seen that the wave 

heights at lower sea states resemble a Rayleigh distribution in most cases.  An exception 

is seen for AWAC 1 at 3 m wave height, where a broader distribution is shown, and this 

might be related to localised wave focussing effects as evidenced by the energy hotspot 

shown for the location in Figure 63.  As the wave height increases, this changes for the 

shallow water stations towards a more focussed distribution with a higher number of 

waves occurring closer to the maximum wave height.  This is likely caused by the bottom 

interaction as the waves progress towards shallow water, where natural depth induced 

wave breaking does not allow for a certain individual wave height to be exceeded.  This 

effect is not clearly detectable for the deeper water buoy location, where a relatively 

Rayleigh type distribution also applies in storm conditions, as wave bottom interactions 

are less pronounced due to increased water depth.  The study site features a tidal range 

of up to 4 m during spring tides, and the impact of the varying water levels of between 11 

to 15 m on wave heights is evidenced in Figure 70.  Maximum values for Hm0 are visible 

during times of increased water levels towards high water spring, with wave heights being 

clearly reduced during times of low water during the same tidal cycles.   
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Figure 69. Wave height distributions for selected sea states.  Number of waves on vertical 
axis, wave height [m] on horizontal axis. Values for Hm0 and Hmax shown are related to the 

wave buoy location (adapted from Vogler and Venugopal 2015). 
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Figure 70. Relationship between wave height and water depth: AWAC 1 shown in black; 
AWAC 2 as red markers and the linear trend for AWAC 2 is shown by the blue dash line 

location (adapted from Vogler and Venugopal 2015). 

 

6.1.3.3 Spectral energy distribution   

To assess differences between the wave spectra at the different measurement locations a 

continuous period covering data for both buoy and AWACs was identified.  From June 

2012 until May 2013, i.e. a full calendar year, data was available throughout for 

intermediate and shallow water depths.  To cover the entire period an amalgamated 

dataset was created from Buoys 2 and 3, where data from Buoy 3 was used to fill in a 

Buoy 2 data gap in July 2012, caused by the end of life of the battery pack.  Continuous 

data was available for the target period from AWAC 2 throughout and for AWAC 1 from 

October 2012 onwards, as this sensor was only deployed then. 

Power spectral density time series data for half hourly periods was extracted from the 

*.spt files in case of the buoy, and exported in csv format from the Nortek Storm software 

for the AWACs.  Frequency steps were adjusted to 0.01 Hz and a range from 0.03 Hz to 

0.35 Hz was chosen for all sensors to achieve a comparable dataset covering the relevant 

frequencies for wind and swell waves.  Data was prepared to show both absolute (as 

measured) and normalised (where the maximum value within the month is equalled to 

one in each file) values.  A time averaged dataset was created from the half hourly files 

for each full month throughout the period.  For further analysis and comparison the 

period from October 2012 until May 2013 was again averaged from the monthly dataset, 

and this period was chosen as full data was available from all three sensors.  From the 

monthly PSD data the key spectral parameters Hm0, TE and Tz were calculated as shown 

previously in chapters 5.1 and 5.2 and these are presented in Table 8.  Plots for each 
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month for the absolute and normalised power density spectrum are shown in Figures 71 

and 72.  The graphs in Figure 73 show the absolute and normalised PSD values for 

October 2012 to May 2013 side-by-side.     

 
Figure 71. Absolute PSD-values for intermediate and shallow water as measured from the 

buoy and AWACs respectively from June 2012 to May 2013. 
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Figure 72. Normalised PSD-values for intermediate and shallow water as measured from 

the buoy and AWACs respectively from June 2012 to May 2013. 
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Table 8. Spectrally derived averaged sea state parameters from measured data. 

 

Buoy AWAC1 AWAC2 

Hm0 [m] TE [s] Tz [s] Hm0 [m] TE [s] Tz [s] Hm0 [m] TE [s] Tz [s] 

Jun-12 1.6 6.7 5.2 No data No data No data 1.0 6.6 5.0 

Jul-12 2.1 7.8 5.9 No data No data No data 1.4 7.6 5.6 

Aug-12 1.6 7.7 5.7 No data No data No data 1.0 7.6 5.5 

Sep-12 3.6 9.5 7.2 No data No data No data 2.4 9.3 6.5 

Oct-12 2.6 9.0 6.7 2.1 9.7 6.8 1.8 9.0 6.4 

Nov-12 3.6 9.9 7.4 2.9 10.4 7.5 2.4 10.0 7.2 

Dec-12 3.3 9.9 7.4 2.4 10.8 7.5 2.1 10.2 7.1 

Jan-13 3.8 11.2 8.0 2.7 11.8 8.4 2.3 11.4 7.8 

Feb-13 4.0 12.0 8.6 2.3 10.9 7.9 2.0 10.3 7.3 

Mar-13 2.6 9.1 6.7 1.7 10.0 7.0 1.7 9.7 7.0 

Apr-13 3.2 10.0 7.5 2.3 10.4 7.3 1.8 8.4 6.3 

May-13 2.8 9.1 7.0 2.2 9.5 7.0 2.0 9.1 6.6 

 

 
Figure 73. Absolute and Normalised PSD-values for intermediate depth and shallow water. 

As expected considering the location of the sensor network at high latitudes, a strong 

seasonal fluctuation of sea states throughout the observation period is clearly evident in 

Figure 71.  Peak energy density values for the monthly averages range from less than        

2 m2Hz-1 in June towards 14 m2Hz-1 in February.  The general trend of seasonal variation is 

somewhat irregular in the existing dataset, with higher values than what would be 

expected from looking at the overall trend shown for September 2012.  This is due to a 

number of high energy storm events in that month, albeit for limited periods of time only, 

but with enough power to disturb the pattern of monthly averages.  This is a good 

example why data from individual years only is not the optimal choice for general site 

assessment, but is very useful as tool for calibration and validation of numerical models.  

Once such models are set up properly it is relatively straightforward to produce hindcast 

datasets covering much longer timeframes than what is realistically possible with in-situ 

sensors. 
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Where the comparison between absolute PSD values in Figure 71 clearly demonstrates 

differences in available power density between intermediate and shallow water depths, 

in particular during the winter period, plotting of the same dataset as normalised values is 

more suited to comparing the frequency distribution of energy as in Figure 72. The 

spectral shapes of buoy and AWAC locations during the calmer summer months are very 

similar, and the key difference is a reduction of wave height as the waves progress from 

the buoy at 60 m depth towards the AWAC stations at 13 m, with a relatively unaltered 

wave period.  This is aligned with linear wave theory, which suggests that the wave period 

remains unchanged during the shoaling process.  However, this similarity changes during 

higher energy sea states, where a small increase of the peak power period can be 

observed at the AWAC stations, together with a higher content of shorter period waves.  

A good example for this occurrence is visible during February, where the shallow water 

AWAC spectra appear more broadened than at the buoy location.  This effect can likely be 

contributed to non-linear wave shoaling processes, as described by Elgar and Guza (1985) 

based on a comparison between field data against a non-linear model.  The paper by Elgar 

and Guza (1985) describes the transformation of narrow-band spectra during the shoaling 

process into a broader shape and with additional peaks at the harmonics of the peak 

frequency, and this effect has also been observed at the study site described here by the 

author during storm events (Vogler et al 2015).  An example for such broadening of the 

wave spectra and the formation of multiple peaks is shown further down in Figure 75 

during severe storm conditions on 04 February 2013 at the study site, when wave heights 

at the buoy location reached values of more than 12 m.   

During other months the AWAC locations feature a marginally longer peak period 

compared to the buoy spectra. This is likely caused by refraction and related 

perpendicular alignment of the incoming waves to the shallowing bathymetry, together 

with a general modification of swell waves towards longer periods with distance 

travelled.  As a general observation considering the presented spectra it is seen that only 

the wave height changes during small to moderate sea states, whilst the period remains 

unchanged and this largely follows linear wave theory.  During the more energetic sea 

states during the winter month a modification of the wave period can also be observed 

during the shoaling process, and this is attributed to non-linear processes as caused by 
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breaking waves, increased steepness, and also the spectral wave-to-wave energy transfer 

(triad interactions). 

An additional observation on Figure 72 can be made during March 2013, when the buoy 

location shows a broader spectrum compared to the shallow water locations.  This is 

caused by shorter period wind waves from a more northerly to easterly directions, which 

do not reach the shallow water location due to the sheltering coast line for these 

directions.  As a final comment on Figure 72 it should be explained why the normalised 

spectra display values of less than the normalised value of one.  This is due to the monthly 

averaging of the half hourly datasets, where the time averaged peak period and other 

frequency distribution covers the range of peak frequencies throughout the period.  

Therefore the closer the normalised averaged values are to the maximum value of one, 

the less fluctuation of peak frequencies has occurred during the observation period.  A 

good example for this behaviour can be seen in Figure 73, where the six month average 

from October 2012 to March 2013 is shown as absolute and normalised plots.  Although 

the absolute values are clearly higher for the wave buoy dataset, when looking at the 

normalised data higher values are seen for the AWACs, thus indicating less fluctuation of 

peak frequencies in shallow water than what is found at the buoy location.  

This is of interest particularly during the higher energy winter months, when the shallow 

water locations clearly show elevated values for the normalised data, i.e. less fluctuation 

of peak frequencies, than the deeper water buoy location.  A more narrowband 

distribution of peak frequencies as seen at the shallower water stations is of interest to 

energy developments, as this allows for better default tuning of WECs to operate at the 

natural frequency, thus achieving a better performance with higher energy yield.    

A six month PSD comparison between buoy and AWAC locations against the standard 

default Bretschneider, Pierson-Moskowitz and Jonswap spectra is shown in Figure 74, 

based on the same data period as in Figure 73.  

An introduction to the standard spectra has already been given in chapter 5.2.  The plots 

shown in Figure 74 are based on measured wave heights and wind velocities to the left, 

and to the right as optimised fitted curves, in both situations shown against measured 

data from the sensor locations.  Table 9 shows the actual parametrisation used for the 

standard spectra based on measured and optimised fitted environmental values.     
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Figure 74. Comparison of measured against theoretical wave spectra; shown left is the 
comparison against theoretical spectra using measured wind velocity and wave height, 

and on the right as a best fit solution. 

Table 9. Parametric values of theoretical spectra in Figure 74. 

  
from data fitted curves 

Buoy AWAC1 AWAC2 Buoy AWAC1 AWAC2 

gamma 1.2 0.8 0.8 0.8 1 0.9 

alpha 0.008132 0.008132 0.008132 0.001143 0.005348 0.003909 

Hm0 [m] 3.28 2.3 2.02 7 5 4.3 

Fp [Hz] 0.08 0.08 0.08 0.08 0.08 0.08 

W [ms-1] 15 15 15 25 8 5 
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Where the Bretschneider spectrum utilises the peak frequency and wave height as input 

parameters, both the Pierson-Moskowitz and Jonswap spectra are based on the wind 

velocity and, depending on which interpretation of the spectra is applied, also the wave 

fetch length.  These shape and magnitude forming parameters are represented in the PM 

and Jonswap spectra by the α-value to include wind velocity, and in the absence of 

measured data values between 0.01 to 8.1 x 10-3 are suggested as appropriate, with 8.1 x 

10-3 often used as default value.  The full approach used here for the spectra calculations 

is shown in equations 26 to 31 (chapter 5.2). 

It is seen in Figure 74 on the left hand side that the Bretschneider spectrum considerably 

underestimates the actually observed spectra at the study site when using the true value 

for wave height, averaged over the observation period, and this might be due to this 

spectrum describing a developing, rather than a fully developed sea (McCormick 2007). 

The wind velocity influenced Pierson-Moskowitz spectrum achieves a better similarity 

with the field data, with smaller PSD values returned by the PM spectrum at the buoy 

location, but an overestimation of the theoretical spectrum when compared with the 

AWAC data.  By introducing the peak enhancement factor ϒ the PM spectrum changes 

into the Jonswap spectrum, and this allows for an improved similarity between 

theoretical and Jonswap spectra.   In all cases the comparison between the measured 

spectra at buoy and AWAC locations with the theoretical spectra following Bretschneider, 

Pierson-Moskowitz, or Jonswap, and based on measured wave height or wind velocity, 

shows broader spectra for the field data from buoy and AWAC, with a higher energy 

content represented in the higher frequencies and a less pronounced peak than what is 

seen in the calculated outputs.   

The results for an optimised similarity between the theoretical and measured spectra 

following an adjustment of available tuning parameters for wave height, α (dependent on 

wind speed), and ϒ-value) are shown in the right hand side of Figure 74.  A higher energy 

content for shorter wave periods is still evident for all three sensors following the 

optimisation, although a close similarity is seen in case of AWAC 1 location for all three 

theoretical spectra.  Generally a reasonable similarity is achieved between the compared 

spectra, and the main difference is the broader spectral shape in case of the measured 

data.  This broader shape can likely be allocated to localised shorter period wind sea 

components, which are not considered in the theoretical spectra, and also to the 
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averaging of the measured data over a six month period.  The inclusion of an additional 

shape factor, together with the already existing peak enhancement factor in the Jonswap 

spectrum, could be considered to allow for better representation of shorter period wind 

seas.  This would then lead to an improved similarity between theoretical and observed 

spectral shapes in the nearshore zone and other complex environments.  

6.1.3.4 Observations during a severe storm event   

Longevity and survivability of infrastructure, energy installations and ships in coastal 

waters and the open ocean is strongly influenced by both fatigue and extreme loading.  

Where the previous sections have given primarily statistical information on sea states 

during the observation period (more relevant to fatigue loading assessment), some 

additional data and observations from an extreme storm event on 04 February 2013 at 

the study site is shown here.  The general weather situation that has resulted in extreme 

wave heights off the Outer Hebrides at the time is reported in detail in Vogler et al. 

(2015).   

From 01 to 05 February 2013, the combination of a low pressure system with only 965 

mbar at its centre progressing from Newfoundland towards Iceland and onwards to the 

north of Scotland, and a large area of high pressure with 1035 mbar extending from Spain 

towards Canada has resulted in high wind velocities from a south-westerly direction 

across the entire North Atlantic.  The low pressure system was travelling with a velocity of 

7.2 ms-1 and following equation [40] and [45] in chapter 5.3 this correspondents with a 

wave period of 9.22 s for waves travelling at the same speed as the weather system. 

Therefore waves with a 9.2 s period travel with the same speed as the driving wind force, 

and thus continue to gain strength whilst transecting the fetch area.  The occurrence of 

waves travelling with the same velocity as the driving weather systems has been 

described previously by Hanafin et al (2012) as a resonance phenomenon, and has been 

given as the primary cause of very high sea states in the North Atlantic. 

At the study site at the Outer Hebrides the storm peaked around mid-day on 04 February 

2013, when a significant wave height approaching 14 m was recorded at the buoy 

locations, with a calculated wave length of 250 m.  Waves start to interact with the 

seabed when the wavelength is twice the depth, i.e. in this case at a depth of 125 m.  

During the shoaling process experienced by the waves as they crossed the area from deep 
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water to the 60 m contour line at the buoy location energy dissipation caused by bottom 

friction will already have taken place, and wave heights reaching or exceeding the 50 year 

return wave height of 15 to 16 m (HSE 1997, Agarwal et al 2013) in deeper water to the 

west of the buoy stations can safely be assumed during the peak of this storm. 

Linear wave mechanics are largely replaced by non-linear processes during the shoaling 

under storm conditions and an energy transfer from the spectral peak frequency to 

multiples of this frequency, known as Triad interaction, can be observed.  Although no 

energy is dissipated during this process alone, Triad interactions result in a modified 

shape of the power density spectrum, with multiple peaks forming at the harmonics of 

the peak frequency, sharper wave crests and flatter troughs (Filipot and Cheung 2012).  

Non-linear triad interactions are described in detail by Elgar and Guza (1985), and 

Hasselmann (1962), and an example is shown in Figure 75.  A decrease of wave period 

from buoy to AWAC locations can also be seen in the same figure, which is another 

indication for the dominance of non-linear processes in this situation.  As mentioned 

above, during the observed conditions the waves will have started to interact with the 

seabed at a depth of approximately 125 m, some 50 km to the west of the buoy locations.  

This explains the multiple spectral peaks detected by the wave buoys, and likely caused 

by the non-linear Triad interactions during the shoaling process.  Unfortunately no 

spectral information of the incoming waves in deep water during the storm event is 

available for direct comparison with the spectral shape at the sensor locations.    

 
Figure 75. Broadened spectra during storm conditions on 04/02/2013 08:00 (adapted 

from Vogler et al 2015). 
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Time series plots for significant wave height and zero-crossing period during the peak of 

the storm are shown in Figure 76.  At times when conditions are not suitable for use of 

acoustic signals, no wave spectral analysis is performed by the Nortek AWAC sensor and 

post processing software.  Instead statistical parameters are produced, based on the 

combination of pressure sensor and slanted beams (PUV-mode), but excluding vertical 

beam information.  This is the case in situations with high aeration in the water column, 

as during the storm event described here, or also with a high content of suspended 

sediment surrounding the sensor.  Although the pressure sensor might also be impacted 

by high aeration content and related reduced density of the water column, this is not 

considered to be significant, as the wave processing only considers the excursive rather 

than absolute pressure values. Therefore the values for significant wave height and zero-

crossing period in Figure 76 are statistically derived, on a wave-by-wave base and 

averaged over hourly sample periods.   

 
Figure 76. Significant wave height [H1/3] and zero-crossing period [Tz] during the peak of 

the storm (03/02/2013 18:00 – 05/02/2013 11:00, adapted from Vogler et al 2015). 

An increase of wave height can be seen from 22:00 UTC on 03 February 2013 until 10:00 

UTC the following morning, when peak values reached an H1/3 of 13 m at the buoy 

locations.  This was followed by a gradual reduction over the next 24 hour period, when 
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the wave height became more settled again at around 7 m.  The trend at both AWAC 

stations differs somewhat from the observations at the buoy locations, with maximum 

wave heights reaching close to 7 m at AWAC 2 station, and two metres less at the 

neighbouring AWAC 1 location.  As the wave heights are limited by the wave steepness, 

as the ratio of wave height over wave length, and also due to depth induced wave 

breaking, maximum wave heights stabilised at the AWAC locations at around the natural 

limit, and remained relatively stable until the peak of the storm had passed.  An 

interesting observation in Figure 76 is related to the wave period, with both AWACs 

displaying larger values than the deeper water buoy locations.  This is again an indication 

for the non-linearity of the shoaling process in this situation, and is also linked to 

refraction and an increased alignment of the wave direction towards the coast, as the 

waves approach the shoreline. Reduced directional scatter in the nearshore zone results 

in an almost unidirectional wave direction, with the previously more directionally 

scattered multiple waves of similar magnitudes in deeper water now being combined in a 

reduced number of smoothened waves.  This in effect results in a lesser number of waves 

in the nearshore zone, and leads thus also to an increased statistical zero crossing period. 

Another interesting observation in the same figure is the relatively larger increase of both 

wave height and period of AWAC 2 compared to AWAC 1 at 03:00 UTC on 04 February.  

Previously in chapter 6.1.3.1 the existence of an energy hotspot at AWAC 1 location has 

been demonstrated during relatively settled conditions (Figures 63 and 64).  From 

observations made during this storm event, this energy hotspot seems to have 

discontinued, with AWAC 2 now featuring higher waves and period.  This is also 

confirmed by a DHI Mike21 model run under the given storm conditions and Figure 77 

shows the wave height distribution for input conditions of Hm0 = 13.5 m at the outer 

boundary.  Figure 78 shows a close-up of the AWAC location under these conditions, 

which is aligned with the measured data.  This is an interesting observation, as AWAC 1 

location clearly appears to be a very suitable location for WEC siting, with wave power 

being maximised during moderate conditions due to the hot-spot nature, but less hostile 

during storm situations than the neighbouring point.     
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Figure 77. Isle of Lewis: spectral wave model simulating the storm event with Hm0 = 13.5m 

(adapted from Vogler et al 2015). 

 
Figure 78. Wave height distributions in the nearshore AWAC model domain (adapted from 

Vogler et al 2015). 

The distributions of wave heights at the buoy and AWAC locations during the peak of the 

storm from 10:00 UTC to 16:00 UTC on 04/02/2013 are reported in Figure 79.  The 

averaged periods of all recorded waves during this 6 hour period were established as 

13.25 s for Buoy 1, 12.87 s for Buoy 2, and 15.8 s and 16.52 s for AWAC 1 and AWAC 2 

respectively. Where the general shape and skewness of wave height distribution at the 

buoy location resembles a Rayleigh type distribution, this is not the case at the AWAC 

stations.  With wave heights limited by the shallow water depth, only a small number of 

waves higher than the percentage peak value are shown, resulting in a much more 

narrowband distribution.  As seen previously in both Figure 76 and the Mike21 model, 

increased wave heights are shown for AWAC 2 compared to AWAC 1 during the storm, 

which again is an important finding for micro-siting of potential WEC installations.  
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Figure 79. Wave height distribution during the peak of the storm event (adapted from 

Vogler et al 2015). 

This chapter closes out by showing some examples for spurious or notable events during 

the storm.  The limitation of an acoustic sensor to capture quality data in situations with 

high aeration in the water column has previously been mentioned, and an example is 

shown in Figure 80.  The upper plot shows data from the in-built pressure sensor of the 

AWAC (black line) against the signal from the vertical AST beam in red.  The correlation 

between both signals is clearly visible, albeit with an offset of 0.8 m.  This offset is caused 

largely by the difference between atmospheric pressure during sensor zeroing and time 

of data record (19/02/2013 04:00 UTC in this case).  The pressure based line appears to 

be somewhat smoother than the AST data, and this is caused by the AWAC inherent 

feature, where the AST data is sampled at twice the sample rate of the pressure sensor. 

For the assessment of longer period or swell waves, both data returns are suitable in this 

case.  The bottom plot in Figure 80 shows the same two sensors during the severe storm 

described in this chapter.  The offset between pressure and AST data has now 

disappeared, indicating that the pressure sensor might have been zeroed at times of low 

atmospheric pressure.  Where the black pressure data line gives a very clear signal, 

directly related to the sea surface, the data return of the AST beam is very noisy and no 

useful conclusions on passing waves can be made.  This is likely caused by disturbances in 

the water column, due to heavy wave surge action, and including entrapped air bubbles 

in the water column.  However, the combination of a pressure sensor with a vertical 

beam inside the AWAC gives contingency and allows use of the most appropriate means 

to assess the passing waves, under given circumstances.          
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Figure 80. Comparison of acoustic surface tracking data against pressure sensor.  The 

upper graph shows the correlation during settled weather; the lower graph, representing 
a high energy sea state with Hs = 6 m, exemplifies the disturbed acoustic signal under the 

observed conditions (adapted from Vogler et al 2015). 

The analysis of the Datawell Waverider data during high energy conditions also 

occasionally shows some compromised or spurious data returns, and these are primarily 

linked to an in-built filter response function, which is triggered by abnormal accelerations 

during operations (Datawell 2012a).  This filter response function has a sharply defined 

signature and can thus be identified during the data screening.  Treatments for detection 

and modification of such spurious data points have been suggested by Cahill (2013) or 

Morrison et al (2014), and possible solutions include scanning for abnormal period values, 

or excessive wave heights during post-processing.    

Figure 81 shows the half hourly maximum values for period and wave height as returned 

by the wave buoys during the storm period.  In total there are four waves shown higher 

than 25 m, and two of these even above 35 m.  Although maximum wave heights of 

around 25 m during a sea state with Hm0 = 13.5 m appear to be feasible, a closer 

inspection of such data returns clearly appears to be indicated.  Figure 82 shows the 

vertical displacement time series of buoy 1 for a reported maximum wave height of 38 m 

during the storm event.  Also visible in Figure 82 are a number of very sharp peaks, 

indicating high waves with a very short period.  This is followed with a short delay by an 

extraordinary wave crest, embedded within a very deep wave trough on either side.  The 

indicated large displacement of almost 40 m and with a 27 s period at approximately 120 

s after the shock incident evidenced at the 177 s timestamp in Figure 82 clearly follows 

the signature of the Datawell filter response function, thus making this reading invalid.      
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Another very high vertical displacement during the same storm event, with a wave height 

of 29.41 m is shown in Figure 83.  In this instance there are no indications towards a 

flawed or filtered data return, and this value can be taken as a true reading.       

 
Figure 81. Maximum wave heights and periods before external quality control for buoy 1 
and 2 from 03/02/13, 18:00UTC - 05/02/13, 12:00UTC. (adapted from Vogler et al 2015). 

 
Figure 82. Spurious data from Buoy 1.  X-axis t in[s], Y-axis h in [m] (adapted from Vogler 

et al 2015). 

 
Figure 83. Vertical displacement of 29.41m at Buoy 1 at 04/02/2013, 15:52UTC. This 

appears to be a true reading (adapted from Vogler et al 2015). 
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A final observation made during this particular storm event, with no credible explanation 

yet having been identified, is shown in Figure 84.  The graph shows the vertical 

displacement data with identical timestamps for Buoy 1 and 2.   

Both buoys are situated at a 13 km distance from each other, and appear to record a 

significant disturbance at the same time.  Even if both buoys were aligned directly 

perpendicular to the approaching wave front, it appears to be extremely unlikely that the 

same feature in a single wave would extend across such a large separation distance of 13 

km.  No similar disturbances are reported in the neighbouring period of this event, and it 

also seems unlikely that such a simultaneous recording is fully due to coincidence. 

 
Figure 84. Simultaneous disturbance shown by both buoys on 04/02/13 at 01:48UTC.  The 
graph shows displacement data from 01:39 – 01:58UTC (adapted from Vogler et al 2015). 

 

 
6.1.3.5 Opportunities for electrical grid sharing  

A widely shared challenge for marine renewable energy development is the remoteness 

of the geographical locality of the highest energy sites.  In UK waters and the Scottish 

context, the highest wave power resource has been identified to the west of the Outer 

Hebrides, the Shetland Isles, or the Orkney archipelago, a considerable distance away 

from the main population centres and end-users of electricity (Neill et al 2017).  Due to 

the remote nature of prospective wave energy development sites, the connection to the 

electrical transmission network presents a major challenge and cost factor.  Currently the 

electrical distribution grid in the Scottish Highlands and Islands region is already 

oversubscribed with considerable power generation from wind and hydro power stations.  
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To maximise the utilisation of these networks alternative connection scenarios are under 

consideration.  Renewable energy sources such as wind, solar and marine power are of an 

intermittent nature, with different degrees of predictability, and by combining different 

types of renewable generation it might be possible to increase the utilisation of the 

electrical network by balancing the connected generator types to counteract individual 

rates of intermittency.  This has been investigated e.g. by Bell (2013) for an energy mix in 

the Orkney Islands, and by the author of this study (Vogler and Morrison 2013) for the 

combination of wave and wind power, based on data from the Hebridean sensor network 

already described widely in previous sections.  An overview of methodology and results of 

the Hebridean study are presented in this chapter. 

In addition to the wave data from the near and offshore locations off the Isle of Lewis, a 

Davis Vantage Pro2 weather station including a cup anemometer was also operated 

throughout the data campaign.  This was situated at a location 2 km inland with the 

anemometer mounted at a 6 m mast in relatively flat terrain 22 m above ordnance 

datum.  Weather data including wind velocity and direction was transmitted via a wireless 

link to the buoy shore station and was recorded continuously at 1 minute intervals.   

For this grid cogeneration study a continuous one year dataset covering the period from 

01 February 2012 until 31 January 2013 at hourly timestamps was used.  Nearshore wave 

data was taken from the AWAC 2 location (AWAC 1 was only deployed at a later date, and 

was not available for the full period), and intermediate depth wave data primarily from 

buoy 2, with short data gaps filled in from the neighbouring Waverider buoys.          

Two different approaches using the measured field data were taken for the comparison 

of one year power profiles for the wind and wave resource.  In an initial assessment the 

raw power density based on a 1 m wave crest section in case of wave, and a 100 m high 

column, also with a width of 1 m for the wind resource was compared.  A second 

approach was based on the comparison of the theoretical energy yield of notional WECs 

at buoy and AWAC locations and a Vestas 112-3.0 MW wind turbine.        

In the first scenario the width of the 100 m2 column for wind was chosen, so that the 

comparison is based on the same length of available coastline as for wave power, and a 

100 m height was decided to achieve comparable absolute values for both energy 

resources.  Where it is theoretically possible to extract 100 % of the incoming wave power 
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with a terminator WEC device, the maximum amount of extractable wind power is 

capped at 59.3 % of the total energy flux by the Betz limit, and this has also been taken 

into account in the comparison.  The extractable wind power was calculated by equation 

[56] and differing wind speeds across the full 100 m height of the wind area were 

adjusted and incorporated through integration of equation [57] as shown in equations 

[58] to [62], and based on wind measurements from 6 m height above ground level. 

𝑃 = 0.5𝜌𝐴𝑣3 × 59.3% = 0.2965𝐴𝜌𝑣3     [56] 

𝑣𝑥 = 𝑣1 × [
ℎ𝑥

ℎ1
]
𝛼𝐻𝑒𝑙𝑙𝑚𝑎𝑛𝑛

    [57] 

The power is represented by P in [W], ρ is the density in [kgm-3], A the area in [m2] and v 

is the velocity in [ms-1] in equation [56].  In equation [57] vx relates to the wind speed  

[ms-1] at height hx, and based on a measured input velocity of v1 [ms-1] at height of 

measurement h1 [m].  The Hellman constant αHellmann is used to adjust the velocity 

fluctuation with height for different terrains, and following Kaltschmitt et al (2007) for the 

current case with flat, open terrain, a value of 0.11 was chosen.  

𝑣𝑥 = 𝑣6 × [
ℎ𝑥

6𝑚
]
0.11

     [58] 

𝑃𝑥 = 0.2965𝜌𝐴 [𝑣6 (
𝑥

6
)
0.11

]
3

    [59] 

𝑃𝑖 = [
0.2965𝜌𝐴(𝑣6)

3

60.33
] 𝑥0.33    [60] 

𝑃 = ∫ 𝑃𝑖 𝑑𝑥
100

0
= [

0.2965𝜌𝐴(𝑣6)
3

60.33
] ∫ 𝑥0.33 𝑑𝑥

100

0
 [61] 

𝑃 =
0.2965𝜌𝐴(𝑣6)

3

60.33

1.33
[𝑥1.33] 100

0
    [62] 

Px is the power [W] at height x [m], and a value of 1.22 kgm-3 was chosen for the density ρ 

as given in by CIBSE (2003) for air with a temperature of 14 °C at 50 % relative humidity. 

The solution to equation [62] for the range of heights from ground level to 100 m, and 

based on the input velocity from the 6 m high mast is shown in equation [63]. 

𝑃 =

0.36173
𝑘𝑔
𝑚
(𝑣6)

3

60.33

1.33
1001.33 = 68.8

𝑘𝑔

𝑚
× 𝑣6

3  [63] 
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Wave power was calculated as shown in equation [52] in chapter 5.3 and the directional 

distributions of wind and wave power during the observation period are shown in Figures 

85 and 86, with Figures 87 and 88 showing the percentage occurrence of wind velocities 

and wave heights over the year. 

 
Figure 85. Wind power (for a 1 m width integrated for heights from 0-100 m) against 

direction for 01/02/12-31/01/2013 (adapted from Vogler and Morrison 2013). 

 
Figure 86. Wave power per meter wave crest against direction for Buoy and AWAC 

location for 01/02/12-31/01/2013 (adapted from Vogler and Morrison 2013). 

 
Figure 87. Frequency distribution of wind speed at 6 m averaged at hourly intervals; black 
line showing moving average over 30 events (adapted from Vogler and Morrison 2013). 
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Figure 88. Frequency distribution of significant wave height at Buoy and AWAC location 
averaged at hourly intervals; black and blue dotted lines showing the moving average 

over 30 events (adapted from Vogler and Morrison 2013). 

It can be seen that the distribution of wind power is relatively omnidirectional, but with 

south to south westerly incoming winds being more predominant than other directions.  

This compares against the wave directional distributions at the buoy location, which is 

more focussed towards the west, with a secondary less powerful cluster of incoming 

waves from a south to south easterly direction.  The directionality in the nearshore as 

shown for the AWAC location appears to be most focussed compared against deeper 

water and wind, and a wave direction from around 310° clearly dominates this location.  

This diverse directionality between locations is an important consideration for the 

selection of the site specific technology, and is reflected in the fact that horizontal axis 

wind turbines can yaw around a full 360° circle to capture energy from any direction.  

Wave energy converters in deeper water are also generally able to capture energy from 

any direction by swaying around the mooring arrangement.  This is different for WECs 

designed for shallow water installation such as at the AWAC location, e.g. integrated into 

breakwaters (Wavegen), or with a mono-directional bottom mounted solution 

(Aquamarine Oyster).  By featuring a fixed alignment these WECs lack the ability to follow 

the waves, and are thus more suited to a resource with a predominant single direction.     

Assuming a directionally fixed installation pointing towards the predominant direction of 

316° for the nearshore WECs, a directional correction factor was applied to the AWAC 

location as in equation [64], where P represents the derived power from the raw resource 

or power matrix, θWEC the angular alignment of the WEC, and θWave the wave direction. 

𝑃𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 = 𝑃 × cos(𝜃𝑊𝐸𝐶 − 𝜃𝑊𝑎𝑣𝑒)  [64] 
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The frequency distributions of wind velocity and wave height in Figures 87 and 88 provide 

useful information on annual performance estimates of energy converters, as the 

specified output of wind turbines and WECs can be matched against the resource.  Based 

on the shown data a wind turbine with a rated output at 4 ms-1 will operate at full output 

for longer periods compared to a turbine rated at 6 ms-1.  But at the same time the 

second turbine will utilise a higher amount of the available resource, but operate at 

reduced productivity for longer periods than turbine 1.  Generally an energy generator 

matched against a resource with a very pronounced peak will operate with a higher 

capacity factor, than in a resource distribution with a broader shape.  Both wave locations 

feature a more narrow distribution than the wind resource, thus indicating a potentially 

higher capacity factor, with the nearshore AWAC resource featuring the narrowest 

distribution and highest percentage occurrence value of the three compared sites.  

The monthly variability of the available power is given in Figure 89, with the highest 

fluctuation between summer and winter shown for the buoy location.  Power density at 

the buoy location ranges between 107 kWm-1 in March and 9 kWm-1 in June, and a 

reduced fluctuation can be seen for the AWAC, with values ranging between 40 kWm-1 in 

February to 4 kWm-1 in June.  The smallest monthly variability can be seen in case of the 

wind turbine, with power values for the 100 m2 column, and after applying the Betz limit, 

of 41 kW in February compared to 11 kW in June.  Although the monthly fluctuation of 

power availability at the different locations correlates with the demand profile for 

electricity, with an increased energy usage in winter due to heating loads and reduced 

hours of daylight, from an efficiency point of view a high fluctuation of the resource 

profile is non-desirable for any type of renewable energy generator.  Either a generator is 

sized to operate at the rated capacity for a maximum amount of time, or to match the 

peak power availability of the resource.  In the first case only a fraction of the resource is 

being utilised, as any available resource input above the rated generator power will not 

be exploited.  This results in a relatively smooth power production curve throughout the 

year, which is desirable from a grid operational view.  In the other case a generator can 

be matched against the peak power availability during storm conditions or winter time.  

This might result in a better exploitation of the resource, but generally a poorer generator 

efficiency, as rated production is only achieved for very limited periods. 
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Figure 89. Monthly average power for wind and wave (intermediate and shallow water 

depth) for period 01/02/12-31/01/2013 (adapted from Vogler and Morrison 2013). 

The initial assessment of wind and wave resource has shown some key characteristics for 

power availability, seasonal variability and directionality for the wave and wind data sites.  

This is now supplemented by matching the wind and wave data against the datasheet of a 

commercial 3 MW wind turbine, and the notional power matrices of a nearshore and 

offshore WEC, followed by a comparison of production continuity and utilisation of a 

constraint grid for standalone and combined generation scenarios.    

To date only a very limited number of WEC technologies operate on a commercial scale, 

and no detailed specific performance data of such advanced devices is available in the 

public domain.  A number of power matrices for different prototype WECs have 

previously been released, but as these only reflect device specific behaviour at early 

development stages none of these were found to be suitable for further assessment of 

WEC power production in Hebridean waters.  To optimise energy production at specific 

sites, WECs can be tuned by adjusting the control strategy, geometry, damping and 

natural frequency, so maximum energy is captured in a given locational wave climate.  As 

a result of such site specific design and control modifications future WEC power matrices 

will likely be adjusted in individual site developments to match the local resource.   

Considering the measured resource data off the Isle of Lewis, generic power matrices for 

the nearshore and offshore resource were developed by the author (Vogler and Morrison 

2013, p.6),  

“based on the following four assumptions:  

a) WECs are selected and tuned according to the prevailing wave climate at specific 
deployment sites 
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b) The rated power of a WEC is achieved at the ‘prevailing most energetic sea state’ 
(PMESS) of an extraction site and output gradually declines with a deviation of wave 
height or period from the prevailing conditions.  PMESS is the sea state for which the 
highest value is obtained by multiplying the occurrence of all individual Hm0/TE 
combinations observed during the data period with the associated wave power   

c) Future WECs continue to generate at storm conditions without the need to shut down, 
although at reduced outputs 

d) WECs in intermediate water depth are treated as omnidirectional and are not affected 
by wave directionality; shallow water devices are considered to be of a fixed alignment 
and thus a directionality factor is applied to incorporate wave directionality.”   

In a first step matrices were created showing the percentage occurrence of Hm0 and TE 

combinations and covering the range of observed sea states.  An additional set of 

matrices was created showing the wave power based on linear wave theory and 

associated with the same sea states.  The Hm0 –TE combinations of both matrices were 

multiplied with each other to give the distribution of wave power across the observed sea 

states over the data period.  As the aim of this study was to compare the local wave 

resource with a commercial 3 MW wind turbine, the wave power distribution matrices 

were normalised to a maximum value matching the wind turbine for use as notional 

power matrices for both AWAC and buoy locations.   

Notional power matrices combining the theoretical wave power per sea state with the 

site specific percentage occurrence are shown in Figures 90 and 91, and the power output 

curve of the Vestas V112-3.0 MW used in this study is shown in Figure 92. 

 
Figure 90. Power matrix for the shallow water location ‘AWAC’, TE vs Hm0 (adapted from 

Vogler and Morrison 2013). 
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Figure 91. Power matrix for the intermediate depth location ‘Buoy’, TE vs Hm0 (adapted 

from Vogler and Morrison 2013). 

 
Figure 92. Power curve Vestas V112-3.0 MW wind turbine (adapted from Vestas Wind 

Systems 2009). 

Connection scenarios within a constraint grid infrastructure and against an increasing 

connected capacity were assessed using both the raw resource data and the power 

production based on specific generator types.  The annual yield was assessed against 

theoretically available grid capacity by throttling the maximum power produced at any 

time to the available range of grid capacities.  Figure 93 shows the theoretical energy 

yield for both the raw wave power per metre wave crest and the 1 x 100 m vertical 

column in case of wind.  The vertical axis shows the cumulative yield over the data period 

of one year against an increased grid connection from 0 to 1,000 kW on the horizontal 

axis.  The standalone energy inputs for the Betz limited wind resource, buoy and AWAC 

location are represented by graphs [1], [2], and [3] respectively, and it can be seen that 

the buoy location features the highest yield.  This is followed by the AWAC location for up 
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to a grid connection of 150 kW, closely followed by the wind resource.  With a grid 

capacity of above 150 kW, the wind resource achieves a slightly higher yield than the 

AWAC location.  The highest yield throughout is achieved by combining power from the 

buoy and wind locations, followed by combined buoy and AWAC.  Although the 

combination of wind resource and AWAC location achieves a higher yield than the 

individual generators, this yield is only modestly higher than the standalone buoy 

location.  As this assessment is based on a direct comparison of a given length of available 

coast line, it bears little relevance to commercial developments, and this would only be 

given in a context of 100 % planned exploitation of the coast line.  In such a context 

careful assessment would be required on how the wave resource might reduce at the 

AWAC location, considering energy extraction throughout at the offshore station.  

Therefore for development along the entire coastline it appears indicated that the 

combination of wave energy extraction along the buoy station, together with wind 

developments onshore would achieve the highest maximum yield.          

 
Figure 93. [1] Wind Power Betz limited, [2] Buoy, [3] AWAC aligned 316°, [4] Wind + 
AWAC, [5] Wind + Buoy, [6] Buoy + AWAC; Annual yield per individual or combined 

resource (adapted from Vogler and Morrison 2013). 

The technology based individual yields based on wave and wind input against the notional 

WEC power matrices and the 3 MW wind turbine power curve for individual and 

combined generation scenarios are shown in Figure 94.  An evenly shared grid connection 

was assumed to assess the cumulative yield, based on a combined 3 MW rating of two 

different generator types, i.e. wind and buoy, wind and AWAC, or buoy and AWAC.   

It can clearly be seen that in cases of sufficient grid connection capacity, i.e. an 

unconstraint connection, the standalone wind turbine achieves the highest yield.  This is 
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followed by combined scenarios for wind and buoy location and wind and AWAC location 

respectively.  However, in situations with a constraint grid connection to approximately 

50 % of the generator power, the combination of wind and wave resource achieves a 

modestly higher yield than any standalone generator.  In such a scenario the optimum 

ratio between wind and wave generation capacity connected to a constrained grid 

requires a dedicated site and technology specific analysis to maximise energy yield. 

 
Figure 94. Energy yield per individual or combined 3 MWmax generator against grid 

connection capacity (adapted from Vogler and Morrison 2013). 

The generator specific energy losses as a result of a constraint grid connection are shown 

in Figure 95, and are in the same order as for the maximum yield, i.e. highest for the wind 

turbine, followed by combined scenarios for wind and buoy and wind and AWAC location.  

This is of interest to scenarios with multiple uses of produced power, e.g. where grid 

constraint generators are also connected to an electrolyser for the production of 

hydrogen, or standalone off-grid charging points for electric vehicles, etc. 

The percentage grid utilisation for individual and combined generation scenarios is shown 

in Figure 96.  Again it can be seen that in case of sufficient grid connection capacity, the 

wind turbine performs best in the given scenario, with a capacity factor of 46 %.  

However, in case of a constrained grid limited to 1.7 MW against a 3 MW rated generator 

scenario, the combination of wind and wave achieves a more than 10 % higher grid 

utilisation than the standalone wind generator.  Given the cost of wind and wave power 

developments, it is likely not going to be feasible to install generators to a constrained 

grid to connect only 50 % of the rated power.  However, the economic balance might 

change when considering additional non-grid connected uses of the generated power.     
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Figure 95. Energy loss per individual or combined 3 MWmax generator against grid 

connection capacity (adapted from Vogler and Morrison 2013). 

 
Figure 96. Grid utilisation in percentage per individual or combined 3 MWmax generator 

against grid connection capacity (adapted from Vogler and Morrison 2013). 

 

6.1.4 Section summary and discussion   

The data analysis from multiple sensor deployments at a prospective wave energy 

development site off the Outer Hebrides of Scotland site shows some interesting results.  

Fully exposed to the North Atlantic the site features a combination of swell waves 

originating from a considerable distance away, but is also subjected to wind seas driven 

by frequently occurring low pressure weather systems moving towards the area via the 

jet stream.  Wave data from buoy and AWAC deployments confirm the energetic nature 

of the site, and modifications to the waves as these travel over the shelf area across the 

wave buoy network, and into shallow water are reported.  Considering concepts and 

aspects such as exploitable energy and wave directionality, it is shown that the nearshore 

wave resource offers less directional fluctuation and exposure to extreme events.  At the 
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same time the nearshore resource is less energetic than offshore sites, and this is due to 

the energy losses associated with bottom interaction during the shoaling process, wave 

breaking and white capping.  The comparison of two nearshore sensors at close distance 

and in the same water depth demonstrates the significance of energy hot spots, and this 

is an important consideration not only for general project site selection processes, but 

also for locational fine-tuning of WECs.  The seasonal fluctuation of wave power is shown 

for the site, with the considerable differences between winter and summer presenting a 

challenge to achieving a balanced homogeneous energy production throughout the year. 

Wave spectra from shallow and intermediate water depths are compared with standard 

theoretical spectra and the area seems to be reasonably well represented by the 

JONSWAP spectrum.  However, a slightly broader spectral shape is seen for the measured 

datasets, compared to the theoretical spectra, and this might be of impact for WEC 

performance analysis and site specific design of WEC control strategies.  Some severe 

storm data is presented and an analysis of wave height distributions shows that the 

nearshore site features less exposure to the highest waves, due to the impact of natural 

wave breaking during the shoaling process.  Examples of sensor specific anomalies 

observed during storm events are also reported and these include spurious displacement 

data, indicative of waves of unrealistic height in case of wave buoys, and also 

compromised acoustic signal returns during storm conditions for ADCPs.  Lastly a 

comparison is made between annual energy production from site specific notional WECs 

and a commercial wind turbine in standalone and co-generation scenarios.  This 

comparison shows that modest increases to energy production can be achieved by 

combining wind and wave generators in a constrained grid with around less than 50 % of 

the rated generator capacity.  However, this appears only a viable approach in economic 

terms, if additional local uses for the surplus non-grid connected electricity can be 

implemented.  The unique nature of the one and two year continuous datasets obtained 

by the author during this study from the nearshore AWACs deployed in only 12 m depth 

has been confirmed by then world leading wave power developer Aquamarine Power 

(Comhairle nan Eilean Siar 2015), and the relevance of such data to the standardised 

resource assessment process as prescribed in IEC standards (BSI 2015a) has also been 

noted.              
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6.2 Minches and the Inner Hebrides – case study Colonsay 

A number of data campaigns in the more sheltered waters of the Minches and the Inner 

Hebrides were implemented by the author during the course of this study.  These include 

deployments of Waverider buoys, e.g. to the north of Barra and North Uist, or to the east 

of Rhum and Colonsay, and an overview of the deployment locations has already been 

shown in Figure 12.  All these locations have in common that they are in the lee of some 

island with view to the incoming Atlantic swell.  At the same time all locations feature a 

considerable wave fetch towards the east, which has to be considered when planning 

aquaculture installations or alternative uses at these sites.     

For part of the deployment period the Waverider buoy to the east of Colonsay was 

supplemented with a wave enabled ADCP (Nortek 1 MHz AWAC) sensor sited in a gravity 

frame on the seabed.  Results of this combined data campaign have been published by 

the author in Vogler and Venugopal (2016) and are also summarised in this chapter. 

The exact deployment locations for the Colonsay wave buoy and AWAC are shown in the 

inset in Figure 97.  Two additional wave buoys in deeper water that were also considered 

in the study are denoted B (Blackstone) and C (West of Hebrides) in the same figure. 

    
Figure 97 – Geographical Overview. The study site east off Colonsay and offshore buoys 

Blackstone and West of Hebrides are marked A, B and C respectively. Wave buoy co-
ordinates are 56° 5.72'N   006° 7.93'W and the distance between Buoy and AWAC is 1.16 

km (adapted from Vogler and Venugopal 2016). 
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This combined deployment of a wave buoy and subsea AWAC was driven by the 

commercial interests of salmon producer Marine Harvest (Scotland) Ltd and WEC 

technology developer Albatern Limited.  At the time of the data campaign the site was 

already licensed for aquaculture development, and the data was required to enhance the 

understanding of both the wave climate and the tidal current regime.  Where the tidal 

flow data is important to assess the dispersion rates of biomass outflowing from an 

aquaculture installation, e.g. surplus food or salmon faeces, the wave data was 

considered important to inform both design considerations for extreme conditions but 

also operational aspects related to crew transfer and fish mortality.  Wave data was also 

required to investigate the feasibility of a WEC installation in conjunction with a fish farm 

to provide electricity to the cages and reduce the amount of on-site diesel generation. 

The Datawell Waverider Mk3 buoy was deployed near the northern end of Colonsay in 20 

m depth in early 2014 and was supplemented with an AWAC sensor to measure waves 

and currents in January 2015.  The AWAC was installed at a distance of 1.16 km to the 

north east of the buoy in a similar water depth.  The perpendicular distances between 

sensors and shore were 1.25 km and 1.6 km for buoy and AWAC respectively. 

The island of Colonsay features a wave fetch of 3,000 km towards Canada on the exposed 

west side.  For the sheltered east coast the maximum fetch area extends to some 50 km 

into the north-east towards Loch Linnhe.  To the east, south and north the fetch areas are 

limited by the Isles of Jura, Islay, and Mull at 13 km, 19 km and 20 km distance 

respectively.   The water deepens at a shallow gradient to a maximum depth of 40 m, 

until it shallows again towards the neighbouring shorelines. 

Simultaneous data for buoy and AWAC is available for a 46 day winter period from 22 

January to 09 March 2015 covering three full spring-neap tidal cycles.  To inform the 

transition of Atlantic swell towards the more sheltered study site to the east of Colonsay, 

additional data was sourced from the CEFAS (2015) WaveNet for the ‘Blackstone’ wave 

buoy (shown as ‘B’ in Figure 97) some 100 km to the west in deeper water.  From an 

initial assessment it was shown that wave power at the ‘Blackstone’ buoy location was 

approximately two orders of magnitude larger than what was found in the lee of 

Colonsay.  To confirm these readings and high difference, data was also used from 
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another CEFAS operated deeper water buoy (‘West of Hebrides in Figure 97), and this 

compared well against the ‘Blackstone’ buoy confirming the readings. 

The site is exposed to a semidiurnal tidal regime with a maximum tidal range of 4 m 

during spring tides.  Flow velocities are generally weak with peak values registered as 0.6 

ms-1 during spring flood tides and 0.36 ms-1 during ebb.  The tidal water level variation is 

shown in Figure 98 and Figure 99 shows the tidal ellipse for the deployment duration. 

 
Figure 98. Water level variation east of Colonsay from 22/01 to 09/03/2015. 

 
Figure 99. Tidal Ellipse east of Colonsay for 22/01 to 09/03/2015. 

Although the wave buoy and AWAC were only deployed simultaneously for a limited 46 

day period, the buoy has maintained station for more than a full calendar year.  To show 

the seasonal fluctuation at the site, the monthly averaged values for Hm0 for the period 

from July 2014 to June 2015 are shown in Figure 100.  Monthly averaged wave heights 

range from less than 0.2 m in July up to 0.7 m in January with wave heights of above      
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0.5 m registered for 6 out of the 12 months.  Time series plots for significant wave height 

covering the simultaneous deployment period for the Colonsay buoy and AWAC are 

shown against data from the deeper water CEFAS operated offshore buoys ‘Blackstone’ 

and ‘West of Hebrides’ in Figure 101.  It can clearly be seen that the offshore buoys 

feature considerably higher waves throughout the year.  At times when all sensors are 

exposed to the same localised weather pattern and wind regimes a good correlation 

between trends of rising and falling wave heights can be observed.  At other times, 

localised winds from an easterly direction near the Colonsay sensors only, or Atlantic 

swell waves from a distant origin approaching the offshore buoys, result in differing wave 

trends across the distant locations. 

 
Figure 100. Monthly averaged significant wave height for one year (Colonsay buoy, July 14 

to June 15, adapted from Vogler and Venugopal 2016). 

 
Figure 101. Hm0 time series for sheltered and offshore sensors during the simultaneous 

deployment (adapted from Vogler and Venugopal 2016). 
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The significant wave height distributions for the Blackstone buoy and Colonsay sensors 

are shown in Figures 102 and 103, together with the best fitted Weibull and Rayleigh 

distributions.  Root mean square errors (RMSerror) were calculated as shown in equation 

[65], where y represents the sample size, x1 the calculated values and x2 the measured 

values for the distributions.  The RMSerror values for the distributions best fitted against 

the empirical data are given in Table 10. 

𝑅𝑀𝑆𝑒𝑟𝑟𝑜𝑟 = √
1

𝑦
∑(𝑥1 − 𝑥2)2    [65] 

 
Figure 102. Significant Wave Height distribution at Blackstone (adapted from Vogler and 

Venugopal 2016). 

 
Figure 103. Significant Wave Height distribution at Colonsay (adapted from Vogler and 

Venugopal 2016). 
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Table 10. RMS errors for Hm0 distributions (adapted from Vogler and Venugopal 2016). 

Significant Wave Height RMS error 

Blackstone Weibull best fit (λ = 4.2, k = 1.7) 0.0210 

Blackstone Rayleigh (λ = 4.3, k = 2 ) 0.0224 

AWAC Weibull best fit (λ = 0.71 , k = 2) 0.0161 

AWAC Rayleigh (λ = 0.71 , k = 2) 0.0161 

Colonsay Buoy Weibull best fit (λ = 0.68, k = 2.2) 0.0263 

Colonsay Buoy Rayleigh (λ = 0.69, k = 2) 0.0242 

The comparison between the empirical, Weibull and Rayleigh distributions shows a good 

match for the Colonsay data.  For the AWAC location the best fitted shape factor of 2 

equates both Rayleigh and Weibull graphs, and this location also shows the smallest 

RMSerror between theoretically derived and measured distributions.  Comparisons for the 

Colonsay and Blackstone buoys with Weibull and Rayleigh also compare well, but less so 

than the AWAC station.  This is due to a reduced Hm0 probability for wave heights 

between 2.5 to 4 m for Blackstone and between 0.3 to 0.4 m for the Colonsay buoy, 

compared to the remaining distribution pattern at both sites.  In an attempt to better 

describe the measured distributions with a suitable alternative theory, data was also 

plotted against a Kernel Density estimation, and it was found that the reduced wave 

height within the distribution could be replicated with a good proximity (Vogler and 

Venugopal 2016).   

Analysis of the peak period shows a strong bimodality for the sensors east of Colonsay, 

with pronounced peaks in the AWAC and buoy distributions around 4 and 13 s.  Where 

the shorter period observations are related to local wind waves, the second peak 

originates from swell waves diffracting and refracting around the northern tip of the 

island.  Very few waves are observed east of Colonsay with peak periods of between 6 to 

9 s, and this is an important consideration for tuning a potential WEC into operation at 

natural frequency.  In contrast the distribution of peak periods at the Blackstone location 

is clearly unimodal and shows a good correlation with the Rayleigh distribution when only 

periods of > 9 s are considered.  There are also a number of occurrences of waves with a 

Tp of between 5 to 9 s, i.e. a range that is not featured to the east of Colonsay.  
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Considering the full range of peak periods at Blackstone from 5 to 20 s, the Rayleigh 

distribution becomes less applicable, and other methods have been shown to reflect the 

data better, e.g. Kernel Density estimator.  The distributions of the peak period are shown 

in Figure 104 with the best fitted Rayleigh curves shown for the full range of the 

Blackstone peak period, but also excluding waves of below 10 s.   The directional peak 

period rose plot in Figure 105 clearly shows the difference in directions between short 

and long period waves, where the shorter period wind waves dominate from the south 

west, compared to the swell related longer period waves progressing around the 

northern tip of Colonsay and approaching the AWAC sensor from the north east. 

 
Figure 104. Distribution of peak periods (adapted from Vogler and Venugopal 2016). 

 
Figure 105. Directional distribution of peak period in percent for AWAC location (adapted 

from Vogler and Venugopal 2016). 
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When looking at the zero-crossing period for all locations in Figure 106, the bimodal 

behaviour seen previously for the peak period has disappeared and a predominant period 

of 3 to 4 s is featured in the lee of Colonsay.  The Tz distribution in the sheltered area 

shows a reduced bandwidth of only around 3 s, compared to a wider range of periods 

ranging from 5 to 11 s at Blackstone.  The absence of longer period swell waves from the 

Tz values east of Colonsay can be explained by the ratio of wave heights between the 

refracted and diffracted swell waves, and the local wind seas.  For some of the time the 

swell that emerges east of the island after progressing around the northern tip features 

the peak energy content in the sea state, and this is reflected in the peak period data. But 

at most other times the shorter period wind seas are dominant at this location, and even 

at times when the highest energy might be in the swell component, overlying wind waves 

of sufficient amplitude appear to result in an additional number of zero-crossings.   

 
Figure 106. Distribution of Tz period (adapted from Vogler and Venugopal 2016). 

In an unimodal sea state the peak directional spread is related to the directional 

fluctuation of the incoming waves at the highest energetic frequency.  In case of bimodal 

sea states peak directional spread relates to the angular distance between the peak 

energy directions furthest apart (Datawell 2012b).  The histogram in Figure 107 shows the 

directional spread for the Colonsay sensors and Blackstone buoy, and it can be seen that 

where in the case of Blackstone the peak spread of around 30° is representative for swell 

waves, the higher values for the more sheltered sensors indicate either more directionally 

irregular wind seas, or for the highest values a bimodality of the sea states.   

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1 2 3 4 5 6 7 8 9 10 11 12

Blackstone

AWAC

Colonsay Buoy

Blackstone Weibull best fit (λ = 4.8, k = 2.8)

AWAC Weibull best fit (λ = 2.4, k = 4.5)

Colonsay Buoy Weibull best fit (λ = 2.6, k = 3.6)

P
ro

b
ab

ili
ty

Zero Crossing Period [s]



155 
 

 
Figure 107. Histogram of Directional Spread (adapted from Vogler and Venugopal 2016). 

The percentage distribution of the significant wave height for Blackstone is shown in 

Figure 108, and for the Colonsay sensors in Figure 109.  Where the predominant wave 

direction at Blackstone is established at around 285°, this clearly changes as the waves 

develop towards the lee of Colonsay.  Bimodality of the peak period for the AWAC sensor 

has already been shown in Figure 105 and the wave roses for significant wave height in 

Figure 109 also confirm the multiple modes for the Colonsay sensors.   

 
Figure 108. Percentage directional distribution of wave heights at Blackstone buoy 

(adapted from Vogler and Venugopal 2016). 
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to the neighbouring buoy to a direction of around 60°.  At the same time a reduction in 

wave height and thus energy is also observed from Blackstone to AWAC to buoy.  In 

addition to the swell wave component from the north-easterly gradient, both Colonsay 

sensors also feature exposure to a wind wave regime from a predominantly south-south-

westerly direction with little difference between locations.  

 
Figure 109. Percentage directional distribution of wave heights at AWAC and Colonsay 

buoy (adapted from Vogler and Venugopal 2016). 

To compare the power spectra of the different sensor locations, the PSD data for 

Blackstone and Colonsay buoy was resampled into 0.1 Hz frequency bins to match the 

frequency distribution of the AWAC.  For the Colonsay buoy this was achieved by simply 

averaging the bins of the higher 0.05 Hz resolution.  In case of the Blackstone buoy, only 

PSD data at irregular intervals was available in the public domain, and this was aligned 

with AWAC and Colonsay buoy data at 0.1 Hz by fitting a spline using Bessel interpolation. 

The PSD distribution across the range of frequencies encountered at the different sites is 

shown averaged throughout the data period in Figure 110.  To fit the curves for the 

different sites into the same plot, the Blackstone data is shown with values divided by 

100.  It can be seen that the Blackstone location features a peak energy content about 

two orders of magnitude higher than what is found at the AWAC location, and even more 

so when compared against the Colonsay buoy.  The bimodality of the sea states in the lee 

of Colonsay is again very prominent, compared to the unimodal situation further out in 

the Atlantic.  Where the higher period component of the PSD spectrum for AWAC and 

Colonsay buoy is almost identical, a higher swell component is detected at the AWAC 

station, confirming previous findings from analysis of the peak period.  This diversity of 

AWAC Colonsay buoy
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sea states within a short distance of 1 km only is an important consideration for any 

development in the area, either to identify sites with maximum shelter, e.g. for 

aquaculture installations, or greatest exposure for wave energy developments.   

To show the diversity of sea states across the data capture period, weekly PSD averages 

for the AWAC location are shown in Figure 111.  Although the bimodality of the sea states 

continues throughout all weeks, considerable differences are visible between individual 

graphs with weekly peak energy values ranging from 0.08 to 0.42 m2Hz-1.   However, even 

if the energy content fluctuates over the different weeks, the frequency bins with the 

highest energy content for both swell and wind waves remain relatively stable.  This is 

further confirmed by the full dataset from the wave buoy for this location, which covers a 

longer deployment period or over a year.    

 
Figure 110. PSD frequency distribution all sensors (adapted from Vogler and Venugopal 

2016). 

 
Figure 111. weekly PSD frequency distribution from AWAC (adapted from Vogler and 

Venugopal 2016). 
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A wave power time series graph for the observation period from 22 January to 09 March 

2015 is given in Figure 112.  As previously in Figure 110, values for Blackstone are divided 

by 100 to achieve a better comparison between individual locations.  Considerable 

fluctuations can be seen in the power content, which ranges between less than 1 kWm-1 

in the second week of February to above 10 kWm-1 later in the same month for the 

Colonsay sensors, or approximately 100 times those values for the Blackstone location.   

Time averaged values for wave height, period and power are summarised in Table 11. 

 
Figure 112. Wave power time series (adapted from Vogler and Venugopal 2016). 

 

Table 11. Average values for wave height, period and power  
(adapted from Vogler and Venugopal 2016). 

22/01/2015 13:00 – 09/03/2015 00:00 

 

Hm0 [m] Tz [s] Tp [s] P [kWm-1] 

Blackstone Buoy 5.45 8 13.2 167 

Colonsay Buoy 0.74 3.5 10.2 1.46 

Colonsay AWAC 0.84 3.2 10.0 2.36 

 

6.2.1 Section summary and discussion 

The analysis of data from the lee of an island in the Inner Hebrides of Scotland, together 

with a comparison against an Atlantic offshore site to the west, shows a considerable 

reduction of wave power between offshore and sheltered sites.  A strong bimodality is 

observed at both nearshore sensors off Colonsay, and an understanding is gained of the 

progression of swell waves towards the sheltered east coast of the island.  When facing 
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bimodal sea states, and using traditional methods for yield forecasting for WECs, the 

results may be deceptive, as the usually used Hm0 term does not follow a traditional 

Rayleigh distribution in case of multi-modality.  A solution to counter this problem could 

be to work out an alternative Hm0(fa-fb) value, where fa and fb describe the useful frequency 

band of a specific WEC to exclude waves of a period that does not contribute to the 

energy production. 

Understanding of the bimodality of the sea at a prospective energy site is important to 

potential energy developments, as this can have considerable impact on the yield 

production.  From analysis of the data it is observed that in case of the AWAC, often long 

period swell waves from the north-east are combined with shorter period wind waves 

from an opposing direction.  Although difficult to implement in a real-sea environment, 

such an arrangement might be used to increase the WEC energy production for e.g. a line 

attenuator (e.g. Pelamis or Grey Island Energy type) that is carefully aligned with both 

wave systems, and subject to sea-state specific device tuning.  Analysis of the wave 

period shows the highest occurrence of periods of around 4 and 13 s, i.e. a swell wave 

component that is approximately a multiple of three of the wind sea.  If a point absorber 

WEC is tuned to operate at natural frequency at the wind sea period, this WEC would also 

greatly benefit from any waves at a period that is a multiple of this frequency, i.e. in this 

case the swell wave component.  For a point absorber this would be relatively 

independent of directionality and to provide more certainty a more detailed site and 

device specific analysis would be required.  

By understanding the micro site wave situation, combined installations of aquaculture 

and WECs can be considered, where a potential WEC would be more close to the AWAC 

station with higher exposure to swell waves, and the aquaculture sited towards the 

Colonsay buoy in slightly more shelter against swell waves.  

The intermittency of wave power at the study site would recommend against a system 

that relies on this energy resource for 100 % of its power requirement.  But often in case 

of aquaculture installations or remote islands, the prevailing source of electricity is based 

on diesel generation.  By combining the existing diesel generation with a modest wave 

power resource considerable savings of diesel can likely be achieved, thus reducing costs 

and carbon footprint of electricity generation.   
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Considering both the 15 km length of the island and the average power of 1.46 kWm-1 as 

established during the observation period for the Colonsay buoy location, the total mean 

power along the lee shore can roughly be estimated as 21.9 MW.  Even considering a 

hypothetical WEC wave-to-wire efficiency of only 30 %, the resulting total extractable 

power for the island is still 6.57 MW.  Assuming a total number of 70 households on 

Colonsay with an average power demand of 2 kW each, the total average requirement is 

only 140 kW.  Again considering an energy conversion efficiency of 30 % only, and based 

on the established 1.46 kWm-1, the coastline required to meet the mean demand is 

calculated as 140 kW / (1.46 kWm-1 x 30 %) = 320 m.   

Therefore it can be concluded that even a modest wave resource as in the lee of an island 

in the Inner Hebrides should not be discarded with view to energy generation in remote 

communities and aquaculture installations.  
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6.3 Orkney and Pentland Firth 

Examples of data and methodologies related to additional resource analysis and fieldwork 

campaigns designed and largely executed by the author in the north of Scotland are 

included in this chapter.  The first part relates to a theoretical wave fetch based 

assessment of wave heights in Scapa Flow, based on wind input data from Kirkwall airport 

and calibrated against a wave buoy at the EMEC scale test site.  A second part briefly 

elaborates on additional sensor campaigns in in the Pentland Firth and Orkney area, 

mainly focussed on capturing high resolution wave and currents data. 

 

6.3.1 Scapa Flow: wave fetch based model 

Driven by the requirement to assess wave heights and periods at a specific location in 

Scapa Flow in Orkney, and due to the absence of measured wave data for that location, a 

simple numerical model was required to provide such information.  The study was part of 

a project to develop and test a novel power take off (PTO) system suitable for a variety of 

WECs, with sea trials of a prototype system being planned at that location in 2018.  To 

inform the design of PTO and WEC system with view to the range of conditions likely to 

be encountered during the sea trials, namely the predominant wave period and height to 

optimise tuning of the device, to model power production, and to assess extreme 

conditions to ensure survivability of the system including sub-components, a report was 

compiled by the author and submitted to client UmbraGroup S.p.A. (HMS Ltd 2017). 

The first step of the study was to identify the exact location for the testing, and taking 

into account relevant constraints, an area to the south of the main anchorage area in 

Scapa Flow was agreed.  Although EMEC operate a dedicated test site in the area, use of 

that site this was considered too risky, due to the close proximity to the shore from the 

north through to the south-east.  As the test programme was of a limited duration only, a 

safeguard was required to be able to undertake meaningful sea trials even in the event of 

prolonged northerly or north-easterly winds.  Therefore a site was required to feature 

sufficient fetch to allow testing for any given wind direction, but to not interfere with day-

to-day operations of Orkney Harbours at the same time.  The chosen site is situated south 

to the main anchorage area in the bay, between the main shipping channels and to the 



162 
 

north-east of the Flotta oil terminal, and is indicated by the green crosshair circle in Figure 

113.  A one year dataset from a wave buoy for calibrating the model was sourced from 

the EMEC test site, with the location shown by the red circle in the same figure.          

 
Figure 113. Map of Scapa Flow with study test site indicated by green crosshair, wave 
buoy location by red circle, and wind data station by the black triangle (adapted from 

HMS Ltd 2017 and based on British Admiralty charts 2249 and 2162). 

A number of different models exist to approximate a sea state based on combinations of 

wave fetch length and wind velocities and two approaches were considered for this study.  

The Shore Protection Manual from the Coastal Engineering Research Center (1984) takes 

into account the water depth and also includes a correction method to adjust local wind 

conditions to a nearby weather station, where no meteorological data exist for the target 

site. A more recent method published by the U.S. Army Corps of Engineers (2015 ) in the 

Coastal Engineering Manual - Part II assumes that wave growth in shallow water in fetch 

limited situations follows similar laws than for deep water, and thus depth is not 

considered in this approach.  A comparison between both models, based on conditions in 

Scapa Flow as evidenced by the wave buoy data, has shown a slightly increased wave 

height for wind velocities higher than 12 ms-1 and a reduction of wave period by 0.5 ms-1 

for wind speeds of above 3 ms-1 in case of the newer model.  At the same time the 

comparison has shown good results for the earlier method, based on the adjustment 

method for local wind conditions against the weather station at Kirkwall airport at 6 km 

distance away, and thus this method was used for this study. 
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Following the approach set out in the Shore Protection Manual (Coastal Engineering 

Research Center 1984), the relationship between significant wave height (H) and 

significant wave period (T) with wave fetch, water depth and wind velocity is as shown in 

equations [66] and [67] respectively. 
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The water depth is given by d, gravity by g and wave fetch length by F.  Wind data is not 

always available directly for target sites, but only from weather stations some distance 

away.  Therefore an adjustment for wind speeds is required to take into account the 

height of the anemometer and localised turbulence or shelter at the wind measurement 

station, compared to the modelling site.  The wind velocity adjusted for a localised 

correlation between the wind measurement station and observed wave conditions at the 

target site is represented by UA and is derived from the measured wind speed US as 

shown in equation [68].  The factor 0.71 and power of 1.23 in equation [68] are suggested 

as default calibration parameters in the Shore Protection Manual, and are open to 

variation to account for local conditions.  Equation [69] describes the minimum duration 

(t) until a fully developed sea has developed. 

𝑈𝐴 = 0.71𝑈𝑆
1.23      [68] 

𝑔𝑡

𝑈𝐴
= 5.37 × 102 (

𝑔𝑇

𝑈𝐴
)

7

3
     [69] 

Wind data was available from measurement stations at Billia Croo at the west side of 

Orkney Mainland and Kirkwall airport for the same duration as the wave data.  Both sites 

are exposed to local turbulences due to the surrounding terrain, and distances between 

Billia Croo and Kirkwall airport to the study site are around 20 and 10 km respectively.  
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Due to the closer proximity to the proposed test location, data from Kirkwall airport 

appeared more suitable and was chosen as input US into equation [68].   

To calibrate model outputs to fit specific local conditions, optimised parameters for 

calculation of the site specific wind speed (initially shown in equation [68] as 0.71 and 

1.23) had to be identified.  This was achieved by comparing model outputs for wave 

height and period against measured data from the EMEC wave buoy whilst adjusting 

equation [68] until good correlation was found.  Prior to this a subset of data was created 

including only fully developed seas at the given fetch length at the buoy location.  To 

exclude situations with insufficient fetch lengths to allow for relevant wave growth only 

buoy data for wind directions of between 180° to 360° was considered.  To understand 

the duration until a sea can be treated as fully developed a curve was plotted from 

equation [69], and based on wave periods against a range of wind velocities from 

equation [68].  This initial assessment has shown that for a fetch length of 13 km, as is the 

case at the buoy location, the sea state will be fully developed for any wind speed after a 

maximum of 2.5 hours.  The data subset was thus refined to include only situations with 

wind directions from the westerly half circle and with relatively steady wind velocities and 

directions for periods of at least 2.5 hours.  In total 811 occurrences were identified for 

the one year data period, with steady winds from a westerly direction for the minimum 

period.  Once this dataset was prepared, the measured wave heights and periods were 

plotted against the model outputs with a varying parameterisation until good similarity 

was achieved.  The resulting calibration values are shown in equation [70], which 

supersedes equation [68] for the further assessment. Figures 114 and 115 show the 

calibrated model curves against the scatter data from the wave buoy for wave height and 

period.  Figure 116 combines these curves together with the time required until seas can 

be considered fully developed as per equation [69]. 

𝑈𝐴 = 0.4𝑈𝑆
1.5       [70] 

The indicated time required for seas to be fully developed at the site as represented by 

the blue line in Figure 116 shows an interesting shape.  Initially increasing up towards 2.5 

hours for lower wind speeds of below 3 ms-1, the time gradually decreases subsequently 

as the wind speed increases, and this is related to an increased energy transfer from wind 

to the sea surface during higher wind speeds.  Due to the fetch limited nature of the site, 
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the wave height is limited as indicated by the black line, and this limit is reached faster 

with an increased wind velocity and thus energy input into the system. 

Once the model calibration was complete wave heights and periods were recalculated for 

the intended sea trial test site, with an adjusted wave fetch.  The model based 

approximated parameters were later confirmed by wave data from a 30 day wave 

enabled ADCP deployment close to the area.  

 
Figure 114. Scatter plot wave buoy Hm0 against model (adapted from HMS Ltd 2017). 

 
Figure 115. Scatter plot wave buoy Tz against model (adapted from HMS Ltd 2017). 

 
Figure 116. Model outputs for buoy location from equations [66], [67], and [69] (adapted 

from HMS Ltd 2017). 
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Although the model compares well against the shorter period wind waves, a number of 

higher measured period waves at times of low wind speeds are observed in Figure 115.  

These observations relate to low amplitude swell waves that are progressing into Scapa 

Flow from the Pentland Firth, are unrelated to the local wind system, and are thus not 

replicated by the fetch based model.  The occurrence of swell waves in Scapa Flow is also 

confirmed by Figure 117, where Hm0 values are shown against the energy period.  Two 

distinct systems are clearly visible representing wind and swell based wave regimes.  

Although in terms of wave height swell appears to be insignificant in Scapa Flow, it should 

still be considered for testing of WECs or mooring of assets.  Waves even when of a low 

amplitude can have considerable effects, prove a hindrance, or a risk to system integrity 

of floating structures when the wave period is aligned with the structure’s natural 

frequency. Therefore an awareness of the swell component in addition to the fetch based 

model is an important addition to the site assessment and characterisation.         

 
Figure 117. Scatter plot Hm0 vs TE for EMEC test site Scapa Flow 2016 (adapted from HMS 

Ltd 2017). 

In a final step the likely predominant sea states featured at the proposed test site were 

assessed, based on the one year wind data set from Kirkwall airport.  The percentage 

occurrence of wind speeds against directions in 2016 is shown in Figure 118.  Based on 

the fetch based model and wind observations for one year, dominant design parameters 

for the sea trial test programme were developed and these are summarised in Table 12.   
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Figure 118. Wind direction and velocity distribution Kirkwall airport 2016 (adapted from 

HMS Ltd 2017). 

Table 12. Design parameters for Scapa Flow test site (adapted from HMS Ltd 2017). 

  Parameter Value 

Average wind speed 4 – 7 m/s 

Hmax 5.5 m 

average Hm0 0.25 – 0.5 m 

max Hm0 2.5 m 

Tz 1.7 – 2.3 s 

TE 2.2 – 2.9 s 

Directional spread Around 40° at peak frequency 

Spectral shape broad 

 

6.3.2 Westray Firth, Fall of Warness and Inner Sound  

Following on from sensor based work related to wave resource characterisation, 

additional field campaigns diversified to also capture high resolution current information 

in addition to wave data.  This work was done largely under the EPSRC funded FloWTurb 

project, and whilst data analysis is still ongoing a brief overview is given here. 

A number of ADCP deployments and recoveries were undertaken from the Marine 

Scotland operated research vessel RV Alba na Mara in July 2016.  These included the 

configuration of four different types of ADCPs in a single frame unit scheduled to ping at 

staggered intervals to avoid interference between individual sensors.  The aim of this 

arrangement was to identify and quantify make and model specific characteristics with a 

particular view to capturing of high resolution turbulence data across the water column.  

In addition to this deployment an additional four ADCPs were deployed in close proximity 

across the Fall of Warness, with a further wave enabled ADCP deployed 3 km to the 

north-north-west.  An X-band radar system was also installed at the same time on Eday to 

oversee the ADCP deployment locations.  The exact ADCP deployment locations have 

already been shown in Figure 13 (Chapter 4.1.6) and a picture of the multi-frame can be 
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found in Figure 29 (Chapter 4.2.2.1).  Constrained by scheduling requirements this 

deployment was limited to four days only, and due to the weather at the time, only 

limited wave action was available.  Although some loss of equipment occurred during this 

deployment, some useful data was obtained and is reported in Greenwood et al (2017b).   

Following on from this initial tidal deployment at the Fall of Warness, a single wave 

enabled ADCP was deployed in the Westray Firth to support hydrodynamic model 

calibration, and to obtain some information on wave-current interactions.  This sensor 

remained at station for a period of 77 days until 04 October 2016, when it was 

successfully recovered by the RV Scotia.   

Situated between the islands of Westray in the north and Rousay to the south, the 

location featured a bidirectional tidal flow regime with a north-west setting ebb flow and 

a south-east setting flood.  With close proximity to the Atlantic, the site is also exposed to 

an energetic swell wave regime.  Examples of the data are shown in Figures 119 and 120, 

alongside data from another 48 day deployment of a high-resolution ADCP in Hoy Mouth 

in 2017.  Westray Firth and Hoy Mouth both feature a bimodal flow regime with exposure 

to Atlantic swell, and similar wave and flow features were expected between these two 

deployments.  The bidirectional flow is visible in Figure 119, where the significant wave 

height and peak periods are shown against the flow direction.  A tendency can be seen 

suggesting increased wave heights and peak periods during ebb tide, i.e. with the currents 

setting towards a direction of around 280° to 320°.  This is further visualised in Figure 120, 

where a current directional dependent modulation of the wave height and period is 

visible, with higher waves and periods occurring during peak flow rates at ebb tides.   

The observed increase of the wave period at opposing flow is compliant with wave 

theory, which suggests that the angular frequency of waves changes under impacting 

currents, as shown in equation [71].  The zero crossing points of waves traveling with a 

current transect an observation area in shorter time, thus resulting in a reduced wave 

period.  The opposite is true for waves opposing a current, where a current of equal 

magnitude to the wave velocity results in wave blocking, i.e. waves are no longer able to 

pass upwards against the current. The actual angular frequency is given by ω, and σ 

represents the angular frequency as established when following the wave with the same 

speed as the current.  The vectors k and u represent the wave number and current 
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velocity respectively.  In case of an opposing current, the vector u turns negative, and the 

wavelength reduces and wave number increases as the waves steepen.  As a result ω 

reduces, thus leading to an increased wave period as shown by the data. 

 𝜔 = 𝜎 + �⃗� × �⃗�     [71] 

 
Figure 119. Significant wave height and peak period against current direction. 

 
Figure 120. Significant wave height and period Tz modulation by tidal currents. 
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Additional data from deployments in the Pentland Firth region is shown in Figures 121 

and 122.  These datasets have been gathered using a bespoke frame which has been 

designed for high energy environments, but with view to minimum mass and ease of 

manufacturability to support fabrication and deployment activities.  More detail on this 

frame has already been discussed in chapter 4.2.2.1.  In Figure 121 the bimodal 

directionality of the system is clearly visible in the bottom graph, and differences 

between spring and neap tidal cycles are very evident in the top graph.  Where this figure 

presents data over 10 minute averages, more detail is included in Figure 122, with data 

captured at 2 Hz sample frequency at 1 m bin sizes in a continuous pinging arrangement.  

The higher data resolution allows more detailed assessment of particular flow features, 

and shown here is the change of tide from flood to ebb over a 35 minute period, with 

velocity at the top and direction at the bottom.  It can be seen that the ebb flow starts 

near the water surface, before it extends downwards towards the seabed.  Understanding 

of such behaviour is important to any operation that extends across the water column, 

e.g. craning, towing of surveying equipment, or use of ROVs, as assets near the seabed 

might be exposed at times to different flow regimes compared to the surface.  High 

resolution data is also important for assessment of turbulent flow – an important 

consideration for stress analysis of tidal turbines – and the underlying dataset of Figure 

122 is still being assessed and post-processed for further analysis.  

 
Figure 121. ADCP data averaged over 10 minute intervals.  Velocities are shown on top, 

direction at bottom. Bidirectional flow regime with max 4ms-1 flow velocity. 
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Figure 122. High resolution ADCP data at 2 Hz sample rate (non-averaged); shown here is 
a 35 minute period during the change from flood to ebb tide. 

 

6.3.3 Section summary and discussion 

Some further work on wave resource analysis in and around Orkney by the author is 

included in this chapter.  Additional methodologies and data presented here as a 

supplement to previous sections include the use of a wind and wave fetch based 

approach to evaluate sea states in the absence of detailed measured data at a site 

targeted for WEC testing in 2018 in Scapa Flow.  From analysis the chosen approach 

appears to be a valid method in situations were no further data is available, and as a first-

pass desk based site assessment.  The validity will be further tested during the sea trial 

later in 2018 when more wave data will be gathered from the chosen location.   

To enhance the understanding of wave-current interactions, a number of additional ADCP 

deployments are presented in the second part of the chapter.  Focus is given to the 

modulation of wave height and period in situations with wave-current interactions at a 

prospective tidal energy test site in Westray Firth, and this is also compared against 

another dataset from Hoy Mouth.   

As an introduction to the capabilities of modern high-resolution ADCPs, examples of data 

are shown from the Pentland Firth area, and such data is important to help development 

of an enhanced understanding of site and condition specific occurrence of turbulence, 

and fast changes of flow features across the water column at a given site. 
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6.4 Tiumpan Head, Taransay and Butt of Lewis 

In this final section on data acquisition and analysis an overview is given on combined 

deployments of in-situ and remote sensing systems.  The combination of spot sensors 

such as ADCPs or wave buoys with a remote sensing X-band radar system allows 

assessment and refinement of the translation of radar backscatter data into sea state 

information.   Although the design and execution of the data campaigns described here 

were led by the author of this thesis, the main data analysis has been undertaken by 

other members of the Lews Castle College marine research group, and therefore only a 

brief summary of the results is given. Equations [72] to [75] were developed by the author 

and results shown in Figures 123 and 124 follow data analysis led by Angus Murray and 

Charlie Greenwood of the Lews Castle College Marine Energy department in collaboration 

with the originator of this thesis. 

The extraction of wavelength, direction, celerity and period from raw radar data is a 

relatively straightforward process, based on geometry, backscatter intensity, and time 

lapse of passing signals over a calibration point.  By applying the wave dispersion 

relationship it is then also possible to extract information on velocity and direction of 

surface currents, or bathymetric depth in areas where this is less than half the 

wavelength.  For the translation of backscatter data into sea surface elevation a number 

of different approaches have been tested over recent years and these are summarised by 

Greenwood et al (2018), or in a very comprehensive review by Huang et al (2017).  The 

range of documented methodologies has shown good results for some approaches with 

view to sea state analysis, e.g. based on the square root of the SNR combined with two 

calibration parameters to adjust offset and range (as shown previously in equation [21]).   

Although the translation from radar backscatter across a domain to phase averaged sea 

state area maps is relatively well established, the direct conversion from radar returns to 

sea surface elevation on a wave-by-wave basis has proved to be more challenging. 

During an initial X-band radar installation initiated by the author at Tiumpan Head north 

of Stornoway in 2015, the radar was combined with an ADCP and wave buoy to allow 

correlation between individual units.  In a first attempt a 10 minute interval of 

backscatter data was extracted from the radar for the sector and range closest to the 

wave buoy location.  The radar antenna rotational speed is 0.714 revs-1, and 
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approximately every third of the 4,096 individual sectors is scanned per revolution, with 

the scanned sectors alternating.  For the initial test a dataset was created consisting of 

461 samples over the 10 minutes, that were closest to the wave buoy location.   Vertical 

displacement data was sampled by the wave buoy at 1.28 Hz frequency, and a total of 

770 consecutive samples were selected covering the same duration as the radar data.  

Both datasets were processed via a FFT analysis and although of different magnitudes the 

peak frequencies were well aligned, as has been shown previously in Figure 42 (chapter 

4.2.4).  Although this result confirms the applicability of radar backscatter data to perform 

spectral analysis of a sea state, the chosen approach does not convey information on 

wave-by-wave analysis.   

The relationship between radar backscatter intensity and a wave target is widely 

accepted.  Wave key parameters that influence the backscatter intensity are the 

individual wave height, steepness and direction, as developed by the author in equation 

[72], where Bs represents the back scatter, H the wave height, S the steepness, and CF a 

calibration factor.  The angular direction of the radar is given by ΘR, the wave direction by 

ΘW, and n is a directional correction constant. 

𝐵𝑠 ∝ 𝐻 × 𝑆 × 𝐶𝐹 × 𝑐𝑜𝑠[𝜃𝑅 − 𝜃𝑊]
𝑛    [72] 

As wave steepness is defined as in equation [73], equation [72] can be rearranged as in 

equation [74] and solved for wave height as shown in equation [75] 

𝑆 =
𝐻

𝜆
       [73] 

𝐵𝑠 ∝ 𝐻 ×
𝐻

𝜆
× 𝐶𝐹 × 𝑐𝑜𝑠[𝜃𝑅 − 𝜃𝑊]

𝑛 =
𝐻2×𝐶𝐹

𝜆
× 𝑐𝑜𝑠[𝜃𝑅 − 𝜃𝑊]

𝑛  [74] 

𝐻 ∝ √
𝐵𝑠×𝜆

𝐶𝐹×𝑐𝑜𝑠[𝜃𝑅−𝜃𝑊]𝑛
    [75] 

To test this approach a correlation analysis was undertaken based on a radar installation 

in the sound of Taransay, Isle of Harris, where the radar was combined with a wave buoy, 

ADCP and subsea pressure sensor.  When comparing radar and spot sensor data satisfying 

results could be obtained for individual sea states, but the correct calibration for the 

range of sea states encountered was not satisfying.  This might be due to a number of 

reasons, e.g. the highest backscatter signal correspondents to the peak slope of the 

waves, not the wave crest, and this creates a phase lag between spot sensors and radar 
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signal.  Wave shadowing is also a problem, where parts of a wave might be obscured by a 

preceding wave, and thus a distorted signal might be returned.  This is a particular 

problem for installations at low altitude, as might be the case on board ships, or as in the 

Taransay installation, where the antenna was mounted on the rooftop of a van.  Another 

challenge is the correct selection of the calibration parameter CF, which might well be 

non-linear, or might require a dynamic adjustment corresponding to individual sea states 

and waves.  Although the initial results following this approach were disappointing, 

further work is planned with longer duration datasets to confirm or refute the theory.      

The effect of wave shadowing on the backscatter signal is clearly visible in Figure 123, 

where radar returns are shown from the Taransay installation to the left and for another 

setup at the Butt of Lewis lighthouse to the right.  Both plots correspond to the locations 

of in-situ deployed wave buoys at different distances and seen from a different height of 

the radar antenna.  In Taransay the buoy was installed at 2.76 km distance from the 

antenna, which was mounted at 12 m above sea level.  At the Butt of Lewis installation 

the antenna was at 53 m height above sea level, with the buoy at a closer distance of 1 

km only.  Therefore the angle between antenna and buoy was much smaller at Taransay, 

which resulted in a considerable shadowing effect, represented by the high noise floor in 

the left plot.  Further results of the comparison between both sites and for the correlation 

between wave buoy data and radar backscatter derived phase averaged wave parameters 

are reported by Murray et al (2017) and are not covered in this report. 

 
Figure 123. Effect of wave shadowing clearly visible to the left (adapted from Murray et al 

2017). 

To overcome the issue of wave shadowing a method was devised by Greenwood et al 

(2017a, 2018) to fill in the shadowed areas in the backscatter data with a second order 
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Stokes wave.  This method applies a filter to exclude any spurious data returns from the 

backscatter, i.e. any values substantially differing from a realistic wave shape in a time 

series analysis.  Once these spurious points are excluded, the wave troughs are identified, 

and where it is indicated that shadowing has occurred, artificial troughs are introduced.  

By extracting radar data from the Taransay installation for a wave buoy and an ADCP at 

1.64 km distance, and with spacing of approximately 90 m between sensors, it was 

possible to compare this approach against the in-situ sensors.  To achieve optimum 

correlation the amplitude of the backscatter first had to be adjusted to match the sea 

state and a small time shift was introduced where required to counter phase shift due to 

time drift or computational time lag.       

Results of this method are shown in Figure 124 for a 4 minute period, and it can be seen 

that the modified radar data compares well against both the Signature 1000 ADCP and 

the wave buoy.  Although the spot sensors occasionally indicate higher waves height and 

deeper troughs, overall the comparison shows promising results and additional 

calibration efforts might well be able to further improve the correlation.  In the example 

shown a 2nd order Stokes wave was chosen to fill in the trough where required to allow 

for reproduction of non-linear effects.  A review of the type of artificial wave theory used 

to fill in the shadowed regions might also allow for improvement.  In addition to wave 

amplitude, the phase and period compare very well.    

 
Figure 124. Comparison between adjusted radar backscatter with artificial trough and 

spot sensors (adapted from Greenwood et al 2018). 
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The X-band radar system operated by the Lews Castle College marine research group was 

operated intermittently from September 2015 until April 2016, when it was permanently 

installed at the Butt of Lewis lighthouse.  Due to end of funding the system was 

decommissioned in September 2017 and is currently in storage awaiting further 

deployments.  From the Butt of Lewis installation only, in excess of 60 TB of data were 

generated and full analysis is still ongoing, and will be for some time.  In addition to the 

lighthouse installation two wave buoys were installed at 1 and 2 km distance closely 

aligned with the predominant wave direction, and comparative analysis between buoys 

and radar will likely reveal some more interesting results. 

An interesting unplanned observation was made during the Butt of Lewis deployment 

period, when one of the wave buoys suffered from a mooring failure and went adrift.  

Unfortunately this was only discovered after some weeks, by which time the buoy could 

neither be located via the radio receiver system from the Hebrides, Orkney nor Shetland.  

Opinions on the whereabouts of the buoy varied between Norway, Netherlands or 

Denmark, guessed by numerous people with different degrees of confidence.   

After 5 months adrift, fortunately the buoys was found and returned by a creel fisherman 

off Sweden!  As the buoy was continuously logging the GPS data, a very interesting 

hydrodynamic dataset was obtained, with the drift path shown in Figure 125. 

 
Figure 125. Drift path of Waverider buoy after mooring failure (13/03 – 08/08/2017) (plot 

supplied by James Morrison, MERIKA project, Lews Castle College UHI, 09/11/2017). 
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6.4.1 Section summary and discussion 

A short introduction to the use of X-band radar for wave resource characterisation is 

given in this chapter, based on deployments at three different locations at the Isle of 

Lewis.  Although it is widely understood how to extract some key wave spectral 

parameters from radar backscatter, challenges remain with the correct measurement of 

wave height across the range of sea states encountered at a site.  However, careful site 

specific calibration of radar data, based on adjusted offset and multiplication parameters 

related to the signal to noise ratio appears to return the best results, and this approach is 

generally offered in commercial solutions, e.g. by Nortek SeaDarQ. 

An approach on how to translate radar backscatter into sea surface elevation data on a 

wave-by-wave basis is presented, but the shadowing of waves from the radar pulse by 

preceding waves is a hindrance.  This is particularly true in applications where the radar 

operates at a shallow grazing angle, and a solution is shown on how to alleviate this 

problem.  The introduction of an artificial 2nd order stokes wave to fill in the missing wave 

troughs has shown good results and similarity of the post-processed radar data with an 

in-situ deployed wave buoy and ADCP.  X-band radar generates large amounts of data and 

in case of the system used in this study the data volume is approximately 1 GB every 12 

minutes.  This presents a challenge for real-time processing, and the right balance has to 

be identified between a straightforward fast linear solution, or more resource intense 

non-linear approaches that are more time consuming and might prove too slow for real 

time applications. 

Based on the good correlation between multiple spot sensors and the corresponding 

sectors and range of the radar backscatter, the generation of sea surface elevation maps 

covering the radar domain appears feasible.  Such sea surface near real-time elevation 

maps would be a useful tool for several applications, in particular when combined with a 

short range forecasting module to predict waves over a timeframe of a few minutes. 

Applications for such a system are related to increased safety during offshore operations 

as the craning of goods on a floating platform, launching and recovery of rescue craft, 

helicopter landing operations on ships and more.  In addition the ability to forecast waves 

over a short timeframe would allow enhanced tuning of WECs to maximise efficiency, or 

also allows implementation of fast protective measures against approaching rogue waves.     
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7. Summary, discussion and conclusion 

Work contained in this thesis was driven by a strong governmental and societal interest 

to exploit the vast wave energy resource in the north of Scotland for electricity 

production from ocean waves.  Recent years have seen significant developments, 

advances and downfalls, in the wave energy sector, with considerable multi-megawatt 

scale developments planned and in part consented in the Outer Hebrides, Orkney and 

Shetland not long ago.  However, the sector had to take a step back due to uncertainties 

related to funding and electrical grid connection, and currently the development focus is 

more on technology rather than project site development.  Once technology is ready 

again for full scale prototype testing and commercial development, the securing of 

finance is paramount to achieving the next stages of growing this promising sector.   

To this end clear and traceable information on energy yield forecasting is required as 

evidence to justify the investment case, and this is can be obtained by matching WEC 

power conversion matrices against a project site specific resource.  Where there is a 

pronounced focus on the provision of detail in case of the WEC, less interest is currently 

shown by developers and governments on the versatility and characteristic behaviour of 

the specific resource at target sites.  Although a number of numerical models have been 

produced over recent years, these generally lack the level of detail required for a WEC 

project design stage, and models of a higher resolution are required for project sites to 

facilitate a credible yield analysis.    

Standards for production of such models are now available, and a mandatory component 

for the setting up and running of coastal wave models is the calibration and validation 

against measured data covering the wide range of sea states to be expected at a site for a 

minimum period of one year.  To capture the required field datasets at prospective wave 

power development sites is a challenging, time consuming, and costly process due to the 

wave forces encountered, as is particularly true for open ocean facing shallow water sites. 

The main objective of this study was to enhance the state-of-the art of resource 

assessment through the provision and analysis of quality data from prospective energy 

development sites.  This required the development of a bespoke instrument deployment 

solution for measurements in the nearshore zone, together with the design and 

implementation of a sensor network to cover the wider area.  A secondary objective was 



179 
 

the acquisition of data from a more sheltered site in the lee of a Hebridean island to 

identify opportunities for smaller scale energy developments with view to remote 

communities or aquaculture installations.  Lastly another aim of the study was to further 

investigate and contribute to the field of marine data acquisition through the use of high 

resolution ADCPs and a remote sensing X-band radar solution at prospective energy sites.  

A brief description of type of analysis undertaken for this thesis and the key results and 

conclusions reached are summarised below.       

Following an introduction and review of background and context in chapters 1 to 3, an 

overview is given in chapter 4 on the data campaigns and instrumentation that form the 

key content of this study.  Chapter 5 introduces the mathematical approaches used 

during the data processing stages, including time series and spectral analysis.   

Results from a number of wave data acquisition campaigns at the Scottish Hebrides and 

Orkney are presented in this work, including nearshore data from what was then the 

world’s largest fully consented wave power site at Siadar, Isle of Lewis, developed at the 

time by Aquamarine Power for their Oyster device.  No such data has previously been 

recorded for durations and resolutions in the area as were achieved from the sensor 

deployments led by the author.  In case of the successful shallow water deployment of 

two wave enabled ADCPs for a one and two year period at the Siadar site, the success has 

been described as an unprecedented achievement with view to comparable sites on a 

global scale (Comhairle nan Eilean Siar 2015).   

As a contribution to knowledge this thesis gives an insight into the versatility of the wave 

resource, not just at the former Aquamarine Power development site, but also in the 

wider region, and unique observations made from a sensor network consisting of three 

floating buoys and two ADCPs covering a 25 km coastline off the Isle of Lewis are 

presented in section 6.1.  Findings include the effects of refraction on wave power 

dissipation and wave direction between the wave buoy locations situated at a uniform 

distance to shore.  The modifications of waves transecting from the buoy locations at 60 

m depth towards the shallow water ADCP sites are illustrated, and the considerable 

differences of wave parameters between both closely spaced ADCPs are also shown.  

From data analysis it is seen that one ADCP was well centred in a wave energy hotspot at 

600 m distance to the other unit, which was facing a more modest wave resource at most 
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times.  Reviewing the significant differences between both ADCPs at close proximity, 

consideration was given to the possibility of flawed data return from one of the units.  

This was ruled out through comparisons of the datasets against a spectral wave model, 

which confirmed the locality and extent of the energy hotspot.  During a severe storm 

event interestingly it was found that this energy hotspot disappeared, and featured a 

lesser wave height than the neighbouring location.  This is an interesting observation, and 

makes this spot a prime target for siting of one or multiple WECs.  By featuring waves 

with a higher energy content at times of average sea states compared to the surrounding 

sites, a better yield can be achieved at this location. At the same time WEC survivability is 

improved by a reversal of the energy hotspot effect during severe storm events, thus 

reducing the risk of failure or breakdown.  

A combined deployment of a wave buoy and an ADCP to the lee of the island of Colonsay 

in the Inner Hebrides is described in section 6.2.  Although the wave power in the shelter 

of the island is reduced by around two orders of magnitude when compared against an 

offshore location west of Colonsay, it is revealed that the more modest wave situation 

still offers opportunities for smaller scale energy development, e.g. to provide power to 

the island community, or to aquaculture development.  The area features a strong 

bimodality with view to wave period and directional distributions as a result of diffracting 

and refracting swell waves approaching the site from the north, and shorter period wind 

seas generally from a southerly direction.  Considering the ratio between wind and swell 

waves observed in the data, where the predominant swell period is approximately three 

times that of the main wind sea period, there is an opportunity to maximise energy yield 

from a WEC.  Depending of the type and specific design of WEC, this may be achieved by 

tuning the system to the natural frequency to the shorter period wind sea, in which case 

swell waves of a three times multiple of this period will also contribute efficiently to 

power production.  Depending on the directions of both wind and swell waves, this might 

be possible to achieve with a line absorber WEC in case of directly opposing seas, or with 

a point absorber if the directionality is less predictable. 

A brief overview to additional resource characterisation work undertaken during this 

study is given in section 6.3, where a fetch based approach is presented to assess the 

wave resource at a target WEC test location in Scapa Flow, Orkney.  This is included as an 

example to show the relevance of measured datasets to calibrate resource models, not 
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just in case of sophisticated modelling suites such as DHI Mike21 or Delft 3D, but also for 

more simplified approaches such as in fetch based wave assessments.  Introduction to 

some additional data from wave-current interactions as measured in two sites in Orkney 

is also presented in chapter 6, and the modulation of wave height and period by an 

opposing or following current is shown.  An example is further given for high resolution 

ADCP data from a site in the Pentland Firth, and such data is very useful for assessment of 

turbulence across the water column, with and without waves, and other flow 

phenomena, such as conflicting directions between top and bottom of the water column.    

Section 6.4 gives a brief introduction to results from work with an X-band radar system 

for wave analysis.   Examples are shown for different degrees of wave shadowing, 

depending on the angle of impact between the radar beam and sea surface, and also for a 

potential solution on how to overcome the shadowing effect by introducing an artificial 

wave trough.  Results from the radar study are promising and the analysis strongly 

indicates that this technology can be used to assess the spatial distribution of wave 

characteristics at high resolution across the scanned domain.  The comparison of radar 

time series data against in-situ spot sensors shows good correlation following post-

processing, and pending further work on the applied methodology and adequate 

validation, improvements to the currently available X-band radar based hydrodynamic 

processes analysis tools are very likely. 

Based on the experience of undertaking this study and following review of the 

considerable versatility of the wave resource not just between seasons, but also spatially 

across relatively small geographical areas, it is the author’s view that a stronger focus 

should be given to field data based resource characterisations to improve accuracy and 

credibility of numerical models.  Rather than leaving such time-consuming work to 

individual site developers, the provision of such data and models in parallel to the 

currently ongoing technology development will result in the accelerated realisation of 

wave power projects at Scotland’s shorelines.  By leading standardised resource 

assessment processes through the public sector, availability of credible data and model 

outputs to interested project developers and the wider public domain can be ensured.  

This will help the production of WEC annual performance estimates, which in effect will 

be of great benefit to securing and closing out potential project finance deals, thus 

accelerating WEC developments and associated economic opportunities. 



182 
 

Unless specifically acknowledged or referenced in the relevant sections, work contained 

in this thesis up to and including chapter 6.33 is the author’s own work.  Work presented 

on the X-band radar field deployments in chapter 6.4 can be seen as group efforts of the 

Marine Energy Research Group of Lews Castle College.  The solution to alleviate the 

impact of wave shadowing on the radar returns (Figure 124) was fully developed by Dr 

Charlie Greenwood, with additional support of data pre-processing by the wider team.    
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