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Abstract 

 

 

This research presents the development, validation, and field application of a Wave-Activated 

Sensor Power Buoy (WASP) designed to estimate ocean surface wave characteristics from internal 

pressure measurements within a sealed moonpool. The study considers a critical gap in ocean 

wave measurement by exploring an autonomous alternative to traditional surface-following wave 

buoys. 

The research followed a multi-stage experimental methodology, encompassing scaled laboratory 

testing (1:20 and 1:2.4 scale models) and full-scale field deployment. Each stage was designed to 

investigate the hydrodynamic behaviour of the WASP and to establish a transfer function capable 

of converting internal chamber pressure fluctuations into equivalent surface elevation spectra. 

Scaled testing confirmed the frequency-dependent nature of the system, with dominant 

resonance occurring within the 0.3–0.6 Hz range. These insights informed the derivation of a full-

scale transfer function subsequently validated using data from a four-month sea trial (March–June 

2019). 

The validated pressure-to-surface transfer function successfully reproduced wave spectra with 

strong correlation (r > 0.9) to a co-located Waverider buoy under medium to high-energy 

conditions. Analysis demonstrated that frequency restriction to the 0.3–0.6 Hz band improved 

spectral coherence and reduced RMS error, particularly during energetic sea states. However, 

performance degraded in low-energy conditions, reflecting the system’s conditional linearity and 

sensitivity to signal-to-noise ratio. 

Beyond spectral validation, the transfer function was applied to estimate key sea-state 

parameters, including significant wave height (Hs) and zero-crossing period (Tz). Results generate 

reasonable estimations, with deviations of less than 10% from Waverider-derived values in most 
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conditions. These findings demonstrate the WASP’s potential for autonomous, frequency-

selective sea-state monitoring in coastal and offshore environments. 

The research concludes by identifying pathways for future refinement, including broadband 

transfer function modelling, hydrodynamic design optimisation, and wave-powered energy 

autonomy to support extended deployments. Collectively, this work contributes to a foundation 

for the next generation of compact, energy-efficient, and cost-effective ocean wave measurement 

systems, which assists in advances in marine observation, offshore engineering, and renewable 

energy applications. 
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Chapter 1 – Introduction 

 

1.0 Introduction 

 

Understanding the dynamics of ocean surface waves is critical for a wide range of marine 

applications, from coastal engineering and offshore operations to climate studies and maritime 

safety [1]. Traditional wave measurement systems, such as directional wave rider buoys and radar-

based platforms, have proven effective but are often costly, maintenance-intensive, and 

sometimes spatially limited in their deployment [2],[3]. 

A new class of wave measuring systems, leveraging the interaction between ocean waves and 

enclosed air volumes in semi-submerged structures, has emerged as a promising alternative. One 

such system centres around the Oscillating Water Column (OWC) principle—commonly applied in 

wave energy converters [4] —where wave-induced oscillations of a water column inside a chamber 

generate varying air pressures. These internal pressure variations, if accurately interpreted, can 

offer valuable insights into the external sea state [5]. 

This research builds upon that principle by designing and developing a novel wave-measuring buoy 

that utilises a sealed moonpool housing an OWC configuration, not for energy generation, but for 

ocean wave characterisation. The buoy employs air pressure measurements taken above the 

oscillating water surface inside the sealed moonpool and applies frequency-domain analysis using 

a calibrated transfer function, derived from concurrent data collected by a nearby conventional 

wave measuring device [6].  

 

1.2 Research Problem 

 

Despite the potential advantages of OWC-based systems for wave measurement, several technical 

challenges remain unresolved: 
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• How accurately can internal air pressure signals, distorted by the dynamic response of the 

structure, be used to infer external wave conditions? 

• Can a reliable and generalised transfer function be developed to relate internal pressure 

fluctuations to sea state parameters under varying conditions? 

• How does the system perform across a wide range of sea states compared to conventional 

wave measurement instruments? 

The central problem addressed by this research is the development of a reliable, field-deployable, 

and validated method for estimating wave spectra using internal air pressure measurements in a 

sealed moonpool, with minimal calibration dependency on external sensors [7]. 

 

1.3 Research Aim 

 

The aim of this research is to develop and validate a novel ocean wave measurement buoy that 

estimates wave frequency spectra and sea state parameters by analysing air pressure signals within 

a sealed OWC moonpool, using a frequency-domain transfer function calibrated against a 

conventional wave measuring system [8]. 

 

1.4 Research Objectives 

 

1. Develop and apply a reliable method for data capture and transfer function derivation, 

enabling the WASP to record accurate pressure measurements and compute 

corresponding transfer functions over an extended deployment period. 

2. Investigate the frequency-dependent behaviour of the WASP system, identifying the 

frequency range in which its response is most stable, coherent, and dynamically 

consistent with model and reference data. 
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3. Assess the conditional linearity of the transfer function, determining how varying sea-

state energy levels influence linearity, noise sensitivity, and spectral accuracy. 

4. Validate the WASP’s performance against a reference measurement system (the 

Datawell Waverider buoy [9]) to confirm the reliability, repeatability, and accuracy of 

wave spectral reconstruction under a range of conditions. 

5. Formulate recommendations for frequency-selective calibration, to improve the fidelity 

and practical application of the WASP for long-term ocean wave monitoring. 

 

To provide clarity on the overall research structure, Figure 1.1 presents a schematic overview of 

the methodology adopted for the development and validation of the Wave Activated Sensor Power 

Buoy (WASP). The research followed a structured, multi-stage approach progressing from 

theoretical foundation and concept development, through scaled experimental validation, to full-

scale deployment and frequency-domain modelling. 

The methodology integrates laboratory testing at two scales (1:20 and 1:2.4), full-scale sea trials in 

Galway Bay, and detailed spectral analysis to derive and validate a pressure-to-surface elevation 

transfer function. Validation against a co-located Datawell Waverider buoy enabled quantitative 

assessment of system accuracy and conditional linearity across varying sea states. 

This staged framework ensured that the WASP concept was rigorously evaluated at increasing 

levels of physical and environmental complexity, culminating in the estimation of key sea-state 

parameters, including significant wave height (Hs) and zero-crossing period (Tz). 
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Figure 1.1: Structured overview of the multi-stage experimental and analytical methodology adopted for the 

development, calibration, and validation of the Wave Activated Sensor Power Buoy (WASP). 

 

1.5    Significance of the Study 

 

The novelty of this work lies in its non-traditional approach to wave measurement, transforming 

an energy-focused OWC concept into a sensing platform [4],[10]. This method eliminates the need 

for direct water surface measurements (e.g., accelerometers, wave staffs, GPS), reducing energy 

consumption, exposure to environmental wear, and system complexity [11]. 

Additionally, the development of a generalised frequency-domain transfer function offers a new 

path for characterising wave conditions from internal pressure dynamics—an underexplored area 

in oceanographic instrumentation [12]. If successful, this approach could lead to the deployment 

of low-cost, scalable, and easily deployable wave measurement devices, especially beneficial in 

remote or developing coastal regions where traditional systems may be impractical [13]. 
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1.6    Structure of the Thesis 

 

Chapter 1  

The introduction chapter outlines the motivation and context for developing a novel ocean 

wave measuring buoy that estimates wave spectra and sea state parameters using internal 

air pressure measurements above an Oscillating Water Column (OWC) within a sealed 

moonpool. By analysing these pressure signals in the frequency domain and applying a 

transfer function—derived from data provided by a nearby conventional wave measuring 

device—this research proposes a low-cost, compact, and robust alternative to traditional 

wave sensors [6]. The chapter defines the research aim, outlines key objectives, and 

emphasises the novelty of transforming internal pressure dynamics into accurate wave 

characterizations, establishing the basis for a new approach to ocean wave measurement. 

 

Chapter 2 

Chapter 2 provides a comprehensive literature review of current ocean wave measuring 

technologies, including surface-following buoys, radar systems, and pressure-based 

sensors [2],[3], highlighting their respective capabilities, limitations, and deployment 

challenges. It contrasts these with the novel approach of using internal air pressure 

measurements within a sealed OWC moonpool [4],[12], to infer wave spectra, emphasising 

the potential for a more compact, low-cost, and robust solution. The chapter then 

establishes the technical foundation for the research, covering key concepts such as ocean 

wave spectra, sea-state parameters, Oscillating Water Columns (OWCs), pressure signal 

acquisition, transfer function theory, and the Response Amplitude Operator (RAO) of the 

moonpool. This framework sets the stage for the modelling, experimental work and 

prototype development and deployment presented in subsequent chapters. 
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      Chapter 3 

Chapter 3 outlines the methodology adopted for the development, testing, and validation 

of the novel wave measuring buoy. The research begins with the design and experimental 

testing of a 1/20 scale model, followed by a more advanced 1/2.4 scale model tested in 

controlled wave tank facilities [14]. These tests aimed to acquire internal air pressure 

signals in the time domain, which were then converted to the frequency domain. 

Simultaneously, wave measurements were record from within the test tanks. A transfer 

function was determined between the two and applied to generate spectra for 

comparison. A full-scale prototype was developed and deployed at the Galway Bay test 

site [15], where time-domain pressure data was collected and processed using the same 

spectral analysis approach. The chapter also details the data acquisition systems, signal 

processing techniques, and presents representative raw data samples collected over the 

course of the testing campaigns. 

 

      Chapter 4 

Chapter 4 presents and discusses the data processing of the results obtained from the full-

scale sea trials of the novel wave measuring buoy. The frequency-domain analysis of 

internal air pressure signals successfully produced wave spectra that closely matched 

theoretical models in tank tests [14] and showed strong agreement with real sea state data 

from the reference wave measuring device at Galway Bay within specific frequency ranges 

[15]. The transfer function approach proved effective on areas of frequency measurements 

which are valid when compared to the reference waverider, and areas where pressure 

measurements are validly compared with wave spectra, demonstrating the buoy’s 

capability to capture key spectral characteristics and by applying transfer functions to 

determine sea state parameters such as Hs and Tz. 
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Chapter 5 

Chapter 5 concludes the research by summarising the successful development, testing, and 

validation of a novel ocean wave measuring buoy that uses internal air pressure signals 

within a sealed OWC moonpool to estimate wave spectra and sea state parameters. The 

study demonstrated that, through frequency-domain analysis and a calibrated transfer 

functions, reliable wave measurements can be obtained without relying on traditional 

surface-following sensors [8],[10]. The research contributes new knowledge in the use of 

internal pressure dynamics for oceanographic sensing and establishes a foundation for 

future refinement and deployment of compact, cost-effective wave measurement 

systems. The chapter also outlines key limitations encountered and recommends future 

work to improve system robustness and expand calibration techniques. 

 

1.7 Publications and presentations 

 

 

Published Journal Papers 

• B. Walsh, R. Carolan, M. Boland, T. Dooley, and T. Kelly, “The use of air pressure 

measurements within a sealed moonpool for sea-states estimation,” J. Mar. Sci. Eng.2024, 

12,2306 

• I. McLeod, B. Walsh, T.Kelly, and J. Ringwood, “Free surface elevation estimator as sensor 

for wave-powered data buoys”, PP(99):1-16, Journal of Oceanic Engineering, 2025.  

Conference Papers 

• M. Boland, T, Kelly, R. Carolan, B. Walsh and T. Dooley, “Scale model testing of the WASP 

– a novel wave measuring buoy,” in Proc. 13th Eur. Wave Tidal Energy Conf. (EWTEC), 

Naples, Italy, 2019. 
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• “R. Carolan, B. Walsh, M. Boland, T. Dooley and T. Kelly, “The design and construction of 

a prototype WASP – a novel wave measuring buoy,” in Proc. Eur. Wave Tidal Energy Conf. 

(EWTEC), Naples, Italy, 2019. 

 

 

• “B. Walsh, T. Kelly, R. Carolan, M. Boland, and T. Dooley, “Full-scale prototype testing of 

the WASP – a novel wave measuring buoy,” in Proc. Eur. Wave Tidal Energy Conf. 

(EWTEC), Plymouth, UK, 2021. 

 

 

• “B. Walsh, T. Kelly, R. Carolan, M. Boland, and T. Dooley, “Analysis of data from the full-

scale prototype testing of the WASP – a novel wave measuring buoy,” in Proc. Eur. Wave 

Tidal Energy Conf. (EWTEC), Bilbao, Spain, 2023. 

 

Technical Reports 

• NIAP Final Technical Report 2021, “Report into works carried out as part of NIAP grant 

NIAP LS 16010”. 

• Internal Technical Report 2025, “Pressure Data Analysis from Wave Activated Sensor 

Power Buoy (WASP) during Full-Scale Sea Testing Deployment”. 
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Chapter 2 - Literature Review 

 

2.0 Introduction  

This chapter aims to explore existing methods and devices for wave measurement, their working 

principles and associated challenges. A critical assessment of each approach highlights 

opportunities for innovation, with special attention given to a novel concept: using pressure 

measurements from a sealed moonpool to monitor wave-induced motions. This chapter further 

goes on to review the technical framework relevant to this novel wave measuring concept which 

is the primary subject of this work. 

Ocean waves are among the most dynamic and complex phenomena in the marine environment. 

Accurate measurement and analysis of wave characteristics are crucial for various applications, 

including coastal engineering, offshore structure design, navigation safety, climate studies, and 

renewable energy development [17]. The reliable quantification of parameters such as wave 

height, period, direction, and energy spectrum allow researchers and engineers to predict and 

mitigate potential hazards, design resilient offshore infrastructure, and optimise marine energy 

extraction systems [18]. 

Over the decades, a wide array of wave measurement techniques and instruments has been 

developed, ranging from surface-following buoys to remote sensing technologies [19]. While 

significant advancements have been achieved, limitations remain—particularly in harsh sea states, 

deep water, and within integrated systems such as floating platforms [20]. 

 

2.1 Aims and objectives of the Review  

The primary aim of this literature review is to evaluate the current landscape of ocean wave 

measurement technologies, to provide the theoretical underpinnings for the approach of using 
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pressure measurements above an OWC from within a sealed moonpool to estimate sea-states and 

to identify a gap for innovation in this field. Specific objectives include: 

• To describe and compare existing wave measurement devices and techniques. 

• Compare measurement methods and data analysis techniques. 

• To analyse the advantages and limitations of each method. 

• To explore the principles behind pressure-based measurements and their potential for 

wave monitoring. 

• Define and discuss spectral wave models, spectral moments and sea-state parameters. 

• Oscillating Water Column (OWC) theory and moonpool behaviour. 

• To assess the dynamic behaviour of air within a sealed moonpool excited by waves. 

• Investigate air dynamics in the moonpool chamber under wave excitation. 

• Understand the functioning of marine pressure gauges. 

• Explore frequency response and RAO of the moonpool system. 

• Summarise techniques for time-series analysis, spectral estimations, data handling, signal 

processing and quality control. 

• To establish a scientific foundation for developing a novel wave measuring system based 

on pressure readings within a sealed moonpool. 

 

2.2 Importance of Wave Measuring Devices  

Wave measuring devices, also known as wave buoys or wave sensors, play a crucial role in 

understanding and harnessing the power of the ocean. These instruments provide vital data on 

wave height, period, direction, and energy, which are essential for a wide range of applications 

[22]. In the context of marine energy, accurate wave measurements enable the efficient design 

and placement of wave energy converters, optimising their performance and ensuring their 

resilience to extreme conditions [23]. For coastal management and navigation, wave data aids in 
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predicting and mitigating the impacts of coastal erosion, storm surges, and flooding, thereby 

enhancing safety and preparedness [24]. Furthermore, in the realm of climate research, 

continuous monitoring of wave patterns contributes to the understanding of ocean-atmosphere 

interactions and the effects of climate change on sea state [25]. Overall, wave measuring devices 

are indispensable tools for advancing oceanographic research, improving maritime operations, and 

supporting the sustainable development of marine resources [26]. 

2.3  Evolution of Wave Measuring Technologies 

The study and measurement of ocean waves have undergone significant transformations since the 

early 20th century, evolving from basic observational techniques to sophisticated, high-precision 

instruments. This evolution reflects the growing importance of accurate wave data for various 

applications, including maritime safety, coastal management, climate research, and the 

development of marine energy technologies [27].  

In the early 1900s, ocean wave measurements primarily relied on visual observations from ships 

and coastal stations. Mariners recorded wave height and period using simple tools like poles and 

sight lines. While these methods provided basic data, they were subjective and often inaccurate 

due to human error and environmental conditions [28]. 

The introduction of mechanical wave recorders in the 1930s marked a significant advancement. 

These devices, such as the Shipborne Wave Recorder developed by the British Navy, used floats to 

measure wave motion mechanically [29]. The data was recorded on paper charts, providing a more 

objective and continuous record of wave activity. However, these early mechanical devices were 

cumbersome and limited in their ability to capture high-frequency wave data, which are critical for 

understanding wave dynamics [30]. 

The 1960s and 1970s witnessed the emergence of electronic wave recorders, which significantly 

improved the accuracy and reliability of wave measurements. These devices employed 
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accelerometers to measure wave-induced vertical accelerations. The analogue signals generated 

by these sensors were then recorded on magnetic tapes or chart recorders [31]. 

One notable development during this period was the Datawell Waverider buoy, introduced in 

1961. This buoy used an accelerometer to measure wave-induced vertical accelerations and a 

heave-pitch-roll sensor to determine wave direction. The Waverider buoy became a standard tool 

for wave measurements due to its robustness and accuracy, and it remains widely used today [32]. 

The late 20th century saw a revolution in ocean wave measurement with the advent of satellite 

remote sensing and radar technologies. Satellite altimeters, first deployed in the 1980s, measure 

the sea surface height with high precision by timing the return of radar pulses reflected from the 

ocean surface [33]. This technology provides global wave height data, significantly enhancing the 

spatial coverage of wave measurements [34]. 

Synthetic Aperture Radar (SAR) satellites, such as the European Space Agency's ERS-1 launched in 

1991, further advanced wave measurement capabilities. SAR captures detailed images of the sea 

surface, allowing for the extraction of wave spectra, including wave height, direction, and 

wavelength [35]. These data are invaluable for global wave modelling and climate research [36]. 

In recent decades, the development of advanced buoy technologies and integrated measurement 

systems has further refined ocean wave measurements. Modern wave buoys are equipped with a 

range of sensors, including GPS, accelerometers, and gyroscopes, to provide high-resolution, real-

time data on wave height, period, direction, and spectral energy distribution [37]. These buoys 

often transmit data via satellite or radio links, enabling near-instantaneous access to wave 

information [38]. 

The integration of wave measurements with other oceanographic data has also become 

increasingly common. For example, the Atlantic Marine Energy Test Site (AMETS), National Data 
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Buoy Centre (NDBS) and the Coastal Data Information Programme (CDIP) operate a network of 

buoys and coastal stations that measure waves, winds, currents, and other parameters, providing 

a comprehensive view of ocean conditions [39]. Such integrated systems support a wide range of 

applications, from improving weather forecasts to enhancing marine navigation safety [40]. 

Looking ahead, the future of ocean wave measurement lies in the continued integration of 

advanced technologies and the development of autonomous systems. Emerging technologies, 

such as unmanned surface vehicles (USVs) and underwater gliders, offer new possibilities for wave 

measurements in remote and challenging environments [41]. These autonomous platforms can be 

equipped with wave sensors and operated in swarms, providing high-resolution, spatially 

distributed wave data [42]. 

Additionally, the use of machine learning and artificial intelligence in processing and analysing 

wave data is gaining traction. These techniques can enhance the accuracy of wave predictions and 

improve the understanding of complex wave phenomena [43]. As the demand for precise and 

comprehensive wave data continues to grow, the evolution of ocean wave measuring technologies 

is poised to play a critical role in advancing marine science and supporting the sustainable use of 

ocean resources [44]. 

 

2.4 Wave measuring devices - introduction 

Wave measuring devices are essential tools for understanding oceanographic processes, managing 

coastal areas and developing marine renewable energy sources. These devices provide crucial data 

on wave height, period and direction, which are vital for applications ranging from coastal 

engineering to weather forecasting [45].  

Wave measuring devices can be classified into two main categories: in-situ devices and remote 

sensing devices. Each type has distinct methodologies for capturing wave data [46]. 
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Wave buoys are floating devices designed to measure various wave characteristics directly from 

the sea surface. Equipped with accelerometers, gyroscopes, and GPS, these buoys capture wave 

height, period, and direction [47]. Data collected by wave buoys is used to generate wave spectra 

and analyse ocean conditions. 

Pressure sensors are deployed on the seabed and measure the variations in water pressure caused 

by passing waves. These devices convert pressure fluctuations into wave heights and can be used 

to monitor wave dynamics in deeper waters [48]. 

Acoustic Doppler Current Profilers (ADCPs) use the Doppler effect to measure the velocity of water 

particles. By analysing the frequency shift of sound waves reflected from moving particles, ADCPs 

provide information on wave velocity, direction, and the vertical profile of wave conditions [49]. 

Radar systems, installed on coastal structures or ships, use electromagnetic waves to measure sea 

surface roughness and wave patterns. These systems can capture data over large areas and provide 

real-time wave information [50]. 

Satellite altimeters measure sea surface height by timing the return of radar pulses sent from the 

satellite to the ocean surface. This technology offers global coverage and is used for monitoring 

large-scale oceanographic phenomena [51]. 

Light Detection and Ranging (LIDAR) systems use laser pulses to measure wave height and surface 

features. By analysing the time it takes for the laser to reflect off the water surface, LIDAR provides 

high-resolution wave data and can be used for coastal monitoring [52]. Each wave measuring 

approach is discussed in detail in the preceding sections. 

2.4.1 Key Parameters Measured  

Wave measuring devices capture several key parameters essential for oceanographic research and 

applications, which are defined as: 
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• Wave height refers to the vertical distance between the crest (highest point) and the 

trough (lowest point) of a wave. Accurate measurement of wave height is crucial for 

coastal engineering and marine safety [53]. 

• The wave period is the time it takes for successive wave crests to pass a fixed point. This 

parameter is important for understanding wave energy and predicting wave behaviour 

[54]. 

• Wave direction indicates the direction from which the waves are coming. It is essential for 

navigation, coastal construction, and energy generation [55]. 

• The wave spectrum represents the distribution of wave energy across different 

frequencies and directions. It is used to analyse the energy content of waves and predict 

their impact on coastal environments [56]. 

 

2.4.2 Application Areas  

Wave measuring devices have diverse applications across various fields. Wave energy converters 

and offshore wind farms rely on accurate wave measurements for site selection, design, and 

operation [57]. Reliable data ensures the efficiency and economic viability of renewable energy 

projects. Coastal engineers use wave data for designing and maintaining coastal defences, 

harbours, and navigation channels [58]. Accurate measurements help ensure the stability and 

safety of coastal infrastructure. Wave data is essential for predicting sea state conditions, which 

are critical for maritime navigation and weather forecasting [59]. Accurate wave predictions 

support safe and efficient marine operations. Long-term wave measurements contribute to 

understanding climate change impacts on ocean dynamics and sea-level rise. This data is crucial 

for climate modelling and environmental monitoring [60]. Wave information supports safe and 

efficient maritime navigation by providing data on sea conditions and aiding in route planning [61]. 
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Wave measuring devices are indispensable tools for a wide range of applications, from renewable 

energy to coastal management and climate research. The classification of these devices into in-situ 

and remote sensing categories highlights the diverse methodologies used to capture wave data. 

Technological advancements have significantly improved the accuracy, reliability, and capabilities 

of these devices, expanding their applications across various fields. As technology continues to 

evolve, wave measuring devices will play an increasingly vital role in our understanding and 

management of oceanic environments. 

2.4.3 Technological Advancements 

Technological advancements have significantly enhanced the performance and capabilities of 

wave measuring devices. Modern sensors offer improved accuracy and sensitivity for measuring 

wave parameters [62]. Advances in sensor technology have enabled more precise and reliable 

wave measurements. Integration of data from multiple sources, such as combining satellite 

altimeter data with buoy measurements, allows for comprehensive wave analysis [63]. 

Sophisticated algorithms and machine learning techniques have improved data processing and 

predictive modelling [64]. Advances in communication technology enable real-time data 

transmission from remote wave measuring devices [65]. This capability supports timely decision-

making for maritime navigation, weather forecasting, and coastal management. 

The development of autonomous wave measuring systems, such as autonomous underwater 

vehicles, offers new opportunities for collecting wave data in challenging environments and 

remote locations [66]. 

 

2.5 Wave Buoys 

 

Data buoys are floating platforms equipped with various sensors and instruments designed to 

collect and transmit data about the ocean and atmospheric conditions. These buoys play a crucial 
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role in oceanography, meteorology and climate research [67]. Data buoys are typically equipped 

with a variety of sensors to measure parameters such as sea surface temperature, air temperature, 

humidity, barometric pressure, wind speed and direction, wave height, and ocean currents [68]. 

One of the primary functions of data buoys is to transmit real-time data to onshore stations or 

satellites. This data is essential for weather forecasting, climate monitoring, and research [69]. Data 

buoys are often part of larger global or regional ocean observing systems, such as the Global Ocean 

Observing System (GOOS) [70]. These systems aim to provide comprehensive and sustained ocean 

observations to support scientific research and operational applications. These devices help 

monitor and understand changes in the marine environment, including variations in sea surface 

temperature, the impact of weather events, and the behaviour of ocean currents [71]. This 

information is crucial for studying climate change and its effects on the oceans [72]. Scientists use 

data collected from buoys to conduct research on ocean dynamics, climate patterns, and marine 

ecosystems [73]. The information gathered contributes to a better understanding of Earth's 

systems and supports the development of models for climate prediction [74]. Data from buoys also 

contribute to maritime safety by providing real-time information about sea conditions [75]. This is 

particularly important for shipping, offshore operations, and coastal management. There are 

different types of buoys, including moored buoys (anchored to the ocean floor), drifting buoys 

(free-floating and drifting with ocean currents), and profiling buoys (capable of moving vertically 

through the water column to collect profile data) [76]. Some devices are surface following which 

follow the surface of the sea slope, while others track the orbital motion [77]. Orbital motion refers 

to the movement of a particle or object along a curved path due to the influence of forces such as 

gravity or other types of central forces [78]. In the context of particles following buoys, orbital 

motion can be observed in water waves. When a buoy is placed in water, the motion of the water 

particles beneath it typically exhibits a circular or elliptical path. This occurs because of the 

interaction between the buoy and the wave energy in the surrounding water. As a wave passes 

through the buoy, the water particles move in an orbital motion – moving up and down vertically 
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(due to the wave crest and trough) while simultaneously moving forward and backward along the 

direction of wave propagation [79]. 

 

2.5.1 Drifting Data Buoys 

 

Drifting data buoys are oceanographic instruments designed to collect and transmit various types 

of data while drifting with ocean currents. These buoys play a crucial role in monitoring and 

studying the dynamic properties of the world's oceans [80]. Drifting buoys provide real-time data 

on oceanic parameters such as sea surface temperature, salinity, and atmospheric conditions. This 

information is valuable for weather forecasting, climate research, and understanding oceanic 

trends. These devices are designed to move with ocean currents, allowing them to cover large 

areas. This mobility makes them suitable for studying ocean circulation patterns, including the 

tracking of currents and eddies [82]. They are often more cost-effective than maintaining a fixed 

network of oceanographic instruments. They can cover vast expanses of the ocean at a relatively 

lower cost compared to deploying and maintaining fixed buoys or research vessels [83]. These 

buoys are used in international programs, providing global coverage for data collection. This is 

particularly important for understanding large-scale oceanic processes and phenomena.  

These buoys are typically equipped with GPS, accelerometers, gyroscopes, and other sensors that 

measure the motion of the buoy as it drifts with the ocean surface. By capturing data on vertical 

and horizontal movements, the buoys can detect wave height, period, direction, and other key 

characteristics [84]. The motion data is transformed into a consistent reference frame, often 

converting the data from a moving platform (buoy) to a fixed Earth reference. This step ensures 

that the wave-induced motion is separated from the drift motion. Fast Fourier Transform (FFT) is 

applied to the time series of vertical motion (heave) to generate the wave energy spectrum [85]. 
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Figure 2.1 – A drifter neatly compressed for deployment (left) and with the nylon drogue fully extended (right), as it 
will be in the water once the cardboard wraps dissolve. [85] 

 

Some advantages of the drifting buoy include: 

• Wide Coverage. Drifting buoys can travel long distances, allowing for broad spatial 

coverage of ocean data in areas where fixed stations are not practical [86].[87]. 

• Real-Time Data Transmission. Most buoys are equipped with satellite communication, 

enabling near real-time delivery of wave, current, and temperature data [88],[89]. 

• Cost-Effective Deployment. Compared to moored buoys or research vessels, drifting 

buoys are generally cheaper to deploy and maintain [90]. 

• Versatility. Drifting buoys can be equipped with multiple sensors to measure various 

oceanographic and meteorological parameters (e.g., wave height, sea surface 

temperature, salinity) [91],[92]. 

• Minimal Environmental Disturbance. They float passively and do not disturb the ocean 

environment, making them suitable for long-term monitoring and ecological studies [93]. 

• Useful in Hazardous or Remote Areas. Ideal for collecting data in harsh or remote 

environments (e.g., polar regions, open ocean during storms) where human access is 

limited [94],[95]. 

Some disadvantages of the drifting buoy include: 
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• Lack of Stationarity. Because they drift, it's difficult to get consistent, long-term data at a 

single location; not ideal for site-specific studies [96]. 

• Limited Control. Once deployed, their paths are determined by currents and wind, so 

their trajectories and data coverage are unpredictable [97]. 

• Limited Lifespan. Batteries, biofouling, sensor degradation, or physical damage can limit 

operational lifespan—often a few months to a year [98],[99]. 

• Data Gaps and Loss. Risk of data loss due to transmission failures, satellite outages, or 

buoy malfunction [100]. 

• Surface-Only Data. Most drifting buoys only collect surface-level data (e.g., sea surface 

temperature, waves); they usually can't measure subsurface conditions unless specially 

equipped [101]. 

• Potential for Retrieval Issues. Retrieval for maintenance or reuse is often impractical due 

to unpredictable drift paths and remote final locations [102]. 

 

2.5.2 Pitch-Roll-Heave Buoys 

 

Pitch-roll-heave buoys are disc-shaped buoys that follow the slope of the sea surface, as opposed 

to tracking the orbital motion like the particle following buoys discussed in the following section. 

The pitch and roll inclinations are measured, along with the vertical heave [103],[104]. These 

measurements help researchers and scientists understand the dynamic behaviour of the ocean 

and its impact on marine ecosystems. Pitch refers to the rotation of the buoy around its lateral 

axis, causing the front or back of the buoy to move up or down [105]. They provide information on 

the vertical movement of the buoy, which is crucial for understanding wave characteristics and 

help in assessing the impact of wave energy on the buoy and its instrumentation [106]. However, 

pitch data alone may not provide a complete picture of the buoy's motion. It needs to be 

considered in conjunction with roll and heave data for a comprehensive analysis [107]. Roll is the 
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rotation of the buoy around its longitudinal axis, causing it to tilt from side to side. This information 

is essential for understanding the stability and orientation of the buoy and important for evaluating 

the impact of lateral movements on buoy-mounted instruments [108]. Similarly, roll data alone 

may not be sufficient for understanding the overall buoy motion, especially in the presence of 

complex wave patterns [109]. Heave refers to the vertical displacement or movement of the buoy 

in response to wave motion. Provides information on the buoy's vertical displacement, which is 

crucial for studying wave height and frequency and is important for assessing the buoy's response 

to variations in water level [110]. However, heave data may be affected by buoyancy changes, 

making it challenging to accurately interpret vertical movements [111]. 

To analyse the data, the buoy continuously records time series of its pitch, roll, and heave 

movements. This motion data is then processed using Fast FFT [112]. The FFT converts time-

domain motion data into the frequency domain, creating a wave energy spectrum that shows how 

much energy exists at each wave frequency. From the heave spectrum alone, key parameters like 

significant wave height (the average of the highest one-third of waves) and dominant wave period 

(the period with the most energy) can be extracted [113]. 

For wave direction estimation, the buoy’s pitch and roll data are used in combination with the 

heave data. The method commonly applied is directional spectral analysis, such as the Maximum 

Likelihood Method (MLM) or Fourier Series Methods, which analyse the phase and coherence 

between the three motion components [114]. This allows scientists to determine the direction 

from which waves are arriving, in addition to their energy and frequency [115].  

 



 22  March 2026 
 

  

Figure 2.2 – 6-degrees of freedom (DOF) motion image [115] Figure 2.3 – Fugro Oceanor Wavescan Buoy [115]  

 

Together, pitch, roll, and heave data offer a comprehensive view of a buoy's motion, enabling a 

more accurate analysis of environmental conditions [116]. These measurements are essential for 

studying wave characteristics, which is valuable for maritime and offshore engineering 

applications. They help assess the impact of buoy movements on the accuracy and reliability of 

instrumentation attached to the buoy [117]. However, interpreting and analysing the data can be 

complex, especially in the presence of irregular wave patterns or external factors influencing buoy 

motion [118].  Accurate measurement and calibration of pitch, roll, and heave sensors can be 

challenging, affecting the reliability of the collected data along with integrating these 

measurements with other environmental data requiring careful consideration and may pose 

challenges in data synchronization [119]. 

Some advantages of the pitch-heave-roll buoy include: 

• Comprehensive Wave Data Collection. Measures all three key wave motions, providing a 

more complete picture of sea state dynamics [120]. 

• Enhanced Accuracy. Enables accurate estimation of wave parameters like height, period, 

and direction [121]. 
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• Versatility. Useful in various applications including oceanography, offshore engineering, 

and renewable energy (wave energy converters) [122]. 

• Adaptability to Harsh Conditions. Designed to endure and operate effectively in rough sea 

environments [123]. 

• Energy Harvesting Potential. The three-dimensional movement can be utilized for kinetic 

energy harvesting in wave energy devices [124]. 

• Improved Design Validation. Helps validate ocean wave models and offshore structure 

designs by providing realistic data inputs [125]. 

 

Some disadvantages of the pitch-heave-roll buoy include: 

• Complex Design and Maintenance. More moving parts and sensors mean higher potential 

for mechanical failure and maintenance requirements [126]. 

• High Cost. Advanced sensors, data logging, and rugged design make them more expensive 

than simpler buoys [127]. 

• Calibration Challenges. Accurate measurement requires careful calibration of sensors, 

which can drift over time [128]. 

• Power Supply Limitations. Sustaining power for sensors and transmitters in remote areas 

is challenging without solar or other power sources [129]. 

• Data Transmission Issues. In remote ocean regions, real-time data transmission may be 

limited by satellite communication constraints [130]. 

• Vulnerability to Biofouling and Vandalism. Marine growth and human interference can 

affect sensor performance and buoy integrity [131]. 
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2.5.3 Surface Following Buoys 

 

Surface-following wave measuring buoys, are devices designed to measure and monitor ocean 

surface waves. These buoys play a crucial role in collecting data on wave height, period, and 

direction, providing valuable information for various applications such as weather forecasting, 

climate research, and offshore engineering [132],[133]. Wave buoys provide accurate and reliable 

measurements of wave characteristics, including wave height, period, and direction [134]. This 

information is essential for understanding ocean dynamics and predicting extreme weather events 

[135]. Many surface-following buoys are equipped with telemetry systems that enable real-time 

data transmission. This allows researchers and meteorologists to monitor wave conditions 

promptly and respond to changes in the environment [136]. Wave buoys are designed to withstand 

harsh marine conditions, allowing for long-term deployment in open ocean environments. This 

durability ensures a consistent and continuous data stream for extended periods [137]. These 

buoys can be deployed in various locations, including remote and deep-sea areas, providing a 

comprehensive understanding of wave patterns on a global scale [138]. Wave buoys are often part 

of a broader ocean monitoring system and can be integrated with other sensors to measure 

parameters such as sea surface temperature, salinity, and atmospheric conditions [139]. This 

integrated approach enhances the overall understanding of ocean dynamics [140]. The data 

collected by wave buoys is invaluable for scientific research, offshore engineering design, and the 

development of renewable energy projects, such as wave energy converters [141]. However, 

Surface-following wave measuring buoys can be expensive to manufacture, deploy, and maintain. 

The cost may limit the number of buoys that can be deployed, especially in remote or less 

economically developed regions [142]. Despite their robust design, wave buoys can still be 

damaged or lost during severe storms or extreme weather events. This can result in data gaps and 

the need for costly replacements [143]. Deploying a network of buoys is necessary to obtain 

comprehensive spatial coverage, but this may still result in limited resolution in certain areas. This 

limitation is particularly relevant in regions with complex coastal geometries [144]. Marine 
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organisms, such as barnacles and algae, can accumulate on buoy surfaces, affecting sensor 

accuracy and performance over time. Regular maintenance is required to address biofouling issues 

[145]. In remote or deep-sea locations, transmitting real-time data to onshore facilities may pose 

challenges. This can result in delays in data availability and processing [146]. 

Surface following buoys can use gyroscopes, GPS, accelerometers to gather time-series data for 

heave, pitch and roll, compass heading and horizontal displacement [147]. The buoy has an on 

board computer that performs spectral analysis on the motion data, including zero-crossing 

analysis, FFT and directional spectrum [148]. 

 

Figure 2.4 – Datawell Waverider Buoy [149] 

 

Some advantages of the surface following buoy include: 

• Accurate Wave Measurement. Designed to follow the sea surface precisely, enabling 

high-fidelity data on wave height, period, and direction [150]. 

• Direct Response to Wave Motion. Mimics the wave-induced motion of floating vessels or 

platforms, making it ideal for marine engineering and safety applications [151]. 

• Proven and Widely Used Technology. Commonly used by national meteorological and 

oceanographic agencies, with established data protocols [152]. 
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• Effective for Model Validation. Provides critical surface wave data for validating wave 

prediction and ocean circulation models [153]. 

• Compact and Deployable. Many are small and easy to deploy from ships, offshore 

platforms, or aircraft [154]. 

• Can Be Combined with GPS and Inertial Sensors. Allows for high-resolution motion 

tracking in three dimensions [155]. 

• Useful in Coastal and Offshore Environments. Deployed for navigation safety, offshore 

construction, surfing forecasts, and research [156]. 

Some disadvantages of the surface following buoy include: 

• Limited to Surface Motion Only. Does not provide information about subsurface currents 

or vertical profiles unless equipped with additional instruments [157]. 

• Affected by Wind and Current Drift. Can be displaced by surface currents or wind, making 

them less ideal for fixed-point wave monitoring unless moored [158]. 

• Vulnerable to Harsh Marine Conditions. Extreme wave conditions may damage the buoy 

or cause it to capsize or lose calibration [159]. 

• Maintenance and Fouling Issues. Biofouling and corrosion affect sensor accuracy and 

durability, requiring periodic maintenance or replacement [160]. 

• Power and Data Transmission Constraints. Relies on batteries and satellite or radio 

communication, limiting deployment time in remote areas [161]. 

• Expensive for Long-Term Monitoring. More advanced models with telemetry and 

multiple sensors can be costly to build, deploy, and maintain [162]. 

• Not Ideal for Current Tracking. While it follows the surface, it does not track the flow of 

water particles like drifters do, so it's not suited for current studies [163]. 
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2.6 Other wave measuring devices 
 

2.6.1 Acoustic Wave Sensors 

 

The Acoustic Doppler Current Profiler (ADCP) is a device used to measure the velocity of water 

currents in oceans, rivers, and other water bodies. It employs the Doppler effect to determine the 

velocity of water particles along the acoustic beams emitted by the device [164]. The ADCP emits 

acoustic beams (pulses of sound waves) into the water. When these beams encounter moving 

particles (such as water molecules or suspended sediments), the frequency of the sound waves is 

altered due to the Doppler shift [165]. The ADCP measures the change in frequency caused by the 

Doppler effect and used this information to calculate the velocity of water particles at different 

depths [166]. The device can produce and receive signals from multiple directions and can be 

stationary or mounted to a moving vehicle [167]. Because the emitted signal extends down 

through the water column, it measures the current at many different depths and can determine 

the speed and direction of the varying currents within the water column, including the surface of 

the ocean [168]. The water velocities as determined from each beam are combined and processed 

to produce a time-series of the 3D wave-induced water velocities and from that the directional 

wave spectrum [169]. The device extracts time series data including surface elevation and orbital 

velocity [170]. The device then performs a FFT to convert time-domain data to frequency spectra 

to generate wave energy spectra and directional spectra [171]. 
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Figure 2.5 – Typical Acoustic Doppler Current Profiler device [164] 

 

Some advantages of an ADCP are listed below: 

• Profiles Entire Water Column. Measures current velocity at multiple depths 

simultaneously (vertical profiling), not just at a single point [172]. 

• Non-intrusive Measurement. Uses sound waves; no moving parts are exposed to water, 

reducing maintenance and minimizing disturbance to the environment [173]. 

• Directional and 3D Current Data. Provides 3-axis velocity components (east-west, north-

south, and vertical), giving a full picture of water movement [174]. 

Versatile Deployment. Can be deployed: 

• Downward-facing from a surface buoy or ship 

• Upward-facing from the seabed 

• Horizontally for side-looking applications in rivers or harbours [175] 

• Additional Capabilities. Some models can estimate: 

• Wave height and direction 

• Sediment transport/turbidity 

• Bottom tracking for vessel speed [176] 
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• Remote Data Collection. Can be used for long-term monitoring with remote data 

transmission (via satellite, radio) [177]. 

• High Temporal Resolution. Provides real-time or near-real-time data with adjustable 

sampling intervals [178]. 

Some disadvantages of an ADCP are listed below: 

• Limited Range. Acoustic signals weaken with distance and turbidity: 

• Shallow models may reach only 30–50 meters. 

• Deepwater models are more powerful but still limited compared to some alternative 

tools [179]. 

• Data Quality Affected by Environment. Accuracy can be compromised by: 

• Air bubbles, suspended sediment, or marine life 

• Thermoclines or other sharp water density changes 

• Turbulent or high-flow conditions [180] 

• Expensive Equipment. ADCPs are costly to purchase and maintain, especially for 

deepwater or high-resolution models [181]. 

• Complex Data Processing. Raw Doppler data requires significant processing and 

calibration. May require expertise in oceanography and signal processing to interpret 

properly [182]. 

• Power Consumption. High-frequency or long-term deployments need large batteries or 

external power sources [183]. 

• Blind Zone Near Transducer. There is a small "blanking distance" near the ADCP head 

where it cannot measure due to acoustic interference [184]. 
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2.6.2 Radar-Based Systems 

 

Land-based radar and satellite radar are two distinct approaches to measuring waves in the ocean. 

Each method has its own set of advantages and disadvantages, and the choice between them often 

depends on the specific requirements of the application [185].  

Land based high frequency surface wave radar is a rapidly emerging technology suitable for ocean 

wave remote sensing through line-of-sight wave measurement [186]. The transmitted signals of 

coherent radar have all defined phase angles to a reference, and this distinguishing characteristic 

leads to the capability of obtaining the Doppler information [187]. Analysis of coherent microwave 

radar data usually involves the application of a 3-D Fast Fourier Transformation (FFT) to the 

acquired backscatter images of the ocean area to estimate the spectra. Subsequently, wave 

parameters can be deduced based on a spectral analysis of the estimated spectra [188]. 

Advantages of this system include based high-resolution wave measurements, especially when 

positioned close to the shore. This is beneficial for detailed studies of nearshore wave processes 

[189]. Compared to satellite systems, land-based radar installations are generally more cost-

effective to set up and maintain. They are particularly suitable for local or regional wave 

monitoring. Land-based radar systems can provide real-time data, which is crucial for applications 

like coastal management, harbour operations, and storm surge predictions [191]. Researchers can 

customize land-based radar installations based on the specific needs of the study area. This 

flexibility allows for targeted data collection [192].  

Disadvantages of this system compared to satellite include, limited range, and its coverage is 

constrained to coastal areas. It may not be suitable for studying open-ocean waves or large 

expanses of water [193]. Radar signals can be obstructed by obstacles such as buildings or terrain. 

This may limit the effectiveness of land-based radar in certain locations [194]. Maintenance of land-

based radar systems, especially in harsh coastal environments, can be challenging. Exposure to 

saltwater, storms, and other environmental factors may lead to wear and tear [195]. 
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Figure 2.6– Typical land based radar wave measuring system [185] 

 

 

The system has two main approaches to analyse wave date from radar: 

Spectral FFT-based method 

• Image Stack Collection: A time series of radar images (e.g., over 10–30 minutes) is 

collected [196]. 

• 3D FFT Analysis: A 3D Fast Fourier Transform is applied to the stack (2 spatial + 1 

temporal dimension), creating a 3D wave spectrum: 

o Wave number (k): spatial frequency 

o Direction (θ): wave travel direction 

o Frequency (f): temporal variation [197] 

• Dispersion Relation Filtering: 

o Applies the linear wave dispersion relation to filter out non-wave components. 

o Matches spatial and temporal wave characteristics to identify true ocean wave 

energy [198]. 

Sea Clutter and Shadowing Analysis. 

This simpler method uses statistical patterns in radar images: 
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• Counts shadowed and bright zones on sea surface 

• Wave parameters are estimated by analysing distances between crest lines, crest 

orientation and temporal variation [199]. 

 

Some advantages of a radar-based system include: 

• Non-Contact and Remote Operation 

o No instruments in the water—completely remote sensing from shore, ship, or 

platform. 

o No risk of damage from rough sea conditions or marine growth [200]. 

• Wide Area Coverage 

o Can monitor waves over several kilometres (typically 1–5 km range). 

o Captures spatially distributed wave fields, unlike point-based systems (e.g., buoys 

or ADCPs) [201]. 

• High Temporal Resolution 

o Provides near real-time data (updated every few seconds to minutes). 

o Useful for tracking rapidly changing sea states [202]. 

• Directional Wave Information 

o Accurately captures wave direction, wave period, and directional spectra [203]. 

• Useful in Harsh Environments 

o Operates in areas where buoys or underwater sensors may fail (e.g., near ports, 

platforms, ice-covered waters) [2-4]. 

• Dual Use with Navigation Radars 

o Can be integrated into existing ship or platform radars, making it cost-effective in 

some installations [205]. 
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Some disadvantages of a radar-based system include: 

• Indirect Measurement of Wave Height 

o Wave height (Hs) is not directly measured—must be estimated from image 

contrast or shadowing models. 

o Often less accurate than buoy- or pressure-based measurements unless 

calibrated [206]. 

• Environmental Limitations. Performance can degrade due to: 

o Low wind conditions (less surface roughness = poor backscatter) 

o Rain, fog, or sea spray (signal interference) 

o Land clutter or objects in field of view [207] 

• Requires Line-of-Sight 

o Only works where the radar has an unobstructed view of the sea surface [208]. 

• Complex Data Processing 

o Requires advanced image and spectral analysis, including filtering and calibration 

against wave models. 

o May require expert tuning and validation [209]. 

• Lower Accuracy in Calm Conditions 

o Difficult to detect small wave patterns in low sea states (e.g., Hs < 0.5 m) 

[210]. 

• High Power Consumption and Infrastructure Needs 

o Requires stable mounting, continuous power, and reliable data processing 

hardware/software [211]. 
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2.6.3 Satellite Remote Sensing 

 

Satellite radar for ocean wave measurement utilizes synthetic aperture radar (SAR) technology. 

SAR instruments on satellites transmit microwave signals towards the Earth's surface and receive 

the backscattered signals. By analysing the returned signals, the satellite can generate images and 

data related to the ocean surface, including wave characteristics [212],[213]. Advantages of this 

system include providing a global perspective, allowing for the monitoring of waves over vast 

ocean areas. This is particularly useful for studying open-ocean wave patterns [214]. Satellites can 

provide continuous and persistent monitoring of ocean surfaces, enabling long-term studies and 

trend analysis [215]. This system can cover remote or inaccessible areas where land-based 

installations may not be practical or cost-effective [216]. Satellite measurements offer a consistent 

data collection platform, reducing the variability associated with different land-based radar 

installations [217]. For example, significant wave height can be determined from the slope of the 

leading edge of the altimetry waveform [218]. Figure 2.7 shows how the specifics of the surface 

wave field affect the measured signal. Significant wave height is the mean value of the highest third 

of the measured waves [219]. 

 

Figure 2.7 – Typical satellite wave measuring system [212] 

 



 35  March 2026 
 

The radar altimeter receives the reflected wave (of echo), which varies in intensity over time. 

Where the sea surface is flat (left), the reflected wave’s amplitude increases sharply from the 

moment the leading edge of the radar signal strikes the surface. However, in sea swell or rough 

seas (right), the wave strikes the crest of one of one wave and then a series of other crests which 

cause the reflected wave’s amplitude to increase more gradually. Ocean height can be derived 

from the information in this reflected wave, since the slope of the curve representing its amplitude 

over time is proportional to wave height [220]. Disadvantages of this system include generally a 

lower spatial resolution compared to land-based radar. This limitation may affect the ability to 

capture fine details of nearshore wave dynamics [221]. While satellites provide persistent 

monitoring, the revisit time of satellites may be relatively long. This can be a limitation for 

applications requiring high-temporal-resolution data [222]. The development, launch, and 

maintenance of satellites can be expensive. This cost factor may limit the availability of dedicated 

satellite missions for specific wave measurement purposes [223]. In practice, a combination of 

both land-based and satellite radar systems may be employed to leverage the strengths of each 

method and overcome their respective limitations. Integrating data from multiple sources can 

provide a more comprehensive understanding of ocean wave characteristics [224]. 

Some advantages of SAR include: 

• Global Coverage 

o Satellites can measure waves across the entire ocean, including remote or inaccessible 

areas where in-situ measurements (like buoys or radar) are impossible [225]. 

• Large Spatial Scale 

o Can provide data over very wide swaths (hundreds to thousands of kilometres per 

pass), offering a synoptic view of wave conditions [226]. 

 

• Consistent, Long-Term Data 
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o Many satellite missions (e.g., Sentinel, Jason, SWOT) provide continuous, long-term 

datasets, essential for climate studies, model validation, and trend analysis 

[227],[228]. 

• No Local Infrastructure Needed 

o Data can be accessed remotely—no need to deploy or maintain buoys, radars, or other 

physical equipment on-site [229]. 

• Multiple Measurement Techniques 

• Satellites can estimate: 

o Significant wave height (Hs) (altimeter) 

o Wave direction and wavelength (SAR) 

o Sea surface roughness (SAR, optical) 

o Wave spectra (limited from SAR) [230],[231]. 

 

Some disadvantages of SAR include: 

• Limited Temporal Resolution 

o Most satellites have long revisit times (e.g., once every few days for a given location), 

making them unsuitable for real-time or high-frequency monitoring [232]. 

o Cannot track short-term, localized wave events (e.g., tsunamis, storms in progress). 

• Lower Accuracy than In-Situ Methods 

o Altimeters provide reliable Hs but are point measurements along narrow ground tracks 

(~1–10 km wide) [233]. 

o SAR-based wave estimates can be complex to interpret and require advanced 

processing and validation [234]. 

• Weather and Cloud Sensitivity 
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o Optical sensors (like MODIS) cannot "see" through clouds. 

o SAR works in all weather, but performance can still be affected by very rough seas or 

high winds [235]. 

• Complex Processing 

o Wave information, especially from SAR, requires sophisticated algorithms and post-

processing. 

o SAR interpretation can be ambiguous in multi-directional or crossing seas [236]. 

• Delayed Data Availability 

o Data often becomes available with a latency of hours to days, depending on the 

satellite and provider [237]. 

 

2.6.4 Seabed Pressure Sensors 

 

Seabed pressure sensors play a crucial role in oceanographic research, environmental monitoring, 

and various industrial applications [238]. Seabed pressure sensors are typically placed on the ocean 

floor and are designed to withstand the harsh conditions of the marine environment. They operate 

based on the principle that pressure increases with depth in a fluid, such as seawater. These 

sensors convert the pressure exerted by the water column above them into electrical signals, which 

can then be transmitted to the surface or stored for later retrieval [239]. Advantages of this device 

include: 

• Accurate Depth Measurement: Seabed pressure sensors provide accurate measurements 

of water depth by sensing the pressure at specific depths. This is essential for 

understanding ocean dynamics, currents, and variations in sea level [240]. 

• Real-time Monitoring: Many seabed pressure sensors are equipped with telemetry 

systems that allow real-time data transmission to onshore facilities or research vessels. 

This enables researchers to monitor ocean conditions continuously [241]. 
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• Long-Term Deployment: These sensors are designed for long-term deployment, allowing 

for extended data collection periods. This is crucial for studying seasonal variations, long-

term trends, and changes in oceanographic parameters [242]. 

• Versatility: Seabed pressure sensors can be deployed at various depths, making them 

versatile for different research purposes. They are used in shallow coastal areas as well as 

in deep-sea environments [243]. 

• Integration with Other Sensors: They can be integrated with other sensors, such as 

temperature and salinity sensors, to provide a more comprehensive understanding of the 

ocean environment [244]. 

Disadvantages of seabed pressure sensors include: 

• Cost: The cost of manufacturing, deploying, and maintaining seabed pressure sensors can 

be relatively high. This may limit the widespread deployment of these sensors in some 

cases [245]. 

• Limited Special Resolution: Depending on the density of the sensor network, there may be 

limitations in spatial resolution. Achieving high-resolution data across large areas may 

require a significant number of sensors, increasing the overall cost and complexity [246]. 

• Maintenance Challenges: Retrieving and maintaining seabed sensors can be challenging 

due to the deep-sea environment. Storms, currents, and biological fouling can affect the 

sensors and may necessitate periodic maintenance or replacement [247]. 

• Energy Requirements: Some seabed pressure sensors require power to operate, and 

supplying power to the sensors on the ocean floor can be challenging. Battery-powered 

sensors may have limited operational lifetimes [248]. 

• Environment Impact: The deployment and retrieval of sensors can have environmental 

impacts, disturbing the seabed and potentially affecting marine life in the vicinity [249].  
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The attenuation of wave pressure with depth results in them only being suitable for relatively 

shallow waters. In this regard, as low frequency waves hold more water, these sensors are more 

suitable for swell wave measurement [250]. Being limited by signal capabilities, the typical 

maximum depth of use for such devices is in the order of 20 metres thus limiting their usage to 

near shore locations [251]. Despite these challenges, advancements in technology and ongoing 

research aim to address these limitations, making seabed pressure sensors increasingly valuable 

tools for oceanographic studies and environmental monitoring [252]. 

 

Figure 2.8– Typical seabed pressure sensor device  [238] 

 

2.7 Using floating OWCs to estimate wave statistics. 

 

Measuring air pressure in an OWC is crucial for understanding and optimising the performance of 

devices like wave energy converters, which harness the energy from ocean waves [253].[254]. 

OWC’s typically consist of a chamber partially filled with water, and as waves cause the water level 

to rise and fall, the air column above the water oscillates, creating pressure variations [255]. 

To measure air pressure in an oscillating water column, one can use various instruments and 

techniques. Pressure Transducers are commonly used to measure air pressure changes within the 

OWC [256]. Pressure transducers can be installed at strategic locations within the air column or 

connected to the chamber to measure the dynamic pressure variations ensuring that the 
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transducer has a suitable pressure range and response time for the expected oscillations [257]. 

Pressure Sensors can be designed to handle dynamic pressure changes. These sensors can be 

connected to data acquisition systems for continuous monitoring and recording of pressure 

variations over time [258]. It is important to consider barometric pressure changes, as they can 

affect the accuracy of pressure measurements. Including a barometric pressure sensor in the 

system can help correct for changes in atmospheric pressure, providing more accurate readings 

[259]. Employing data acquisition systems with high sampling rates allows you to capture rapid 

pressure changes accurately [260]. These systems can store and analyse pressure data over time, 

helping to understand the dynamics of the oscillating water column [261]. 

 

2.7.1 Air pressure in the WASP moonpool chamber  

 

This work focuses on the measurement of the variation in air pressure above the oscillating water 

column with a view to obtaining/generating wave spectra and sea state conditions [262]. 

The WASP comprises a floating body with a central moonpool. The relative motion of the water 

level in the moonpool to the buoy will pressurise and depressurise the air above the water column 

[263]. This work will demonstrate that, once the WASP has been suitably calibrated, key wave 

spectrum parameters may be estimated from measurements of the pressure of the air above the 

water column by determining a relationship between the incident wave spectrum and the pressure 

spectrum within the OWC chamber [264]. Figure 2.9 depicts a typical cross section schematic of an 

“off the shelf” buoy with a hollow central core, the moonpool.  
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Figure. 2.9.  JFC Seagull SG3000 buoy [253] 

 

The advantages to be offered by the WASP wave measuring device include the adaptability of the 

system to a wide range of existing off the shelf ocean buoys with a hollow central core [265]. The 

buoys may continue to serve their purpose as ocean markers while also obtaining pressure 

variance data from above the water column. Such is the nature of the buoys, the system will always 

have a robust platform from which to operate [266]. The system can use low cost components 

while also being low energy consuming in its operation [267]. However, some disadvantages are 

that the system depends very much on the excitation of the water column or the buoy for 

generation of pressure data limiting the comprehensiveness of the collected data [268]. The buoy 

requires mooring in a specific area of interest, potentially hampering the systems use in its current 

form from deeper waters [269]. Background knowledge of the locations existing wave 

characteristics is required for use as training in order to exercise the input/output transfer function 

method, discussed in greater detail later in this chapter [270]. 

Water level 

Air above 

water column 

Moonpool 
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2.7.2 Challenges and Future Directions 

Wave measuring devices represent crucial components in the broader context of renewable 

energy and marine sciences [271]. This section explores the challenges and future directions in this 

field, focusing on technological hurdles, environmental and regulatory issues, cost and economic 

considerations, and emerging trends and innovations. 

2.7.3 Technological Challenges  

Wave measuring devices, such as buoys, radar systems, and satellites, face significant challenges 

in terms of accuracy and reliability [272],[273]. These devices must operate in harsh marine 

environments, where factors like biofouling, extreme weather conditions, and mechanical wear 

can impact performance [274]. Continuous calibration and maintenance are essential to ensure 

accurate data collection, which can be logistically challenging and costly [275]. 

The integration of data from multiple sources presents a major technological challenge [276]. 

Different devices often use varying data formats, units, and sampling rates, complicating the 

process of data fusion. Moreover, the large volumes of data generated require robust 

computational resources and sophisticated algorithms for real-time processing and analysis [277]. 

Advancements in machine learning and data assimilation techniques are critical to overcoming 

these challenges [278]. 

2.7.4 Environmental and Regulatory Issues  

The deployment of wave measuring devices can have significant environmental impacts [282]. 

Concerns include the disruption of marine habitats, noise pollution, and potential harm to marine 

life [283]. Comprehensive environmental impact assessments (EIAs) are required to understand 

and mitigate these effects [284]. Advancements in eco-friendly materials and deployment 

strategies can help minimize environmental footprints [285]. 
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The regulatory landscape for ocean energy is complex and varies by region. Obtaining permits for 

the installation and operation of wave energy devices involves navigating through multiple layers 

of regulations related to environmental protection, maritime law, and energy policy [286]. 

Streamlined regulatory frameworks and international collaboration are needed to facilitate the 

growth of the ocean energy sector [287]. 

 

2.7.5 Cost and Economic Considerations  

The initial costs of developing and deploying wave measuring devices are high [288]. These costs 

include research and development, manufacturing, installation, and maintenance. High upfront 

investment can be a barrier to entry, especially for small and medium-sized enterprises (SMEs). 

According to the International Renewable Energy Agency (IRENA), financial incentives and support 

from governments are crucial to stimulate investment in this sector [289]. 

Ensuring the economic viability of ocean energy projects is challenging due to fluctuating energy 

prices and competition from other renewable energy sources. Developing cost-effective 

technologies and achieving economies of scale are essential to make ocean energy competitive 

[290]. Innovative financing models, such as public-private partnerships and green bonds, can also 

play a role in supporting the economic sustainability of ocean energy projects [291]. 

2.7.6 Future Trends and Innovations 

Future developments in advanced materials, such as corrosion-resistant composites and 

biodegradable materials, are expected to enhance the durability and environmental compatibility 

of wave measuring devices [292]. Additionally, innovations in sensor technology and autonomous 

systems will improve data accuracy and reduce operational costs [293]. 

International collaboration and knowledge sharing are vital for addressing the global challenges of 

wave measuring [296]. Collaborative research initiatives, joint ventures, and international policy 



 44  March 2026 
 

frameworks can accelerate technological advancements and promote the sustainable 

development of ocean wave measuring devices [297]. 

 

2.7.7  Gap: Pressure-Based Wave Sensing in Sealed Moonpools 

Existing wave sensors are exposed to harsh environments and require maintenance [298]. A sealed 

moonpool pressure sensor offers: 

• Protected housing against biofouling and impact [299]. 

• Passive measurement via air compression without moving parts [300]. 

• Potential resonance amplification aiding sensitivity [301]. 

Challenges include: 

• Deriving calibrated wave parameters from complex pressure signals [302]. 

• Decoupling vessel motion and internal hydrodynamics [303]. 

• Modelling nonlinear air-compressibility effects under dynamic loads [304]. 
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Table 2.1 below summarises the various wave measuring device’s methods of measurement, 
advantages and disadvantages and compare to those of the WASP. 

Device Type Measurement Method Advantages Disadvantages 

Drifting Buoys 
GPS or inertial motion 
sensors track buoy 
displacement over 
time. 

 

- Easy deployment 
- Large area coverage 
- Long-duration data 

- Limited spatial 
resolution 
- Susceptible to current 
drift 
- Power limitations 

Pitch-Heave-Roll Buoys Inertial Measurement 
Units (IMUs) detect 
pitch, heave, and roll 
motions. 

- High-frequency wave 
detail 
- Directional wave data 

- Requires stable 
calibration 
- Affected by biofouling 
and wind forces 

Surface-Following 
Buoys 

Follows surface motion; 
uses accelerometers or 
GPS to track vertical 
displacement. 

- Direct wave 
measurement 
- Accurate spectral 
analysis 

- Expensive 
- Needs frequent 
maintenance 

Acoustic Wave Sensors Measure Doppler shift 
or travel time of sound 
between transducers to 
determine wave 
profiles. 

- Non-intrusive 
- High resolution in 
nearshore 
environments 

- Limited to shallow 
waters 
- Affected by 
bioacoustic noise 

Radar-Based Systems Uses radar backscatter 
from sea surface to 
estimate wave height, 
direction, and period. 

- Remote, non-contact 
- Continuous 
monitoring 
- Works on platforms 
(ships/oil rigs) 

- Expensive 

- Calibration needed 

- Sensitive to weather 
and sea clutter 

Satellite Remote 
Sensing 

Altimeters and SAR 
measure sea surface 
elevation and wave 
spectra globally. 

- Global coverage 
- Long-term trends 
- Valuable for large-
scale models 

- Low 
temporal/spatial 
resolution 
- Limited by revisit time 
- Cloud interference 
(SAR) 

Seabed Pressure 
Sensors 

Measure pressure 
fluctuations due to 
wave-induced surface 
changes. 

- Protected from 
surface hazards 
- Long-term stable data 

- Less accurate for 
short/steep waves 
- Needs depth 
correction 
- Limited directional 
data 

OWC-Sealed Moonpool 
Air Pressure Sensor 
(Novel Device) 

Measures changes in 
air pressure in a sealed 
moonpool chamber 
(oscillating water 
column) caused by 
wave forcing. 

- No moving parts in 
contact with water 
- Low maintenance 
- Enclosed system less 
prone to biofouling 
- Can be integrated into 
floating platforms 

- Requires careful 
calibration 
- Wave data inferred 
indirectly 
- Sensitivity to chamber 
geometry and air 
compressibility 

Table 2.1 summary of various wave measuring device’s methods of measurement, advantages and disadvantages 
compared to those of the WASP. 
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2.8 Ocean Wave Representation and Wave Spectra 

In the study of wave phenomena, particularly in two dimensions, the concept of superposition 

plays a critical role. The principle of superposition states that any complex wave pattern can be 

represented as the sum of a number of simpler monochromatic waves. This idea is foundational in 

the analysis and synthesis of wave spectra [305]. 

Ocean waves can be treated as a stochastic process, generally represented as a superposition of 

linear sinusoidal components of varying frequencies and directions. The sea surface elevation 

η(x,y,t) is often modelled using a two-dimensional wave energy spectrum S(f,θ) where f is 

frequency and θ is wave direction. 

S(f,θ)=S(f)D(θ)     (Eq. 1) 

Here: 

• S(f) is the omnidirectional (1-D) wave spectrum, 

• D(θ) is the directional spreading function, normalized such that: 

∫ 𝐷(
𝜋

−𝜋
𝜃)𝑑𝜃 = 1    (Eq. 2) 

This formulation allows decomposition of a complex sea state into frequency components and 

angular spreading, facilitating transformation from pressure time series to wave spectral estimates 

[306]. 

Wave heights vary and a given time series will have multiple values of Hs (significant wave height) 

which will vary randomly [308]. Similarly, with regard to Tc (crest to crest period) and Tz (zero up 

cross period) will not necessarily present the same distribution with regards to random waves 

[308]. 
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Two of the most important parameters that quantify the state of the sea are a characteristic height 

and a characteristic period, with Hs being the most commonly used parameter for height [306]. 

The significant wave height is defined traditionally as the mean wave height, from trough to crest, 

of the highest one-third of the waves [307]. Whereas the characteristic period could be the mean 

period, average zero-crossing period, peak period and so on [306],[308]. These parameters may be 

determined directly from the time series of the wave data or from the frequency domain, if the 

energy density spectrum is known [306]. 

2.8.1 Wave Energy Spectrum 

 

The ocean wave energy density spectrum is used to describe how the energy of ocean waves is 

distributed across different frequencies, providing a comprehensive understanding of the sea state 

and aiding in the design and optimisation of marine structures and wave energy converters [309].  

The irregular nature of the sea surface prohibits straight forward analysis, however statistical 

surface properties, such as average wave heights, periods and direction vary more slowly. In this 

regard, a typical wave spectrum may be determined [310]. Figure 2.10 presents a standard time 

series of the movement of a water surface at a specific location. The wave crests are denoted by 

dashes and the zero down crossings circled [311].  

 

Figure 2.10 – Time series Wave record [311] 



 48  March 2026 
 

While such data may never be repeated exactly again due to the random nature of the sea, as the 

sea state is stationary and ergodic, the statistical properties such as Hs and Tz will be comparable 

throughout data [311].  

A stationary process is a random process whose statistical properties (such as mean, variance, and 

autocorrelation) do not change over time. In other words, the behaviour of the process is 

consistent throughout its duration [312]. Stationarity is often categorized into: 

• Strict Stationarity: All statistical properties of the process (including higher moments) are 

invariant under time shifts. 

• Wide-sense Stationarity: The mean, variance, and autocorrelation of the process do not 

change over time. 

Sea-states are often modelled as stationary processes because wave patterns and statistics (such 

as wave heights and periods) are assumed to remain constant over time, allowing for simplified 

analysis and prediction. This assumption is practical for many engineering applications and helps 

in modelling long-term average behaviour [312]. 

An ergodic process is one where time averages (over a single realization of the process) are 

equivalent to ensemble averages (averages over many realizations at a single point in time). In 

simpler terms, an ergodic process assumes that observing one realization over a long period of 

time gives the same statistical information as observing many independent realizations at a given 

moment [313]. 

Sea-states are approximated as ergodic because, in practice, it is often difficult to collect data from 

many different locations simultaneously. Instead, we use long-term observations from a single 

location, assuming that this can represent the overall statistical behaviour of the sea-state. This 
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assumption makes it easier to analyse wave patterns and predict long-term trends from a limited 

data set [313]. 

By assuming stationarity and ergodicity, we can simplify the complex nature of sea-states and focus 

on their average behaviour, which is often sufficient for most practical applications. Approximating 

sea-states as stationary and ergodic simplifies the complex dynamics of ocean waves, making the 

problem more tractable for analysis and engineering [314]. In real-world applications, sea-state 

properties (like wave height and period) are typically averaged over time. The stationary 

assumption ensures that these properties don’t change unpredictably, and the ergodic assumption 

allows for statistical averages from a single observation over time. For coastal engineering and 

offshore structures, this approximation helps in predicting wave conditions and designing resilient 

systems without requiring exhaustive data from multiple locations or over impractical time spans 

[315]. 

The best representation of a random sea state is an energy density spectrum. Typically spectral 

plots present wave frequency on the x-axis and energy density on the y-axis with the area under 

the curve referred to as the seaway variance [316]. 

The energy density spectrum (also called the wave spectrum) with regard to ocean waves is a 

mathematical representation of how wave energy is distributed across different frequencies or 

wavelengths in a given wave field. It describes the intensity or amount of energy at each frequency 

or wavelength, helping to characterize the wave environment in a more detailed way than just 

looking at average wave height or wave period [317]. 

Energy density refers to the amount of energy per unit area per unit frequency or wavelength. 

In the context of ocean waves, it describes how wave energy is spread across different wave 

frequencies, which can correspond to different wave periods or wavelengths. 
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The wave spectrum is a plot that shows the energy density of the ocean waves as a function of 

frequency (or wavelength). It provides insights into the wave field's variability, showing how much 

energy is associated with different frequencies. 

The spectrum can be represented as energy per unit frequency (spectral density) or energy per 

unit wavelength [318]. 

The first step in creating a wave energy density spectrum is the collection of wave data. This is 

typically done using wave buoys, radar, or satellite observations that measure the time series of 

wave height or surface elevation over a specific period [319]. 

The collected time series data is then subjected to a Fourier transform, which is a mathematical 

technique that breaks down the complex signal (in this case, the wave height as a function of time) 

into a sum of sinusoidal waves (sine and cosine functions) of different frequencies [320]. 

The result of this transform is the frequency-domain representation of the wave signal, showing 

how much energy is present at each frequency. This is where the energy density spectrum begins 

to emerge. 

The energy density for each frequency is calculated, typically using the formula:  

                  𝑆(𝑓) =
1

𝑇
 ∑ (𝑥𝑖 − µ). exp (−𝑖2𝜋𝑓𝑡𝑖)𝑁

𝑖=1    (Eq.5) 

where S(f) is the spectral density at frequency f, xi is the measured wave height, μ is the mean, and 

T is the total observation period. 

This spectral density gives the energy at each frequency component of the wave field. 
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The results are typically displayed as a spectrum plot, where the x-axis represents frequency (or 

wavelength), and the y-axis represents energy density (the energy per unit frequency or 

wavelength). This plot helps visualize the distribution of energy across various wave frequencies. 

 

Figure 2.11 – Generating an Energy Density Spectrum [312] 

 

In practical applications, empirical wave models (like the Pierson-Moskowitz spectrum or 

JONSWAP spectrum) may be used to approximate the energy density spectrum in specific sea 

conditions [321]. These models provide theoretical forms for the energy density distribution based 

on the wind speed, wave age, and other environmental factors [322]. The energy density spectrum 

of ocean waves is a critical tool in understanding the distribution of wave energy across frequencies 

or wavelengths. It is created by collecting time series data, applying Fourier analysis to transform 

the data into the frequency domain, and then calculating and plotting the energy density at each 

frequency [323]. This spectrum provides valuable insights for a range of applications, from wave 

forecasting to coastal engineering and offshore operations [321],[323]. 
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2.9 Theoretical Spectral Models of Sea States 

To model and validate the inverse mapping from internal pressure signals to wave characteristics, 

several theoretical wave spectra are considered. These models represent the statistical distribution 

of wave energy in various sea conditions and serve as references in spectral fitting and estimation 

[321]. 

2.9.1 Pierson-Moskowitz Spectrum 

The Pierson-Moskowitz Spectrum is often credited as one of the first widely used spectral models 

to describe ocean waves generated by wind. This spectrum characterised the energy distribution 

of waves in terms of their frequency and was particularly used to describe fully developed seas 

[322]. 

The Pierson-Moskowitz (PM) spectrum describes a fully developed sea under steady wind 

conditions: 

𝑆(𝑓) =  𝛼𝑔2(2𝜋)−4𝑓−5𝑒𝑥𝑝 [−𝛽 (
𝑓𝑝

𝑓
)

4
]   (Eq.6) 

where: 

• α = 8.1×10−3 

• β = 0.74 

• fp is the peak frequency, 

• g is gravitational acceleration. 
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2.9.2 Bretschneider Spectrum 

The Bretschneider spectrum (Modified Pierson-Moskowitz) is an empirical wave spectrum that 

describes the energy distribution of ocean waves in fully developed seas [322]. It was developed 

to provide a more accurate representation of sea states that are not fully developed, addressing 

some limitations of the original Pierson-Moskowitz spectrum. The constants and the form of the 

spectrum are derived empirically, fitting observed wave data to provide a realistic representation 

of wave energy distribution [323]. The spectrum describes how wave energy is distributed across 

different frequencies. It shows that most energy is concentrated around a peak frequency fp, with 

energy decreasing rapidly for frequencies much lower or higher than fp [321]. 

Unlike purely theoretical models, the Bretschneider spectrum is based on empirical observations, 

making it particularly useful for real-world applications where sea conditions often deviate from 

idealized theoretical assumptions [322]. 

A simplified form used primarily in engineering applications for fully developed seas: 

𝑆(𝑓) =
1.25𝐻𝑠

2𝑇𝑝
4

(2𝜋)2𝑓5 exp [−
5

4
 (

𝑇𝑝𝑓

2𝜋
)

−4

]   (Eq.7) 

• Hs is the significant wave height, 

• Tp is the peak period. 

 

2.9.3 JONSWAP Spectrum 

The Joint North Sea Wave Project (JONSWAP) [321], which began in the early 1970s, produced an 

important refinement to the Pierson-Moskowitz model, especially for waves in non-fully developed 

sea states. The JONSWAP spectrum incorporates a parameter (γ) that adjusts for the wave growth 
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under specific wind conditions, leading to a more accurate representation of real-world wave 

spectra, particularly in intermediate sea states [321]. 

𝑆(𝑓) = 𝑆𝑃𝑀(𝑓). 𝛾
𝑒𝑥𝑝[−

(𝑓−𝑓𝑝)2

2𝜋2𝑓𝑝
2 ]

    (Eq.8) 

 

where: 

• γ typically ranges from 1 to 7, 

• σ = 0.07 for f < fp , σ = 0.09 for f > fp. 

 

2.9.4 Ochi-Hubble Spectrum 

This is a two-parameter model used to describe the energy distribution of sea waves over different 

frequencies. Unlike single-spectrum models, the Ochi-Hubble can represent double-peaked 

spectra, such as those seen in seas with both wind-driven waves and swell [324]: 

𝑆(𝑓) =  ∑ 𝐴𝑖(𝑓/𝑓𝑝𝑖)
𝐵𝑖

exp [− 𝛽𝑖(
𝑓

𝑓𝑝𝑖
)𝐷𝑖]2

𝑖=1   (Eq.9) 

• f = frequency 

• Ai, βi = shape parameters (functions of γi) 

• i = 1,2 denotes each sea state component 

Useful for long-duration, multimodal environments typical in deep water. 

 

2.9.5 Practical Applications 

Understanding the wave energy density spectrum is crucial for several practical applications: 
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• The design of offshore structures, such as oil platforms, wind turbines, and coastal 

defences, relies on accurate wave spectra to predict the forces that these structures will 

encounter. The wave spectrum informs the expected wave heights and periods, enabling 

engineers to design resilient and efficient structures. 

• Wave energy converters (WECs) are devices that capture and convert the energy of ocean 

waves into electricity. The efficiency of WECs depends on their ability to harness the 

energy present at different frequencies. By analysing the wave spectrum, developers can 

optimize the design and placement of WECs to maximize energy capture. 

• Coastal erosion, sediment transport, and the impact of waves on shorelines are influenced 

by wave energy. The wave spectrum helps in modelling these processes and in designing 

measures to protect coastlines from erosion and flooding [325]. 

• The ocean wave energy density spectrum is significant because it encapsulates the 

complex interactions between wind, waves, and currents. It provides a detailed picture of 

the sea state, which is essential for navigation, weather forecasting, and the assessment 

of marine environments. Furthermore, as interest in renewable energy sources grows, the 

wave spectrum becomes increasingly important for the development of sustainable wave 

energy technologies [326]. 

 

2.10 Autocorrelation 

Autocorrelation is a statistical tool used to understand the temporal relationships within a time 

series. In the context of ocean waves, autocorrelation provides insights into how wave properties 

such as height, period, and direction change over time. Autocorrelation is a powerful tool in the 

study of ocean waves, providing valuable insights into the temporal coherence and predictability 

of wave patterns. Its applications in wave forecasting, marine engineering, and wave energy 

conversion underscore its significance in marine sciences. By leveraging autocorrelation analysis, a 
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greater understanding and harness the power of ocean waves can be achieved, contributing to 

safer navigation, resilient marine structures, and efficient wave energy utilization [327]. 

Autocorrelation measures the correlation of a signal with a delayed version of itself. Correlation is 

a statistical measure that describes the strength and direction of the relationship between two 

variables. It quantifies how closely the movements or changes in one variable are related to the 

movements or changes in another variable.  

For a time series representing wave elevation, η(t), the autocorrelation function R(τ) at a lag τ is 

defined as: 

𝑅(𝜏) =  ⟨𝜂(𝑡)𝜂(𝑡 + 𝜏)⟩                   (Eq.10) 

where the angle brackets denote the expected value or average over time. This function helps to 

identify repetitive patterns and the persistence of wave characteristics over time. 

The autocorrelation function (ACF) can be expressed mathematically as: 

      𝑅(𝜏) =
1

𝑇
∫ 𝜂(𝑡)𝜂(𝑡 +

𝑇

𝑂
𝜏)𝑑𝑡                   (Eq.11) 

for a time-series of length T. This integral provides a measure of how similar the wave signal is to 

itself at different time lags τ. 

The autocorrelation function is normalized by the variance of the signal to provide the 

autocorrelation coefficient: 

𝜌(𝜏) =
𝑅(𝜏)

𝑅(0)
                   (Eq.12) 

where R(0) is the zero-lag autocorrelation, equivalent to the variance of the wave elevation series 

[328]. 
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Variance is a statistical measure that quantifies the spread or dispersion of a set of values. It 

represents how much individual data points differ from the mean (average) of the dataset. A high 

variance indicates that the data points are spread out widely from the mean, while a low variance 

indicates that the data points are closer to the mean. Variance is often used in statistics to measure 

the variability within a dataset. 

2.10.1 Significance in Marine Sciences 

Autocorrelation is crucial for understanding the temporal coherence and persistence of ocean 

wave patterns. It provides several insights: 

Wave Periodicity: By analysing the autocorrelation function, one can identify dominant wave 

periods. Peaks in the ACF at non-zero lags indicate recurring patterns in the wave series, 

corresponding to the primary wave periods [329]. 

Predictability: High autocorrelation at small time lags suggests that the wave characteristics are 

predictable over short time scales. This predictability is essential for short-term wave forecasting, 

which is crucial for navigation and marine operations [329].  

Wave Energy Analysis: Autocorrelation helps in understanding how wave energy is distributed over 

time. It is particularly useful in the study of swell, which is characterized by long-lasting, coherent 

wave patterns [329]. 

2.10.2 Practical Applications 

Autocorrelation analysis has several practical applications in oceanography and marine 

engineering: 

Accurate wave forecasting relies on understanding the persistence and evolution of wave patterns. 

Autocorrelation functions help in developing predictive models that can forecast wave conditions 

based on past observations [330]. 
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The design of offshore platforms, wind turbines, and coastal defences depends on the temporal 

characteristics of wave loading. Autocorrelation provides information on the duration and intensity 

of wave events, which is critical for ensuring structural resilience [330]. 

Wave Energy Conversion: For wave energy converters (WECs), the efficiency of energy capture 

depends on the temporal coherence of waves. Autocorrelation analysis helps in selecting optimal 

sites for WEC deployment by identifying areas with consistent and predictable wave patterns [330]. 

 

2.11 Fourier Analysis 

 

The principle of Fourier analysis is based on the fact that a periodic function, f, of period, T, can be 

expressed as the sum of its harmonic components by considering the amplitude of the coefficients, 

the spectral content of the signal can be assessed as.  

𝑓(𝑡) = 𝑎0 ∑ (𝑎𝑘𝑐𝑜𝑠 
2𝜋𝑘𝑡

𝑇
+ 𝑏𝑘𝑠𝑖𝑛

2𝜋𝑘𝑡

𝑇
)∞

𝑘=1                 (Eq.13) 

Where, a0, ak and bk, are the Fourier coefficients defined by; 

𝑎0 =
1

𝑇
∫ 𝑓(𝑡)

𝑇
2

−𝑇
2

𝑑𝑡 

𝑎𝑘 =
2

𝑇
∫ 𝑓(𝑡)𝑐𝑜𝑠

2𝜋𝑘𝑡

𝑇
 

𝑇
2

−𝑇
2

𝑑𝑡 … … 𝑓𝑜𝑟 𝑘 ≥ 1 

𝑏𝑘 =
2

𝑇
∫ 𝑓(𝑡)𝑠𝑖𝑛

2𝜋𝑘𝑡

𝑇
 

𝑇
2

−𝑇
2

𝑑𝑡 … … 𝑓𝑜𝑟 𝑘 ≥ 1 

The most common method used to carry out a spectral analysis of a discrete time series xp, with N 

samples, (p = 0,1,2,…….,N – 1) is the Discrete Fourier Transform, which is defined using complex 

notion as follow;  
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    𝑋𝑘 = ∑ 𝑋𝑝
𝑁−1
𝑘=0 𝑒𝐼( 

2𝜋𝑘𝑝

𝑁
) … … . . 𝑓𝑜𝑟 𝑝 = 0,1,2, … . , 𝑁 − 1                 (Eq.14) 

 

A discrete Fourier Transform (DFT) is a mathematical method of estimating the spectrum of a 

continuous time series.  See Figure 2.12 below for a representation for a typical wave spectrum. 

 

Figure 2.12 – Typical Wave Spectrum  [330] 

 

Welch's method is a technique for estimating the power spectral density (PSD) of a signal, which 

provides insight into the distribution of power across various frequency components. This method 

is particularly useful for reducing the variance of the periodogram in estimating the PSD [331].  

The input signal is divided into overlapping segments. The overlap is typically 50%, but it can vary 

depending on the specific application. Each segment is multiplied by a window function (e.g., 

Hamming, Hanning) to reduce spectral leakage. Spectral leakage is a phenomenon that occurs 

when a signal is analysed using a Fourier transform (such as in spectral analysis), and the signal 

does not perfectly match the window or frequency range being analysed [331]. This mismatch 

causes the energy of the signal to "leak" into adjacent frequencies, resulting in distortion or 

artifacts in the frequency spectrum. The window function is used to taper the edges of each 
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segment. For each windowed segment, compute the Discrete Fourier Transform (DFT) to obtain 

the periodogram, which is the squared magnitude of the DFT normalized by the window's energy 

[330].  

Welch's method is widely used in signal processing, particularly in analysing signals in fields such 

as communications, vibration analysis, and biomedical engineering. The periodograms of all 

segments are averaged together to produce the final estimate of the PSD. This averaging reduces 

the variance of the estimate compared to a single periodogram. By averaging multiple 

periodograms, Welch’s method provides a smoother and more reliable estimate of the PSD. The 

method allows for adjusting segment length and overlap to balance between frequency resolution 

and variance reduction. However, segmenting the signal can reduce the frequency resolution of 

the PSD estimate. Welch's method is a powerful tool for spectral analysis, especially when dealing 

with noisy signals or when a smooth PSD estimate is required [331]. 

 

2.12 Spectral Moments 

 

The wave spectrum is a distribution of the energy in the wave also known as the variance of the 

surface over frequency. Therefore, as a statistical distribution, parameters derived from the 

spectrum mirror parameters calculated from any statistical distribution allowing the form of the 

wave spectrum to be expressed in terms of moments of the distribution [332]. While numerous 

mathematical spectral models exist, the nth moment of all spectra can be derived as; 

𝑚𝑛 = ∫ 𝜔2 𝑆(𝜔)𝑑𝜔  
∞

0
               (Eq.18) 

To determine the significant wave height, Hs, average wave period, Tz, average successive 

upcrossing frequency, ωz, and the average frequency between successive crests, ωc, the 

equation below is used.  
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𝐻𝑠 = 4√𝑚0                     (Eq.19) 

𝑻𝒛 = 𝟐𝝅√
𝒎𝟎 

𝒎𝟐 
                                 (Eq.20) 

Note that all the equations are in terms of angular frequency, ω, and the moments relate to ω 

explicitly. Frequency, f, may be used where, ω = 2πf, provided the moments reflect this, thus m0(ω) 

= m0(f), m1(ω) = 2π m1(f) and m2(ω) = 4πm2(f) etc. [332] 

 

2.13 Transfer Functions 

 

A transfer function is a mathematical representation that describes the relationship between the 

input and output of a linear time-invariant (LTI) system. It is widely used in various fields such as 

engineering, physics, and control theory to analyse and design systems [333]. 

An inverse transfer function is essentially the transfer function that, when multiplied by the original 

transfer function, results in an identity system. Mathematically, if H(s) is the transfer function of a 

system, then the inverse transfer function H−1(s) is defined such that: 

𝐻(𝑠). 𝐻−ⁱ(𝑠) = 1                                                         (Eq.21) 

This relationship implies that applying the inverse transfer function to the output of the original 

system will yield the original input [333]. This work investigates the relationship between the 

pressure signal recorded above the oscillating water column to the incident wave spectrum 

through use of an inverse transfer function. Single-input, single-output (SISO) systems play a crucial 

role in engineering and science, particularly in the analysis of dynamic systems where a single 

variable, acting as the input, influences one corresponding output. In such systems, the behaviour 

of the output is analysed with respect to changes in the input. SISO models are widely employed 

in control systems, signal processing, and environmental modelling, including the study of ocean 
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wave energy. To provide a robust analysis, random data assumptions are often employed, 

particularly in the context of stationary and ergodic processes [333]. Under ideal conditions, the 

output of the system shown in Figure 3.10 is given by the convolution integral  

                                                                   𝑦(𝑡) = ∫ ℎ
∞

0
(𝜏) 𝑥(𝑡 − 𝜏) 𝑑𝜏                               (Eq.22) 

   

Where h(𝜏) = 0 for 𝜏 < 0 when the system is physically realisable. 

 
 

Figure 2.10.  A single input/output system in the time domain and the frequency domain. 

 
Where: 
 
𝑥(𝑡) represents the stationary input 

𝑦(𝑡) represents the output 

ℎ(𝑡) represents the impulse response of the system 

𝑋(𝑓) represents the Fourier transform of 𝑥(𝑡) 

𝑌(𝑓) represents the Fourier transform of 𝑦(𝑡) 

𝐻(𝑓) is the frequency-dependent, Fourier transfer function between 𝑋(𝑓) and 𝑌(𝑓) 

𝐻(𝑓) is the Fourier transform of ℎ(𝑡). 

 

In random data analysis, particularly when dealing with environmental phenomena such as ocean 

waves, the assumption of stationarity is critical. A stationary process is one whose statistical 

properties, such as the mean, variance, and autocorrelation, remain constant over time [334]. For 

example, in a SISO ocean wave energy system, if wave height is treated as the input and the energy 

extracted as the output, assuming stationarity simplifies the analysis by allowing the use of time-

invariant models. An ergodic process, on the other hand, allows the use of time averages to 

represent ensemble averages, which is critical for practical analysis. In essence, ergodicity implies 

that a single realization of a process over a sufficiently long period contains all the statistical 
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information needed to describe the system. For a SISO system, this is important because it means 

that long-term measurements of input-output behaviour can be treated as representative of the 

entire system.  

Assuming that the input x(t) to the system in Figure 2.10 is a sample record from a stationary 

(ergodic) random process {x(t)}, the response y(t) will also belong to a stationary (ergodic) random 

process {y(t)}. Therefore, from equation Eq.22, the product y(t)y(t + τ) is given by: 

                 𝑦(𝑡)𝑦(𝑡 + 𝜏) = ∫ ∫ ℎ
∞

0
(𝜉)ℎ(𝜂)𝑥(𝑡 − 𝜉)𝑥(𝑡 + 𝜏 − 𝜂)𝑑𝜉𝑑𝜂

∞

0
               (Eqn.23) 

 

Taking the expected values of both sides of equation (Eq.23) yields the input / output 
autocorrelation relation 

𝑅𝑦𝑦(𝜏) = ∫ ∫ ℎ
∞

0
(𝜉)ℎ(𝜂)𝑅𝑥𝑥 (𝜏 − 𝜉 − 𝜂)𝑑𝜉𝑑𝜂

∞

0
                             (Eqn.24) 

 

Similarly, the product x(t)y(t+ 𝜏) is given by 

 

𝑥(𝑡)𝑦(𝑡 +  𝜏) = ∫ ℎ
∞

0
(𝜉)𝑥(𝑡)𝑥(𝑡)𝑥(𝑡 + 𝜏 − 𝜉)𝑑𝜉               (Eqn.25) 

 

Here, expected values of both sides yield the input / output cross-correlation relation 

 

       𝑅𝑥𝑦(𝜏) = ∫ ℎ
∞

0
(𝜉)𝑅𝑥𝑥(𝜏 − 𝜉)𝑑𝜉               (Eqn.26) 

 

Note that equation (Eq.26) is a convolution integral of the same form as equation (Eq.22). Direct 

Fourier transforms of equations (Eq.26) and (Eq.27) after various algebraic steps yield two sided 

spectral density functions 𝑆𝑥𝑥 (𝑓), 𝑆𝑦𝑦(𝑓), and 𝑆𝑥𝑦(𝑓), which satisfy important formulas. 

Equation (Eq.27) is called the input / output autospectrum relation, whereas equation (Eq.28) is 

called the input / output cross-spectrum relation. 
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𝑆𝑦𝑦(𝑓) = |𝐻(𝑓) |2𝑆𝑥𝑥(𝑓)                             (Eqn.27) 

 

𝑆𝑥𝑦(𝑓) = 𝐻(𝑓)𝑆𝑥𝑥 (𝑓)                              (Eqn.28) 

 

In the work described herein, the measured time series of air pressure in the OWC is the input 

signal, 𝑥(𝑡), and the time series of surface water elevation of the incident sea state is the output 

signal 𝑦(𝑡). The two-sided auto-spectral density functions of the pressure data from the prototype 

WASP and the measured incident wave height data from the Waverider buoy are herein termed 

𝑆xx(𝑓)and 𝑆𝑦𝑦(𝑓)respectively. Thus following from equation (Eqn.27), the squared magnitude of 

the transfer function between the pressure in the prototype WASP OWC and the incident sea state 

can be derived from: 

                                                                             |𝐻(𝑓)|2 =  
𝑆𝑦𝑦(𝑓)

𝑆𝑥𝑥(𝑓)
                              (Eqn.29) 

 

It is common in the field of oceanography to assume that free surface elevation at a point, can be 

modelled as a stationary and ergodic process over the time frame of 20 to 30 minutes and this 

convention is followed in the current work. 

 

2.14 Degrees of Freedom of a floating object 

Ocean floating objects, such as buoys, ships, and offshore platforms, exhibit complex motion 

dynamics influenced by environmental forces including wind, waves, and currents. Understanding 

these motions is critical for designing, monitoring, and managing these objects. The concept of 

degrees of freedom (DOF) provides a framework for describing the possible movements of such 

objects. Typically, an ocean floating object can move in six degrees of freedom, comprising three 

translational and three rotational movements, Heave, Surge, Sway, Roll, Pitch and Yaw [335]. 
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Figure 2.13– Diagram depicting the six degrees of freedom of a floating object  [336] 

 

2.14.1 Implications and Applications 

The study of the degrees of freedom of ocean floating objects is integral to marine engineering. 

Accurate modelling of these motions allows engineers to design more efficient and stable 

structures and vessels. Computational fluid dynamics (CFD) and other simulation tools are 

frequently employed to predict the behaviour of floating objects under various environmental 

conditions. For example, the dynamic response analysis of offshore platforms helps in designing 

mooring systems that can withstand extreme sea states [337]. 

In oceanography, understanding the degrees of freedom is crucial for deploying and maintaining 

scientific instruments. Ocean buoys, such as the WASP, which are used to collect data on sea 

temperature, salinity, and currents, must remain stable to provide accurate readings. Knowledge 

of the six degrees of freedom helps in designing buoy systems that can compensate for ocean 

motion, thereby ensuring reliable data collection [338]. 
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2.15 Response Amplitude Operator  

In marine engineering and oceanography, understanding the dynamic response of wave-measuring 

devices and marine structures to ocean waves is crucial. The Response Amplitude Operator (RAO) 

plays a fundamental role in this context, acting as a transfer function that relates the wave height 

to the motion of the device or structure [339].  

The Response Amplitude Operator (RAO) is a frequency-domain representation that quantifies 

how the motion of a wave-measuring device or marine structure responds to incident wave 

heights. Mathematically, the RAO is expressed as: 

𝑅𝐴𝑂(𝜔) =
𝐴𝑚𝑜𝑡𝑖𝑜𝑛(𝜔)

𝐴𝑊𝑎𝑣𝑒(𝜔)
                    (Eq.30) 

where: 

• Amotion(ω) is the amplitude of the device's motion response (e.g., displacement, velocity, or 

acceleration) of the device or structure at frequency ω. 

• Awave(ω) is the amplitude of the incident wave height at the same frequency. 

In essence, the RAO serves as a transfer function that transforms the wave height input into the 

resulting motion output of the device or structure. 

2.15.1 Interpretation as a Transfer Function 

As a transfer function, the RAO provides a comprehensive understanding of the system's behaviour 

in the frequency domain. It encapsulates how different wave frequencies affect the motion of the 

device or structure, revealing important characteristics such as resonance and damping. The RAO 

is typically dimensionless, indicating the proportional response of the system to wave excitation 

[339]. 
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2.15.2 Significance of the RAO 

System Calibration: The RAO is critical for calibrating wave-measuring devices, ensuring that the 

recorded data accurately reflect the actual wave conditions. By accounting for the device's dynamic 

response, researchers can correct and interpret the data more reliably [339]. 

Design and Analysis: Engineers use the RAO to design and analyse marine structures. 

Understanding the RAO helps in predicting how structures will respond to different wave 

conditions, which is essential for ensuring their stability and integrity [339]. 

Optimisation of Devices: The RAO is used to optimize the design of wave-measuring devices and 

wave energy converters, enhancing their efficiency and accuracy by tailoring them to specific wave 

conditions [339]. 

2.15.3 Applications of the RAO 

Wave Buoys: For wave buoys, the RAO describes how the buoy's vertical motion responds to wave 

heights across different frequencies. This information is vital for accurately measuring wave 

parameters and for the buoy's design optimisation [339]. 

Offshore Structures: The RAO is applied in the analysis and design of offshore platforms, wind 

turbines, and other marine structures. By understanding how these structures respond to various 

wave frequencies, engineers can ensure their resilience against wave-induced forces [339]. 

Wave Energy Converters (WECs): In wave energy conversion, the RAO helps in maximising energy 

capture by aligning the device's natural frequencies with the predominant wave frequencies, 

thereby improving efficiency [339]. 

Marine Vehicle Dynamics: The RAO is used to study the dynamic behaviour of marine vehicles, such 

as ships and submarines, under wave action. This understanding is crucial for designing stable and 

seaworthy vessels [339]. 
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Research and Development: In marine research, the RAO is used to study the interactions between 

waves and various marine instruments. It helps in developing new technologies and improving 

existing ones for better wave measurement and analysis [339]. 

Consider a wave buoy designed to measure ocean wave heights. The buoy's motion in response to 

waves can be described by its RAO. If the incident wave amplitude at a frequency ω is 2 meters 

and the buoy's vertical motion amplitude at the same frequency is 1.5 meters, the RAO at that 

frequency is 𝑅𝐴𝑂(𝜔) =
1.5

2
= 0.75. 

This indicates that the buoy's motion is 75% of the wave height at that particular frequency, 

suggesting some level of damping or dynamic response characteristic of the buoy [340]. 

2.15.4 RAO’s of the WASP 

 

Analysis of the scaled model tank testing motions of the WASP focuses on surge, heave, pitch of 

the buoy and the RAO of the pressure within the sealed moonpool. Refer to Chapter 3 for further 

information.  

The RAO of pressure is a measure of how the internal pressure in the moonpool responds to the 

external wave environment. Understanding this RAO is vital for the design and operation of buoys 

equipped with moonpools, particularly in terms of structural integrity and operational safety [340].  

The RAO for pressure in a sealed moonpool is the ratio of the pressure amplitude inside the 

moonpool to the amplitude of the incident wave. It is typically expressed as a function of wave 

frequency (or wave period). Mathematically, it can be represented as [340]:  
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𝑅𝐴𝑂𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝜔) =
𝑃𝑚𝑜𝑜𝑛𝑝𝑜𝑜𝑙

𝑃𝑊𝑎𝑣𝑒
                                (Eq.34) 

where: 

• 𝑃𝑚𝑜𝑜𝑛𝑝𝑜𝑜𝑙  is the amplitude of the pressure inside the moonpool. 

• Pwave is the amplitude of the pressure exerted by the incident wave. 

• ω is the wave frequency. 

Understanding the RAO for pressure in a sealed moonpool helps in designing the moonpool to 

withstand the dynamic pressures and ensure the buoy's structural integrity and operational 

efficiency. 

 

2.15.5 Factors Influencing the RAO of Pressure in a Sealed Moonpool 

 

Several factors influence the RAO of pressure in a sealed moonpool, including: 

• Wave Characteristics: The frequency, height, and direction of the incident waves 

determine the excitation forces acting on the buoy and subsequently on the moonpool. 

Higher frequency waves may induce higher pressure variations inside the moonpool [340]. 

• Geometry of the Moonpool: The shape, size, and depth of the moonpool significantly 

affect the pressure response. A deeper or larger moonpool may have different resonance 

characteristics compared to a shallow or smaller one [340]. 

• Buoy Motion: The overall motion of the buoy (heave, pitch, roll, surge, sway, and yaw) 

contributes to the dynamic pressure variations inside the moonpool. The coupling effects 

between these motions and the moonpool pressure need to be considered [340]. 

• Internal Fluid Dynamics: The behaviour of the fluid inside the moonpool, including 

potential sloshing and resonant effects, influences the pressure response. The sealing 

mechanism and the air-water interaction also play a role [340]. 
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• Damping Mechanisms: Both internal and external damping mechanisms, such as wave 

radiation damping and viscous effects, affect the pressure RAO. Higher damping can 

reduce the peak pressure response [340]. 

 

2.15.6 Analysing the RAO of Pressure in a Sealed Moonpool 

The RAO of pressure in a sealed moonpool can be analysed using both experimental and numerical 

methods: 

Experimental Methods: Scale model tests in wave basins can measure the pressure response inside 

the moonpool under controlled wave conditions. These tests provide empirical data that can 

validate numerical models [340]. 

Numerical Simulations: Computational tools, such as potential flow solvers and computational fluid 

dynamics (CFD), predict the RAO by solving the governing equations of fluid-structure interaction. 

These simulations can account for complex geometries and non-linear effects [340]. 

Frequency Domain Analysis: Linear frequency domain analysis can provide an initial approximation 

of the pressure RAO by solving the linearized equations of motion. This method is efficient but may 

not capture all non-linear phenomena [340]. 

Time Domain Analysis: Time domain simulations offer a more detailed and accurate prediction by 

capturing transient and non-linear behaviours. This approach is particularly useful for analysing 

complex interactions between the buoy motion and the internal fluid dynamics of the moonpool 

[340]. 
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2.15.7 Practical Applications 

Understanding the RAO of pressure in a sealed moonpool has several practical applications in 

marine engineering: 

• Design of Buoys: Engineers use the pressure RAO to design moonpools that can withstand 

dynamic pressure loads, ensuring the structural integrity and longevity of buoys [340]. 

• Offshore Platforms: Moonpools are also used in offshore platforms for various purposes, 

including drilling and submersible operations. Accurate RAO analysis helps in designing 

these structures to handle dynamic pressures [340]. 

• Marine Research: Buoys equipped with moonpools are often used in marine research to 

house instruments and sensors. Understanding the pressure dynamics ensures the 

reliability and accuracy of the data collected [340]. 

• Safety and Stability: By analysing the pressure RAO, designers can enhance the safety and 

stability of buoys, preventing structural failures and operational disruptions caused by 

extreme wave conditions [340]. 

 

2.16 Oscillating Water Columns and Moonpools 

 

An OWC comprises a partially submerged chamber open to the sea below [341],[342] with an air 

chamber above. Wave motion drives the vertical water column, compressing and decompressing 

trapped air [343]. Airflow induces pneumatic power take-off, typically via bidirectional turbines 

(e.g., Wells turbine) [344],345]. 

2.16.1 Resonance in OWC’s 
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Resonance behaviour in an Oscillating Water Column (OWC) is a crucial phenomenon that 

significantly influences its efficiency and energy output [346]. Understanding this behaviour helps 

in optimizing the design and operation of OWCs for maximum power capture [347]. 

Resonance occurs when the natural frequency of the water column inside the chamber matches 

the dominant frequency of the incoming ocean waves [348]. At this point, the oscillations of the 

water column are amplified, leading to: 

• Greater movement of the internal water surface [349] 

• Larger air pressure variations in the chamber [350] 

• Increased airflow through the turbine [351] 

• Higher power output [352] 

The water column inside the chamber behaves like a mass-spring system [353]. Its natural 

frequency depends on water depth inside the chamber, geometry and volume of the air chamber 

and compressibility of the air above the water [354]. The system resonates when the frequency 

matches this natural frequency [355]. 

At resonance, small wave inputs produce large water column oscillations [356]. This leads to 

greater pressure fluctuation, enhancing the performance [357]. 

OWCs are often design or tuned to resonate at the most common wave frequency in a given 

location. Tuning can be done by adjusting chamber dimensions, changing the air volume or 

pressure or using variable geometry or adaptive systems [359]. 
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2.16.2 Air compressibility in OWC’s 

 

Air compressibility is the ability of air to change its volume under pressure [360]. In OWCs, as waves 

move the water column up and down inside the chamber, the air above the water gets alternately 

compressed and decompressed, creating oscillating pressure changes that drive the turbine 

[361],362]. 

The compressibility of air directly affects the natural frequency of the OWC chamber [363]. The air 

is more compressible with a larger volume and lower pressure, leading to a lower natural frequency 

[364]. Conversely, the air is less compressible with a smaller volume and higher pressure, leading 

to a higher natural frequency [365]. Thus, controlling air compressibility allows tuning of resonance 

to match wave frequencies for optimal performance [366]. 

2.16.3 Radiation and added-mass effects in OWC’s 

 

Radiation refers to the waves generated by the motion of the water column itself [367]. When the 

internal water surface oscillates, it creates its own wave field—this radiated wave field interacts 

with the incident ocean waves [368]. 

When the water column inside the OWC moves up and down, it must accelerate surrounding 

water. This results in an effective increase in inertia, known as added mass [369]. The water 

behaves as if it has more mass than it actually does due to the need to displace adjacent fluid [370]. 

The added mass changes the natural frequency of the oscillating water column [371]. A heavier 

"virtual mass" means the system resonates at a lower frequency [372]. The added mass must be 

accounted for to correctly tune the system for resonance with wave frequencies [373]. Radiation 

waves carry energy away from the system, acting like a damping force [374]. This radiation 

damping is essential to avoid overly violent oscillations, but too much damping reduces energy 

capture [375]. 
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2.17  Pressure Gauges for ocean wave measurement 

 

Pressure gauges are essential instruments for measuring ocean wave characteristics, particularly 

in coastal and deep-sea environments where direct surface observation is impractical [376]. These 

instruments infer wave parameters by recording pressure fluctuations induced by passing surface 

gravity waves [377]. The pressure signal is subsequently processed using wave theory to extract 

surface elevation and associated spectral parameters such as significant wave height, peak period, 

and energy spectrum [378]. 

Types of Pressure Gauges include: 

• Vented and Non-vented pressure transducers 

o Vented Transducers maintain atmospheric pressure reference via a vent tube. 

They offer more accurate absolute pressure readings, particularly useful in 

shallow water [379]. 

o Non-Vented Transducers measure absolute pressure, combining atmospheric 

and hydrostatic pressures. Barometric pressure must be corrected post hoc for 

accurate wave analysis [380]. 

 

• Piezoresistive pressure gauges 

These are the most common in oceanographic applications [381]. A diaphragm deforms under 

hydrostatic pressure, changing the resistance in an electrical circuit. 

o Advantages: High sensitivity, robust, capable of high-frequency sampling (up to 

10–20 Hz) [382]. 

o Applications: Deployed in both shallow water (using wave pressure decay 

correction) and deep water (for bottom pressure recorders) [383]. 
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• Capacitive pressure gauges 

Capacitive sensors also rely on diaphragm deformation, altering the capacitance between two 

plates [384]. 

o Advantages: Lower power consumption and good long-term stability [385]. 

o Limitations: Lower frequency response compared to piezoresistive gauges, making 

them less suitable for high-resolution spectral wave analysis [386]. 

• Quartz Crystal Pressure Sensors 

Quartz crystal resonators exhibit a frequency shift under pressure, providing highly stable 

measurements over long deployments [387]. 

o Advantages: High resolution, excellent for long-term bottom pressure recording in 

deep-sea moorings [388]. 

o Limitations: Cost and complexity [389] 

• Strain Gauge Sensors 

Strain gauge-based pressure transducers convert diaphragm deformation into electrical 

resistance changes [390]. Less common today due to drift issues, but still used in some legacy 

systems [391]. 

 

2.18 Scaled model testing 

Scaled model testing is a critical step in advancing ocean energy technologies [392]. This approach 

involves creating smaller, proportionate versions of ocean energy devices to evaluate their 

performance under controlled conditions [393]. Scaled model testing is indispensable for several 

reasons, including cost efficiency, risk mitigation, design optimisation, and enhancing 

understanding of complex oceanic environments [394]. 



 76  March 2026 
 

2.18.1 Cost Efficiency 

Developing full-scale ocean wave measuring systems can be financially prohibitive, particularly 

during the initial stages of research and development [395]. Any failure of the Full-scale prototypes 

can lead to significant financial losses [396]. Scaled model testing provides a cost-effective 

alternative by allowing researchers to test concepts and designs at a fraction of the cost [397]. 

Scale models can be tested in wave tanks or controlled environments, which are less expensive to 

operate than deploying full-scale prototypes in the ocean [398]. By identifying potential issues 

early in the development process, scaled model testing helps avoid costly mistakes, ensuring that 

resources are used efficiently [399]. 

 

2.18.2 Risk Mitigation 

Ocean environments are inherently unpredictable and harsh, posing substantial risks to full-scale 

systems [400]. Scaled model testing allows engineers to simulate these conditions in a controlled 

setting, thereby minimising risks associated with real-world deployment [401]. Sea-states can be 

fully reproduced and produced on demand in tanks [402]. By subjecting scaled models to various 

scenarios, such as extreme weather conditions and different sea states, researchers can identify 

vulnerabilities and improve the robustness of their designs [403]. This proactive approach to risk 

management is crucial for ensuring the reliability and longevity of ocean wave measuring systems 

[404]. 

2.18.3 Design Optimisation 

One of the significant benefits of scaled model testing is the ability to optimise designs before full-

scale production [405]. Through iterative testing and refinement, engineers can evaluate the 

performance of different configurations and components [406]. Scaled models provide valuable 

data on hydrodynamics and structural integrity [407]. This data is essential for making informed 

design decisions and innovations [408]. For instance, researchers can experiment with different 
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materials, shapes, and configurations to enhance performance and reduce operational costs [409]. 

Design optimisation through scaled model testing leads to more efficient and effective ocean wave 

measuring systems [410]. 

2.18.4 Advancing Innovation and Technology Development 

Scaled model testing fosters innovation by providing a platform for experimenting with new 

concepts and technologies [411]. Researchers can test unconventional ideas and cutting-edge 

technologies without the high stakes associated with full-scale deployment [412]. This 

environment encourages creativity and out-of-the-box thinking, which is essential for pushing the 

boundaries of ocean energy technology [413]. Additionally, scaled model testing facilitates 

collaboration between academic institutions, industry partners, and government agencies, such as 

the LIR Test Facility in County Cork and Dundalk Institute of Technology [414]. These collaborations 

are vital for advancing the field and accelerating the transition from research to commercial 

deployment [415]. 

Furthermore, the integration of scaled model testing with real-time data from deployed ocean 

energy systems will create a feedback loop that accelerates technological innovation [416]. By 

continuously validating and refining models based on real-world performance, researchers can 

develop more resilient and efficient ocean energy systems [417]. This iterative process will be 

crucial for overcoming the challenges associated with harnessing energy from the ocean and 

achieving large-scale commercial deployment [418]. 

2.19 Scaling 

Scaling is a technique used in engineering, physics, and other scientific fields to study systems of 

different sizes or complexities [419],[420]. It allows researchers to use smaller models (scale 

models) to simulate and study larger systems [421]. The primary motivation for scaling is that 

physical phenomena often behave similarly at different scales, so studying a scaled-down model 
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can provide valuable insights into real-world behaviour without the cost or complexity of working 

with full-scale systems [422]. 

When scaling a physical system, it's important to account for the relationships between the 

quantities that define the system [423]. These quantities include forces, lengths, velocities, time, 

and energy, among others. Scaling laws help us understand how these quantities change when the 

size of the system changes, and are typically based on physical principles or empirical observations 

[424]. 

Dimensional analysis is a mathematical technique used to express physical quantities in terms of 

their fundamental dimensions [425]. These dimensions are typically length (L), time (T), mass (M), 

and others like temperature, charge, and amount of substance, depending on the context [426]. 

The goal of dimensional analysis is to simplify and understand physical relationships by reducing 

the number of variables and comparing the scale of various quantities [427]. Dimensional analysis 

is based on the principle that the equations governing physical phenomena must be dimensionally 

consistent—i.e., the dimensions on both sides of an equation must match [428]. 

To understand scaling, it’s common to express physical equations in terms of non-dimensional 

numbers [429]. These are dimensionless quantities that emerge from a combination of physical 

parameters. Non-dimensional numbers allow us to compare different systems regardless of their 

size, making them crucial in scaling [430]. Common non-dimensional numbers include: 

• Reynolds number (Re): A measure of the relative importance of inertial forces to viscous 

forces in fluid flow. It’s a key number in fluid mechanics [431]. 

• Mach number (Ma): A measure of the speed of an object moving through a fluid relative 

to the speed of sound in that fluid [432]. 
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• Froude number (Fr): A measure of the relative importance of inertial forces to gravitational 

forces, especially in the context of fluid dynamics related to waves and gravity-driven flows 

[433]. 

• Prandtl number (Pr): A ratio of momentum diffusivity to thermal diffusivity, important in 

heat transfer [434]. 

2.19.1 Froude Scaling 

Froude scaling is a method used to ensure dynamic similitude in models of fluid systems, 

particularly when gravity is a significant force, such as in ship design, dam spillways, and open 

channel flows [435]. It involves using the Froude number, a dimensionless number that compares 

inertial forces to gravitational forces [436]. The Froude number is defined as,  

𝐹𝑟 = 𝑣/√(𝑔𝐿)       (Eq.37) 

where: 

• v is the velocity, 

• g is the acceleration due to gravity, 

• L is a characteristic length (such as the depth of water or the length of a ship) [437]. 

To achieve dynamic similitude, the Froude number for the model must be equal to the Froude 

number for the prototype (the real-world system) [438]. This ensures that the ratio of inertial to 

gravitational forces is the same in both the model and the prototype. When using Froude scaling, 

the scale ratio for velocity and time is derived from the geometric scale ratio (length scale) [439]. 

The model must be geometrically similar to the prototype, meaning all dimensions should be 

scaled consistently [440]. 

Froude scaling ensures that experiments conducted on scaled models can accurately predict the 

behaviour of the full-scale system, particularly when gravity plays a crucial role [441]. Using scaled 
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models reduces costs associated with testing and development, as it is much cheaper to build and 

test a small-scale model than a full-sized prototype [442]. Testing extreme conditions or failure 

scenarios on a small model is safer and more feasible than on a full-scale prototype [443]. 

Pressure is related to force per unit area, and its scaling in Froude similarity follows from dynamic 

similarity and hydrostatic pressure behaviour [444].  

𝑃 𝛼 𝜌𝑔𝐻    (Eq.38) 

Given Froude scaling maintains gravity effects and typically assumes same fluid (same ρ), the 

pressure scale Пp is: 

П𝐩 =  (
𝐿𝑚

𝐿𝑝
)     (Eq.39) 

Where: 

• 𝐿𝑚  = model length 

• 𝐿𝑝  = prototype length [445]. 

So pressure scales linearly with the length scale under Froude similarity [446]. Table 2.2 provides 

an overview of the Froude scaling laws that were used throughout testing as discussed later in 

Chapter 3.  

Quantity Scaling 

Wave Height and Length S 

Wave Period S0.5 

Wave Frequency S-0.5 

Linear Displacement S 

Mass S3 

Force S3 

Pressure S1 

 

Table 2.2 – Relevant Froude Scaling Laws where S is the Scale Factor 
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2.20 Data handling, collection and quality control 

 

Accurate and reliable data handling is fundamental to the utility of ocean wave measuring devices 

[447], [448]. This section outlines the key procedures and best practices related to the acquisition, 

management, and quality assurance of wave measurement data, with a focus on ensuring the 

integrity, consistency, and scientific value of the recorded information [449]. 

Ocean wave data are typically collected through a combination of sensors mounted on buoys, 

platforms, or submerged instruments [450],[451]. The data acquisition system must ensure high-

resolution sampling, synchronised timestamping and environmental metadata logging [452]. Raw 

data are usually stored in binary or ASCII formats and transmitted via telemetry or downloaded 

during periodic servicing, depending on power and communication constraints [453].  

Before analysis, raw data must undergo a series of pre-processing steps [454]-[456]: 

• Signal Detrending and Filtering: Remove DC offsets and low-frequency drift to isolate 

wave-induced components [457]. 

• Coordinate Transformation: For motion-based systems, transform accelerations or 

displacements to a fixed Earth frame or derive vertical motions for wave spectra [458]. 

• Resampling and Synchronization: Align and interpolate data streams from multiple sources 

(e.g., synchronizing air pressure and wave buoy reference data in transfer function 

applications) [459]. 

• Time Windowing: Split data into overlapping segments (commonly 17–30 minutes) to 

perform time-averaged statistical and spectral analysis [460]. 

Quality control (QC) is essential to identify and correct anomalies, sensor malfunctions, or 

environmental artifacts [461]-[463].  
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o Range and Threshold Checks 

• Identify values that exceed physical limits (e.g., negative pressure, impossible wave 

heights) [464]. 

• Flag extreme spikes or outliers using interquartile range or z-score methods [465]. 

o Rate-of-Change Tests 

• Detect unrealistic gradients or sudden jumps in time series data indicative of sensor noise 

or transmission errors [466]. 

o Spectral Checks 

• Verify the spectral shape for expected energy distributions [467]. 

• Detect flat-line signals or unrealistic frequency peaks [468]. 

o Redundancy and Cross-Validation 

• Compare overlapping measurements from multiple sensors (e.g., pressure vs. GPS-derived 

surface displacement) [469]. 

• Use reference buoys or co-located devices to assess calibration consistency and derive 

correction transfer functions if needed [470]. 

o Gap Detection and Interpolation 

• Identify missing data segments [471]. 

• Apply appropriate interpolation techniques only where justified (e.g., short gaps in high-

frequency data) [472]. 
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o Filtering 

Filtering of recorded pressure data from an Oscillating Water Column (OWC) system is essential to 

remove noise and isolate the dynamic pressure fluctuations that are directly related to wave–

structure interactions. Raw sensor signals often contain contributions from background 

turbulence, sensor drift, and high-frequency components unrelated to the primary hydrodynamic 

processes. Appropriate filtering, typically through band-pass or low-pass digital filters, ensures that 

the data reflects the dominant wave-induced oscillations while preserving phase information 

critical for performance analysis. This preprocessing step enhances the reliability of subsequent 

spectral analysis, energy conversion efficiency estimation, and model validation for OWC systems. 

2.21 Literature Review Chapter Summary 

This chapter has presented a detailed review of current ocean wave measurement technologies, 

encompassing drifting buoys, inertial and surface-following systems, acoustic and radar sensors, 

satellite-based remote sensing, and seabed pressure transducers. Each of these technologies 

serves specific scientific and operational purposes, with varied capabilities in terms of spatial 

resolution, temporal accuracy, deployment durability, and environmental resilience. 

Through this comparative analysis, several limitations across the current state-of-the-art have 

emerged. Many of the widely used systems—particularly those involving direct surface contact—

are susceptible to biofouling, mechanical degradation, and high maintenance requirements. 

Others, such as satellite or radar systems, while effective in broad-scale monitoring, often lack the 

spatial or temporal resolution needed for nearshore or structure-specific wave characterisation. 

Furthermore, most wave measurement approaches rely on direct interactions with the water 

surface or external wave field, making them vulnerable to environmental extremes and challenging 

to deploy on autonomous platforms with limited power or access. 
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Within this context, a gap in knowledge exists regarding passive, enclosed, and low-maintenance 

wave sensing systems capable of reliable long-term operation. This highlights the need for 

alternative methodologies that can maintain performance while reducing operational complexity 

and susceptibility to marine exposure. 

The OWC-sealed moonpool air pressure sensor emerges as a novel concept to address this gap. By 

capturing air pressure variations induced by wave-driven oscillations of an internal water column, 

this method introduces a fundamentally different measurement approach. The key novelty lies in 

its sealed, indirect sensing mechanism, which eliminates the need for submerged electronics or 

exposed mechanical parts. As such, it offers inherent protection against biofouling and 

environmental wear, with the potential for long-duration, low-maintenance operation on floating 

platforms or offshore structures. 

In conclusion, while traditional wave measurement technologies have matured across decades of 

use, they are not without drawbacks—particularly in the context of long-term, autonomous 

deployments. The WASP and it’s OWC-sealed moonpool sensor introduces a novel direction with 

advantages in robustness and system design. Its potential, however, remains largely untapped in 

current literature, establishing a strong research opportunity for this thesis to explore, model, and 

validate the effectiveness of this new approach to ocean wave measurement. 
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Chapter 3 - Methodology 

 

3.0 Introduction  

 

This chapter marks the point at which the thesis moves from theoretical foundations and 

discussion of prior art to the core of the research work. It introduces and details the experimental 

methodology adopted to investigate the problem under study, with a focus on a series of test 

campaigns conducted at varying scales. These campaigns form the backbone of the research, 

providing the empirical evidence through which hypotheses are explored and insights are derived. 

By progressing systematically from small-scale to larger, more representative conditions, the 

methodology not only validates the experimental approach but also establishes a clear link 

between controlled testing and real-world application. 

The aim of this research is to develop and validate a novel ocean wave measurement buoy that 

estimates wave spectra and sea state parameters by analysing air pressure signals within a sealed 

OWC moonpool, using a frequency-domain transfer function calibrated against a conventional 

wave measuring system. 

 

3.1 Experimental programme overview 

 

The experimental programme was implemented in a staged manner, progressing from small-scale 

proof-of-concept tests through to full-scale deployment. Initial trials were undertaken at Dundalk 

Institute of Technology’s narrow wave tank facility using a 1:20 scale 3D-printed model to establish 

feasibility and guide subsequent refinements. Building on these findings, a second series of 

intermediate-scale tests at 1:2.4 were conducted at the LIR facility in Ringaskiddy, Co. Cork, to 

investigate performance under more representative conditions within a controlled environment. 

The principal phase of the research involved the construction and deployment of a full-scale 

prototype at the Galway Bay Marine Institute observatory, where it was tested over a four-month 
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period in 2019. This staged approach ensured a systematic progression from conceptual validation 

to real-world application, while managing risk and maximising knowledge gained at each level of 

testing. 

 

3.1.1 Justification for scaling from laboratory to full-scale 

 

Scaling from laboratory models to a full-scale prototype was essential to ensure both scientific 

rigour and practical relevance. Laboratory-scale testing provided a controlled environment to 

explore fundamental behaviours, validate design concepts, and reduce technical risk at relatively 

low cost. However, scaled experiments are inevitably subject to limitations arising from scale 

effects, simplifications in geometry, and the constraints of test facilities. Progression to full-scale 

deployment was therefore required to capture the true complexity of environmental loading, 

structural response, and long-term performance under real sea conditions. This staged scaling 

strategy provided a balance between experimental control, resource efficiency, and the need to 

demonstrate the viability of the device in an operational context. 
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3.1.2 Summary of all campaigns 

 

Table 3.1 presents a comparative summary of the three devices used for testing at the varying 

scales. 

Scale / Phase Facility & Location Model / Device Objectives Instrumentation Data Collected 

1:20 Scale Wave Tank, 
Dundalk Institute of 
Technology 

1:20 scale 3D 
printed buoy 
model 

• Proof of 
concept of 
pressure-based 

wave 
measurement 
• Validate 
instrumentation 
setup 

• Establish initial 
transfer function 
approach 

• Pressure 
transducers 
• Wave probes 

• DAQ system 
• Chamber 
pressure 

• Wave elevation 
 

1:2.4 Scale 

LIR Ocean Test 
Facility, University 
College Cork 

1:2.4 scale buoy 
model. Off the 
shelf JFC Ltd 
Gannett buoy 
retrofitted for 

purpose. 

• Refine transfer 
function 
estimation 
• Assess scale 
effects 

• Test robustness 
of 
instrumentation 

• Pressure 
transducers 
• Wave probes 
• Motion sensors 
• DAQ system 

• Chamber 
pressure 
• Wave elevation 

• Buoy motion 

Full Scale Galway Bay Test 

Site, Ireland 

WASP prototype 

buoy. Off the 
shelf JFC Ltd 
Seagull buoy 
retrofitted for 

purpose. 

• Full-scale 

validation under 
real-sea 
conditions 
• Long-term 

pressure data 
acquisition 
• Cross-reference 
with metocean 

data 

• Pressure 

transducers 
• Onboard 
logging & 
telemetry 

• Reference 
wave buoy 
• Environmental 
sensors 

• Chamber 

pressure (raw 
time series) 
• Metocean 
conditions 
• Deployment 

records 

Table 3.1 summary of various test devices, location, instrumentation and data gathered  

 

All models were based on the off the shelf ‘Seagull’ ocean navigational buoy manufactured by JFC 

Marine Galway. This particular model was selected based on its hollow core frame within which a 

water column can be formed, see Figure 3.1. 
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Figure 3.1 JFC Ltd Seagull navigational buoy (140) 

 

Figure 3.2 presents dimensioned cross sections of the three models used during through testing 

for comparison, while Table 3.2 presents comparison of other model characteristics. 

1/20 Scale Model  1/2.4 Scale Model         Full-scale Prototype 

            

Figure 3.2 – 1:20 scale, 1:2.4 scale and full-scale prototype model dimensions (all dimensions in millimetres) 

 

 1/20 Scale Model 1/2.4 Scale Model Full-scale Prototype 
Total Mass  

(during testing) 
0.837 kg 320kg (floats and frame)  

115kg (scaled mass 
distribution)  + 

= 470 kg 

510kg (upper components)  
4700kg (floats, frame, ballast) + 

= 5210 kg 

Draft 65mm 366mm 890mm 

Moonpool Dia 18mm 184mm 300mm 

Moonpool length 110mm 987mm 2700mm 

Table 3.2 summary of other characteristics of the models  
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3.2 Scale 1:20 proof of concept testing – DKIT Narrow Wave Tank Facility 

 

3.2.1 Objective 

 

To establish if the concept of using pressure signal time series data from the column of air above 

the water column in a moonpool to obtain sea state parameter estimations, initial physical model 

tank testing was necessary. 

3.2.2 Facility Description 

 

This stage of the scaled testing was carried out in a narrow wave tank at Dundalk Institute of 

Technology, Ireland under the Centre for Renewable Energy Dundalk IT (CREDIT). The tank, which 

was designed and built by Edinburgh Designs is 18 m in length, 350 mm wide and is filled to a depth 

of 1 m. At one end of the tank is located a wave absorbing beach which has been shown to absorb, 

on average, 95% of incident waves using the 2-probe method of measuring reflections developed 

by Goda and Suzuki, [312], and at the other end is a wedge-shaped, flap-like wave maker, see 

Figure 3.3. The tank is capable of generating both monochromatic and polychromatic waves in a 

frequency range from 0.4 Hz to 1.4 Hz. 

 

Figures 3.3 – Schematic of the narrow wave tank at DkIT illustrating the main dimensions and components of the tank 
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3.2.3 Model Description 

 

The model used to perform scaled proof of concept tank testing, as installed in the narrow wave 

tank located at the Dundalk Institute of Technology, Ireland using a 1:20 3D printed scale model of 

the JFC Ltd Seagull Navigational Buoy (full-scale prototype) as discussed later in this chapter is 

shown in Figures 3.4-3.6. See also section 3.1.2 of this work for model characteristics. 

 

Figures 3.4 – The conceptual 3-D WASP model during testing in the narrow wave tank   

 

 

Figure 3.5– Image of model buoy core and buoy float drawn in Autocad and exported to STL for printing 
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Figure 3.6– Image of buoy daymark and buoy assembly drawn in Autocad  

 

3.2.3 Instrumentation and data acquisition 

 

The pressure amplitudes’ of the air above the sealed moonpool of the model were measured using 

a Honeywell 170PC series differential pressure sensor. The sensor has a range pf +/- 355mm water 

and a sampling rate of 2k Hz which is resampled at 32Hz. Calibration is achieved using a u-tube 

manometer.  

The wave probes used during the scaled tank testing campaign are resistance wave probes which 

operate by detecting changes in electrical resistance caused by wave motion. They are robust and 

reliable, commonly used in wave tank testing for their simplicity and effectiveness. A wave probe 

was positioned both up and downstream of the model during testing. The probes comprise of two 

parallel stainless steel wires, 3mm in diameter, circa 400mm long with a 12.5mm spacing. The 

probe monitor outputs +/- 10volts DC to the probes, and registers the change in conductivity as 

the water level oscillates due to the wave action.  

Data acquisition from the wave resistance probes and pressure transducers is assimilated via the 

‘National Instruments Compact RIO USB Cable System which is connected to a dedicated PC. The 

data was then compiled with LABVIEW software.  
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 3.2.4 Experimental Procedure 

 

The first sea trails of the full-scale prototype WASP took place at the SmartBay 1/4 scale Galway 

Bay marine test site, located off the west coast of Galway, Ireland. The aim was to reproduce the 

wave conditions in Smartbay at scale. The wave regime at the test site has been measured since 

2005, using individual Datawell Waverider buoys and the wave climate at the site is well 

established. The recorded data is freely distributed by the Marine Institute through its request for 

digital data programme. Figure 3.7 displays a wave rose of the wave directions and significant wave 

heights recorded by one of the waveriders buoys at the test site from 2008 and 2018, the zero up-

crossing period was also analysed. 

 

Figure. 3.7. Wave Rose from the directional waverider buoy at SmartBay, Ireland [473] 

 

With the limitations of the wave tank in mind, a range of sea-states were selected to be used 

throughout testing that reflect the typical sea-states which occur at the SmartBay test site. The 

theoretical spectra (see Chapter 2) for each selected sea state, based on the significant wave height 

and zero up-crossing period, was scaled appropriately for testing. Table 3.3 lists the wave spectra 

that were used during the testing at both full scale (scaled 1/20) and model scale. Note that, in 

accordance with Froude scaling as discussed in Chapter 2, to obtain the scale equivalent the 

significant wave height is divided by the scaling factor (here 20), and the zero-crossing period is 
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divided by the square root of the scaling factor. Note further that the model scale significant wave 

height is given in millimetres. In all cases, the values of Hs and Tz have been obtained from 

consideration of the free surface elevation obtained from the Marine Institute. The periods 

correspond to full-scale periods of 10 s to 4 s. In each case, the tank was requested to generate a 

Hs of 75 mm, corresponding to a full-scale Hs of 1.5 m. In practice, the wave tank created spectra 

with larger values of Hs close to 1.7m and required further calibration, this however had no bearing 

on the results as the estimated spectrum was compared to the recorded and not the requested 

spectrum. 

 

Model-scale Model-scale Full-scale Full-scale 

Hs (mm) Tz (s) Hs (mm) Tz (s) 

84.8 2.23 1696 10 

84.4 2.01 1688 9 

84.1 1.78 1682 8 

84.3 1.55 1686 7 

85.1 1.32 1702 6 

86.1 1.11 1722 5 

84 0.93 1680 4 

 

 
Table 3.3. Spectra used to test the model WASP 

 

Figure 3.8 provides a comparison of the measured theoretical spectrum Hs = 84:8mm and Tz = 2:23 

sec with and without the model in the tank, as determined using time series data obtained from a 

resistive wave probe. All matlab coding and raw data files are available for review at [486]. 
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Figure 3.8. Comparison of Measured Spectrum with and without the model in the tank,  
Hs = 84.8mm and Wave Period, Tz = 2.33 secs 

 

Figure 3.9 provides a comparison of the measured theoretical spectrum time series with and 

without the model in the tank. 

 

Figure 3.9. Comparison of Produced Time Series 

 

Analysis of Figures 3.8 and 3.9 infer that the wave tank can produce a comparable spectrum each 

time and that the presence of the model has minimal impact. 
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In order to use the WASP to estimate an incident wave spectrum from the power density spectrum of the 

time series of the pressure in a chamber of air located above the entrapped water column, it is first necessary 

to establish the relationship between the pressure spectrum and in the incident wave spectrum. In effect, 

the WASP must be trained, or calibrated. During the first step of the training process, a theoretical spectrum 

is run in the narrow tank with no model present in the tank for sufficient time to allow the spectrum develop 

fully (approximately 20 minutes). The free surface elevation is measured throughout the test at a single 

location using a resistive wave probe, and Welch’s method is used to estimate the power density 

spectrum for the polychromatic wave [331]. Figure 3.10 illustrates the spectrum generated by the 

tank estimated using Welch’s method, and the theoretical spectrum for a significant wave height 

of 75 mm and zero-crossing period of 2.33 s (equivalent to 1.5 m and 10 s at full scale), and is 

representative of the typical output from the narrow tank in response to a requested spectrum. 

During the second step of the calibration process, the model is installed in the tank. During the 

tests discussed herein, a two-point mooring system was simulated using chain and fishing floats. 

The model draft was set using lead weights. A 176PC14HD2 Honeywell pressure sensor was 

installed. Once the sensor is installed and the model placed in the tank, the air chamber above the 

water column is completely sealed. The model was then subjected to the identical theoretical 

spectrum for sufficient time to all the spectrum fully develop. The pressure in the air above the 

water column was sampled at 32 Hz throughout the test. It has previously been demonstrated that 

the narrow wave tank at the Dundalk Institute of Technology is capable of repeatedly generating 

the same polychromatic time series of waves as input to tests separated in time [474]. 
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Figure 3.10. Comparison of Measured Spectrum with and without the model in the tank,  
Hs = 84.8mm and Wave Period, Tz = 2.33 secs 

 

The power density spectrum of the pressure signal is then estimated, again using Welch’s method, 

and time series wave data is then used to estimate the frequency dependent transfer function 

between the pressure signal and the incident wave elevation. Once the transfer function has been 

estimated in this fashion, the wave spectra listed in Table 3.3 were run in the absence of the model 

WASP in order to determine the exact wave spectrum generated for all theoretical spectra to be 

estimated from measurement of the air pressure above the water column of the model. The model 

was then returned to the tank, and each spectrum re-run while the pressure within the WASP 

model is recorded. The power density spectrum for each pressure signal is obtained, and the 

transfer function obtained earlier used to estimate the incident wave spectrum in each case as 

described in Chapter 2. 

 

3.2.5 Results from 1/20 Scale model testing 

 

Figure 3.11 illustrates the input spectrum that was first used to calibrate the model WASP and 

establish the relationship between the incident wave power density spectrum and the 

corresponding pressure power density spectrum. This spectrum had a Hs = 84.8 mm and Tz = 2.23 

s. Note that the values for Hs and Tz above were obtained from consideration of the wave spectrum 
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obtained from free surface elevation measurement and not those requested. Once a wave 

spectrum is measured, both Hs and Tz may be obtained from the spectral moments as described 

in Chapter 2.  

 

Figure 3.11. Incident Wave Spectrum used to train model WASP, Hs = 84.8mm and Tz = 2.23s  

 

Figure 3.12 illustrates the power density spectrum of the pressure signal recorded during the 

training run, and Figure 3.13 illustrates the frequency dependent transfer function between the 

input wave spectrum and the pressure spectrum. 

 

 

Figure 3.12. Pressure Spectrum obtained with an incident wave spectrum of Hs = 84.8mm and Tz = 2.23s  
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Figure 3.13. Transfer Function obtained from pressure data and wave data, Hs = 84.8mm and Tz = 2.23s  

 

 

Next, to test the transfer function shown in Figure 3.13, the model was subjected to an incident 

wave spectrum for a spectrum close to, but not identical, to that for which the transfer function 

was generated, in this case, a spectrum with a Hs = 88.9 mm and Tz = 2.01 s. The transfer function 

was used along with the pressure spectrum obtained during the test to estimate the incident wave 

spectrum. Figure 3.14 illustrates the comparison between the wave spectrum in the absence of a 

model in the tank, and that predicted by using pressure data from the model WASP with the 

transfer function in Figure 3.13. 
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Figure 3.14. Comparison between the incident wave spectrum with Hs = 84.5mm and Tz = 2.01s and the estimated 

spectrum Hs = 88.9mm and Tz = 2.06s using the pressure spectrum and the transfer function illustrated in figure 3.13 

 

When spectral moments are determined from the estimated spectrum shown in Figure 3.14 and 

used to estimate the key spectral parameters, values of Hs = 88.9 and Tz = 2.06, there is a minor 

difference from the corresponding values obtained from measurement of the free surface 

elevation. 

 

In order to investigate the viability of using a single transfer function to estimate a range of sea 

states, the model WASP was then subjected to a series of wave spectra as presented in Table 3.3. 

In each case, the power density spectrum from the pressure signal was used with the transfer 

function in Figure 3.13 to estimate the incident wave spectrum.  

 

Figures 3.15 to 3.16 show that, as the zero-crossing period decreases from that used in the training 

spectrum, the anomalous peak at 0.25 Hz grows, and thus increasingly effects the estimated 

spectral moments and estimated values of Hs and Tz. The peak/spike is exactly of the form of the 

transfer function in Figure 3.13. The low response coupled with the resolution of the pressure 

sensor causes this. 
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Figure 3.15. Comparison between the incident wave spectrum with Hs = 85.1mm and Tz = 1.32s and the estimated 

spectrum Hs = 90.05mm and Tz = 1.71s using the pressure spectrum and the transfer function illustrated in figure 3.13 

 

 

Figure 3.16. Comparison between the incident wave spectrum with Hs = 84.0mm and Tz = 0.93s and  the estimated 

spectrum Hs = 118.7mm and Tz = 2.04s using the pressure spectrum and the transfer function illustrated in figure 3.13 

 

3.2.6 Summary of results from 1/20 Scale model testing 

 

The results presented herein, which represent a sample of the results obtained during scaled 

conceptual testing at the DKIT Wave Tank Facility, demonstrate that the incident wave spectrum 

acting on a device such as the WASP can be recovered from the pressure signal by considering the 

frequency domain transfer function between the power density spectrum of the pressure signal 
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and the incident wave spectrum as described herein. However, the accuracy of the estimated 

spectrum as the zero-crossing period decreases clearly decreases in line with the reduction in the 

amount of energy in the range of 0.3 Hz to 0.6 Hz. It therefore appears, provided the input wave 

spectrum contains energy in the range of frequencies where the issue arises, the estimated wave 

spectrum will likely be close to the actual wave spectrum. Conversely, if the incident wave 

spectrum does not contain much energy at these frequencies, the anomalous peak, which can be 

seen in Figures 3.15 to 3.16, will occur. This may be as a result of the very low pressures that are 

generated in the frequency range where the anomalous peak appears. 

 

As can been seen in Figure 3.16, there is essentially no pressure generated in the air chamber above 

the moonpool at these frequencies. Tests have shown that creating a transfer function using data 

obtained from testing with an incident wave spectrum that does not contain energy in the 0.3 Hz 

to 0.6 Hz range will not result in the anomalous peak, but as would be expected, will not correctly 

predict the spectrum when used to estimate wave spectra which do contain energy in the 

frequency range at issue.  

 

 

3.3 1:2.4 Scaled Model testing at LIR National Ocean test Facility 

 

3.3.1 Objective 

 

The objective of conducting mid‐range scaled model testing at the ocean wave test facility is to 

obtain a controlled yet sufficiently representative physical response of the structure under realistic 

wave conditions while also determining confidence in establishing transfer functions for the model 

using the tank wave probe spectral data and the model pressure probe spectral data. By employing 

a mid‐scale model, the testing bridges the gap between small laboratory experiments and full‐scale 

prototypes.  
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3.3.2 Facility Description 

 

This research availed of the access programme to the Lir-NOTF which was designed to enable the 

testing and progression of offshore renewable energy technologies through the early development 

stages in advance of open sea testing.   It was supported by SEAI and was open to any type of 

marine technology (wave, wind, tidal, floating solar) that can be tested at the Lir NOTF. This 

included all sustainable marine enterprises to capture any innovation intended for marine use that 

reduces energy use and energy production.  

Ireland’s National Ocean Test Facility, LIR-NOTF, is located at the ERI Beaufort Building in Cork, 

providing a suite of state-of-the-art test tanks and dedicated workshops. The facilities include a 

2,600m2 tank hall which will house four different wave tanks, and a range of electrical test 

infrastructure, providing an ideal testing environment throughout all phases of device 

development. The facility’s deep water research wave basin and wave flume have the capability of 

generating waves up to 1m height to facilitate the testing of model wave energy devices and other 

marine structures in different wave conditions, including extreme conditions, such as those 

encountered off the west coast of Ireland.  

While fixed offshore wind technologies are commercially advanced, many offshore renewable 

energy (ORE) technologies that are required for deeper water and more aggressive environments 

are still in early stages of development.  These technology developers usually consist of individuals, 

SMEs and academics who generally do not have the financial resources and expertise to determine 

the feasibility of their concept and require support. As a result, SEAI and Lir NOTF have teamed up 

to offer this programme which will provide free to access the to the facilities of Lir-NOTF to Irish 

ORE developers. 

The deep ocean basin, which was used for this projects scaled testing campaign, is 35m long x 12m 

wide x 3m deep. It has a movable floor plate to allow the water depth be adjusted, making it 

suitable for circa. 1/15 scale operational conditions and 1/50 scale survival waves. Equipped with 
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16 hinged force feedback paddles capable of a peak wave generation condition of Hs = 0.6m, Tp = 

2.7 s and Hmax = 1.1m [475]. Figures 3.17 and 3.18 shows a plan view of LIR’s deep ocean wave 

tank. 

 

Figure 3.17 – Plan View of Deep Ocean Basin at LIR - NOTF  [475] 

 

 

Figure 3.18 – Cross Section of Deep Ocean Basin at LIR - NOTF  [475] 

 

3.3.3 Model Description 

 

With the off the shelf Seagull buoy identified for full scale prototype use, it made practical sense 

to use a smaller model available through the same company JFC. The Gannet buoy has similar 

characteristics to the Seagull making it ideal for scaled model testing, namely a hollow steel core 

which allows for the development of a water column as shown in Figure 3.2. 

The main float section to the Gannet is 1250mm in diameter (see Figure 3.2), compared with a 

3000mm diameter on the full scale Seagull/WASP buoy thus giving a scale factor of 2.4 between 

the controlled tank testing model and the full scale prototype to be used at Galway Bay Test Facility 
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as discussed later in this chapter.  Importantly, the Gannet also has the option of using a hollow 

steel central core/moonpool within the frame which would allow the presence of water column 

and facilitate the measurement of the fluctuations to air pressure above this water column similar 

to the full scale prototype behaviour. 

In order to maintain similarity with the proposed full scale testing campaign conditions, 

the mass of the ballast to be added to the Gannet model was scaled to that to be used with the full 

scale  prototype WASP. The full scale device included 1600kg of ballast, which will be subject to 

the 1:2.4 scale factor cubed given a required scaled ballast of 115kg. Secondly, the mass of upper 

sections to the WASP which consisted of two day marks, the various electronics, a bank of batteries 

and various other elements all in the order of 480kg, was scaled to 35kg. The centre of gravity for 

the Gannet scale model is approximately 619mm from the bottom of the buoy and in this regard, 

to attempt to distribute the mass relatively accurately, the 35kg representing the upper 

components of the full scale prototype of the WASP was placed on a metal frame and fixed to the 

top of the model positioned 400mm above the top of the buoy as presented in Figure 3.19. All of 

the additional necessary metal work was fabricated by JFC Marine, including the frame for the 

upper 35kg weight, supports for the wave probes and the plate to seal the moonpool. The Gannett 

model was assembled and delivered to the LIR facility for use in testing. 

 

Figure 3.19 – Schematic of Gannet model with upper weight for mass distribution [476] 
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In order that the pressure in the air chamber in the moonpool above the water column be subject 

to variation from atmosphere as a result of the action of the incident wave on the buoy, and the 

motion of the buoy itself, the top of the moonpool is sealed, as was the case for the full-scale 

prototype test at the Galway Bay test facility. 

The steel plate, prepared by JFC, to seal the moonpool is approximately 4mm thick and is bolted 

to the upper flange of the inner metal frame of the model buoy. An 8mm diameter hole was drilled 

to allow a pressure sensor to take measurements of the air pressure beneath the plate and above 

the water column within the hollow moonpool.  

Furthermore, three pairs of 1.5mm diameter holes (at 12.5mm centres) were provided to allow 

the wave probes access the water column to monitor the fluctuations in water levels in the column 

as the buoy interacts with the incident wave in the test tank. This plate is illustrated in figure 3.20. 

 

Figure 3.20 – Steel plate for sealing moon and positioning wave probes and pressure sensor. 

 

3.3.4 Instrumentation and Data Acquisition 

 

A pressure sensor is required in order to measure the air pressure above the water column during 

testing. The Honeywell 170PC series is a family of differential pressure sensors designed to provide 

accurate and reliable pressure measurements in a variety of industrial applications. These sensors 
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are known for their durability, precision, and ease of integration into different systems. The sensor 

has a range of + or – 14in. H2O, with an output of + or – 5V DC. 

 

Wave probes are essential for evaluating the performance and efficiency of ocean energy devices 

such as wave energy converters and tidal turbines. Wave probes help simulate real-world ocean 

conditions in a controlled environment, allowing researchers to optimise designs and ensure 

reliability before deployment in the open sea.  

The wave probes used during the scaled tank testing campaign are resistance wave probes which 

operate by detecting changes in electrical resistance caused by wave motion. They are robust and 

reliable, commonly used in wave tank testing for their simplicity and effectiveness. 

A series of wave probes are positioned linearly at the LIR Ocean Tank Test Facility in advance of the 

scaled model subject to testing. A further three wave probes are inserted into the moonpool of the 

scaled model to facilitate monitoring of the surface water elevation of the water column.  

The probes comprise of two parallel stainless steel wires, 3mm in diameter, circa 400mm long with 

a 12.5mm spacing. The probe monitor outputs +/- 10volts DC to the probes, and registers the 

change in conductivity as the water level oscillates due to the wave action. The LIR facility had 

three wave proves placed linearly within the ocean basin tank and in advance of the model, while 

three wave probes were installed inside the model to record data from within the moonpool.  

The wave probes are inserted in through the steel plate used to seal the top of the moonpool 

through pre-drilled holes and insulated where in contact with the steel plate. When considering 

the draft of the buoy, which is 366mm as provided by JFC Marine Ltd, finalising the design of the 

probes, how the probes would be held in place and the positioning of the probes within the 

moonpool, it was discovered that the assembled probes would be too short in length and would 

not reach the water column within the moonpool.  
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Increasing the probe length was considered, however this could lead to a loss of resistivity. A frame 

was designed and fabricated to fit to the underside of the sealing plate in order to hold and extent 

the wave probes down into the water body. With the wave probes 414mm in length, the frame 

was fabricated with three extending arms 424mm long, this would ensure the wave prove was 

positioned with approximately half its length submerged, offering the optimum probe length for 

recording water depths throughout all of the varying tests. See Figures 3.21 and 3.22. 

  

Figure 3.21 – Sketch cross-section showing various dimensions associated with the wave probes, moonpool and water 

surface 

 

Figure 3.22 – Metal frame fixed to underside of plate to extend wave probes further in to moonpool and water body. 
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Wave probes are essential instruments in ocean tank testing for measuring wave heights 

accurately. Calibration of these probes ensures precise and reliable data collection. The probes 

were secured to a frame and inserted into the body of water approximately mid length of the 

probe. A baseline zero reading was recorded. The probe was then adjusted vertically in increments 

of 10mm, taking readings at each setting. A typical wave probe calibration curve is shown in Figure 

3.23. 

 

Figure 3.23 – Wave probe calibration graph 

 

Motion detection cameras provide high-resolution, real-time visual data that can be used to 

monitor the behaviour of ocean energy devices under various testing conditions. This data is crucial 

for understanding the dynamics and performance of these devices. These cameras are capable of 

detecting even the slightest movements of the devices, which is essential for identifying potential 

issues or areas for improvement. Movement tracking helps in fine-tuning the design and operation 

of the devices. In wave tanks, motion detection cameras track the response of ocean energy 

devices to simulated wave conditions. This tracking is crucial for assessing the device's 

performance, resilience against different wave patterns and intensities and establishing the 

frequency characterisation of the device. 
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The Qualisys Arqus [477] which is used at the LIR Ocean Tank Test Facility, is a camera system with 

high resolution image sensors, powerful illumination and advanced marker detection algorithms 

to capture and record motion. The centre of gravity of the floating body, provided by JFC Marine, 

is input to the recording system and markers fixed to the buoy detected and recorded.  

Considering the six degrees of freedom of the floating model, surge, sway, heave, roll, pitch and 

yaw, three markers were fixed to the upper frame of the model. The first representing the stern of 

the floating device, the second marker the port and the third marker the bow of the device. The 

location and orientation of the markers can be seen in Figure 3.24, which illustrates the Gannett 

as deployed in the ocean basin at LIR. 

 

Figure 3.24 – Qualisys markers fixed to buoy to monitor motion. 

 

Mooring systems play a crucial role in ensuring that such floating devices remain securely 

positioned during testing, providing for accurate performance evaluation, safety, and design 

optimisation. Mooring systems maintain the precise position and stability of ocean energy devices 
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Single point 
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in tank testing environments. This is critical for replicating real ocean conditions and ensuring 

consistent testing results. By securely holding devices in place, mooring systems allow for accurate 

measurement of performance metrics, such as power output, efficiency, and structural response 

to wave and current forces. Proper mooring prevents devices from drifting or colliding with tank 

walls, ensuring the safety of the testing environment and personnel. This minimises the risk of 

damage to expensive prototypes and testing equipment. Mooring systems in tank testing facilities 

replicate the anchoring conditions that devices will experience in the open ocean. This helps in 

assessing how devices will perform in their intended deployment sites. Mooring systems are used 

to hold wave energy converters in place, allowing them to respond to simulated wave conditions. 

This is essential for evaluating their energy capture efficiency and structural durability. Catenary 

moorings use heavy anchors and long, flexible chains or cables that form a catenary curve. This 

type of mooring allows for more movement and is commonly used to simulate realistic ocean 

conditions. 

The proposed mooring type for the full-scale prototype WASP at Galway Bay Test Facility is a single 

point catenary mooring arrangement. In this regard, in order to reflect as best as possible the full-

scale scenario, a single point mooring arrangement was used in the LIR Deep Ocean Test Tank. It 

was noted during testing that periodically, the mooring chain would snap or pull at the model as it 

reached its extents and then settle once again in to a more natural rhythm with the wave 

frequency. This was more pronounced for particular wave frequencies than others.  

 

3.3.5 Experimental procedure 

 

Designing effective test design ensures that data collected is accurate, reliable, and applicable to 

real-world scenarios.  
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The objectives of this scaled tank testing campaign are to firstly determine the RAOs of the buoy, 

refer to previous chapter 2, by measuring the motions in the six degrees of freedom of the model, 

and secondly to determine the transfer function between the pressure signal and the free surface 

elevation by measuring the gauge pressure within the OWC chamber while the chamber is sealed 

from atmosphere. A set of tests using regular, monochromatic waves of varying frequencies and 

amplitudes were first performed, which were then used to determine the RAOs. The primary RAO’s 

of interest is that of the heave and pitch of the buoy, however data pertained to all degrees of 

freedom of the buoy and the motions of the water column were also captured.  

A second set of tests was performed using irregular, polychromatic waves spectra mimicking, at 

scale, those which occur in the Galway Bay test site [478]. The choice of wave spectra was 

somewhat limited by the operating envelope of LIR’s deep ocean basin tank and was carried out in 

consultation with test engineers at the LIR facility. Figure 3.25 presents the tank specific operating 

envelope for test design purposes.  

 

Figure 3.25 – Deep Ocean Basin operating envelope  [475] 

 

When designing the regular wave suite of tests, bearing in mind the maximum operational range 

of the ocean basin tank of 0.6m wave height and 3.0 s wave period, a range of frequencies of 0.807 
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to 3.33 secs and wave heights ranging from 0.1m to 0.6m were selected. Thirty-four tests in total 

were specified for regular wave testing sampled at a rate of 128 hertz. Table 3.4 presents the 

regular wave test characteristics and also includes the full scale equivalent wave period and wave 

height of each test which range from 1.25s to 5.16s and 0.240m to 1.488m respectively. Refer to 

Froude Scaling factors chapter 2. 

 

Table 3.4 – Regular Wave test schedule (where S = 2.4) 

 

In order to design a suite of tests to best replicate the conditions the full scale prototype would be 

subjected to in Galway Bay test site, nine tests were specified for irregular wave testing all set to a 

tank wave height of 0.15m and wave periods ranging from 1.0 seconds to 3.0 seconds in increments 

of 0.25 seconds with a sealed moonpool. 

Each regular wave test was carried out for a three-minute duration, while the irregular wave tests 

were carried out for a twenty-minute duration. During this time, data was recorded from the tank 

and model wave probes at a sample rate of 128 hertz. Data from the model pressure probe was 
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sampled rate of 32 hertz, while the motion of the six degrees of freedom was also being sampled 

at a rate of 32 hertz. 

 

The water level in the tank was adjusted and tank floor raised, and the Gannet scaled model lifted 

in to position using the in-situ gantry crane incorporated into the tank. The single point chained 

mooring was fixed to the tank floor and split in advance of the device before being bolted to the 

two mooring eyes at the underside of the model steel frame, see Figure 3.2.  

The steel plate used to seal the moonpool is bolted to the top of the model and the three internal 

waves probes, which are held in place by the extended support arms, fixed to the underside of the 

plate, subsequently lowered to an appropriate position inside the hollow chamber of the model 

metal frame. The cables and connectors for the wave probes are kept to one side for connection 

to the main data collection system. The pressure sensor is then inserted into the pre-drilled 8mm 

diameter hole, sealed using a grommet to eliminate air leakage during testing and the cable and 

connector kept to one side for later connection. The upper metal frame used to provide a platform 

for the 35kg weight is then fixed to the top of the model and the three markers for motion 

detection fixed to this metal frame. All probe and sensor cables are connected to the main cables 

leading to the main data recording system and the tank filled with water and floor lowered 

providing a testing depth of 3 meters.   

Before testing could commence, still water levels were recorded from the tank and internal model 

wave probes, the motion detection cameras focused on the device and the centre of gravity input 

to the data recording system. This was done in order to generate a zero point from which all 

movement would be recorded. The wave tank paddles were energised and the suite of 

predetermined tests as presented in Table 3.4 commenced.  
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3.3.6 Results from 1/2.4 Scale model testing – Regular Wave Testing 

 

Initially, a high-pass filter can be applied to the recorded pressure data to remove low-frequency 

drift and quasi-static components, such as sensor bias or slow variations in atmospheric pressure. 

This step ensures that only the dynamic oscillations associated with wave action remain in the 

signal. However, high-pass filtering alone does not suppress high-frequency noise, which often 

arises from turbulence, sensor electronics, or structural vibrations. To address this, a band-pass 

filter is subsequently employed, targeting the frequency range corresponding to the expected 

wave-induced oscillations in the OWC chamber. The band-pass filter simultaneously eliminates 

both the low-frequency drift and the high-frequency noise, resulting in a cleaner signal that more 

accurately represents the hydrodynamic response of the system. This sequential approach 

improves the quality of the pressure data, thereby enhancing the reliability of spectral analysis and 

energy conversion assessments. All matlab coding and raw data files are available for review at 

[486]. A Butterworth digital filter was implemented in MATLAB to process the recorded time series 

data. The Butterworth filter was selected due to its maximally flat frequency response in the 

passband, which allows the dominant oscillatory pressure signals associated with wave excitation 

to be preserved without introducing significant amplitude distortion. By applying an appropriately 

designed band-pass Butterworth filter, low-frequency drift and high-frequency noise, such as 

snatching of the model by the mooring, were effectively attenuated, isolating the pressure 

components most relevant to the hydrodynamic behaviour of the OWC. The smooth roll-off of the 

Butterworth design minimizes phase distortion compared to more abrupt filters, thereby 

maintaining the integrity of the temporal pressure signals required for accurate spectral analysis 

and performance evaluation. MATLAB’s built-in filter design functions facilitated efficient 

implementation, parameter tuning, and validation, ensuring reliable preprocessing of the 

experimental data. Figures 3.26, 3.27 and 3.28 present comparisons of the time series of the heave 

from test 1 unfiltered, high pass filter and band pass filter. A band pass filter was thus applied to 

all data for processing. 
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Figure 3.26 – Unfiltered time series of the heave from test 1   

 

Figure 3.27 – Filtered time series of the heave from test 1 using a high pass filter 

 

Figure 3.28 – Filtered time series of the heave from test 1 using a band pass filter 
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As a check, the FFT of the heave from varying tests was generated in order to compare against 

expected values as set out in the test schedule in Table 3.4. Again, a comparison between the 

unfiltered and filtered FFT of heave test 1 was determined and is presented in Figure 3.29 showing 

less noise contained in the lower frequencies. The expected frequency of 1.24Hz is achieved. 

    

Figure 3.29 – Unfiltered and Filtered FFT of heave test 1  

 

Figure 3.30 shows the FFT for heave tests 7 and 15 which are reflective of the expected frequencies 

for these tests, referring to Table 3.4. 0.78Hz and 0.58Hz respectively and therefore gives 

confidence in the chosen method. 

  

Figure 3.30 – Filtered FFT of the heave from tests 1 and 15 using a band pass filter  
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The FFT of the heave amplitude was thus determined and taking into consideration the suite of 

testing parameters which included 34 tests, half of which had the same wave period, the Response 

Amplitude Operator (RAO) of the heave was determined by taking the average of the FFT of the 

heave amplitude for the same wave period divided by the average of the wave amplitude for that 

same period (see Chapter 2). The frequency vector was obtained by integrating the test wave 

period. Figure 3.31 presents the RAO of the heave of the scaled model as thus obtained.  

 

Figure 3.31. Response Amplitude Operator of the Heave motion of the scaled model 

 

The calculated buoy heave motion amplitude response RAO curve is shown in Figure 3.31. It can 

be seen from the figure that the heave motion is relatively gentle within the frequency range of 

0.3 to 1.2 Hertz, and the maximum model RAO is 1.0mm/mm, which is small. From the results, it 

can be seen that the buoy appears to be relatively wave following between frequencies of 0.3 to 

0.5 Hz. Therefore, this buoy form helps reduce the buoy heave motion amplitude. 

Similarly, the pitch motion data was processed, and the filtered pitch time series data for test 15 is 

presented in Figure 3.32. 
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Figure 3.32 –Filtered time series of the pitch from test 15 using a band pass filter 

 

The unfiltered and filtered FFT of the pitch for test 15 was generated and are presented in Figure 

3.33 achieving the expected frequency of 0.58Hz. 

 

Figure 3.33 –Filtered FFT of the pitch from test 15  

 

The Response Amplitude Operator (RAO) of the pitch was determined by taking the average of the 

FFT of the pitch amplitude for the same wave period divided by 360 times the average of the wave 

amplitude for that same period divided by the wave length in centimetres (see Chapter 2). The 

frequency vector was obtained as before for heave. Figure 3.34 presents the RAO of the pitch of 

the scaled model. 
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Figure 3.34. Response Amplitude Operator of the Pitch motion of the scaled model 

 

It can be seen from the figure that within the range of main wave energy, the maximum value of 

buoy pitch is 1.7 deg/m.  

 

Similarly, the surge motion data was processed, and the filtered surge time series data for test 15 

is presented in Figure 3.35, 

 

Figure 3.35 – Filtered time series of the surge from test 15 using a band pass filter 
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The filtered FFT of the surge for test 15 was generated and is presented in Figure 3.36 achieving 

the expected frequency of 0.58Hz. 

 

Figure 3.36 – Filtered FFT of the surge from test 15 

 

The FFT of the surge amplitude was thus determined and taking into consideration the suite of 

testing parameters which included 34 tests, half of which had the same wave period, the RAO of 

the surge was determined by taking the average of the FFT of the surge amplitude for the same 

wave period divided by the average of the wave amplitude for that same period (see Chapter 2). 

The frequency vector was obtained as before. Figure 3.37 presents the RAO of the surge of the 

scaled model. 

 

Figure 3.37. Response Amplitude Operator of the Pitch motion of the scaled model 
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3.3.7 Results from 1/2.4 Scale model testing – Irregular Wave Testing 

 

The scaled model was subjected to a suite of irregular waves testing with Hs = 0.150m (0.23m full-

scale) and Tz ranging from 1.0 to 3.0 seconds (1.55 to 4.65 seconds full-scale) in increments of 0.25 

seconds, which also reflected the testing envelop of the wave tank capabilities as provided by LIR 

technical staff. The tank wave probes recorded data at a sampling rate of 128 hertz, while the 

pressure probe in the model recorded data at a sampling rate of 32 hertz over a test duration of 

1200 seconds. Figure 3.38 presents time series of the tank wave probe recorded data for all 9 tests. 

 

 

 

Figure 3.38. Time series of tank wave probe data for tests 1-9 (150mm ranging 1.0-3.0 secs) 
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While Figure 3.39 presents the time series of the pressure probe within the model moonpool for 

tests 1-9. 

   

   

   

Figure 3.39. Time series of model pressure probe data for tests 1-9 (150mm ranging 1.0-3.0 secs) 

 

The transfer function must now be established between the tank wave probe data and the model 

pressure probe data as previously set out in Section 3.2.4, proof of concept testing. The Power 

Density Spectrums of the pressure probe in the model and the wave probe in the tank were 

generated using the PWelch method.  
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Figures 3.40 and 3.41 present PWelch Power Density Spectra of the tank wave probe data and the 

model pressure probe data respectively for test numbers 1 to 9 with Hs = 150mm and Tz values 

1.0 seconds and 3.0 seconds.  

 

   

   

   

Figure 3.40. PWelch power Density Spectrum of tank wave probe for tests 1-9 (150mm ranging 1.0-3.0 secs) 
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Figure 3.41. PWelch power Density Spectrum of model pressure probe data for tests 1-9 (150mm ranging 1.0-3.0 secs) 

 

A transfer function can then be established between the wave probe data of the tank and the 

pressure probe data from inside the moonpool of the model buoy with a view to using the transfer 

function on pressure probe data to generate sea states parameters such has Hs and Tz. 

Figure 3.42 presents the full range of Transfer Functions between the PWelch Power Density 

Spectra of the model pressure probe data and those of the tank wave probe data for test numbers 

1 to 9 with Hs = 150mm and Tz values ranging from 1.0 seconds to 3.0 seconds. There is some noise 

information present in the lower frequencies of 0 – 0.5 Hz, while there is some high frequency 

information present from 1Hz upwards which are possibly as a result of some harmonic action with 
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the model moonpool. However, Figure 3.43 focuses on the Transfer Function range specific to the 

model of 0.5-1.0 Hz. The Transfer Functions for tests 1-9 are essentially the same within the range 

of interest for the model. 

 

Figure 3.42. Transfer Functions between model pressure probe and tank wave probe data (frequency range of 

interested circled in red) for tests 1-9 (150mm ranging 1.0-3.0 secs) 

 

 

Figure 3.43. Magnified presentation of area of interest circled in red in Figure 3.42 above.  

Transfer Functions of the model for tests 1-9 (150mm ranging 1.0-3.0 secs) 
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A Power Density Spectra of recorded and processed pressure data obtained from the volume of air 

above the water column within the moonpool of the buoy was generated. The spectral moments 

are then obtained to calculate Hs and Tz.  

A transfer function from one set of the LIR tank wave probe and buoy pressure probe data is 

applied to another set of pressure data. A Power Density Spectra is then generated.  

Figure 3.43a presents an example of a comparison of the LIR tank wave probe spectra against the 

spectra generated from the pressure data recorded for that particular test subjected to a transfer 

function from another test of a different frequency and pressure data. 

 

Figure 3.43a. Comparison of Wave probe V  Pressure using Transfer Function from Test 8 data for Test 9 – Hs=150mm 

and Tz=3.0secs 

 

3.3.8 Summary of results from 1/2.4 Scale model testing 

 

The experimental campaign yielded successful outcomes across both the regular and irregular 

wave test suites conducted in the LIR wave tank facility. The motion response data collected for 

pitch, heave, and surge were processed using a band-pass filter to remove signal noise and isolate 

the frequency range of interest. This pre-processing enabled the accurate generation of Response 
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Amplitude Operator (RAO) plots for each degree of freedom listed above, demonstrating 

consistent and repeatable behaviour across the tested wave frequencies. 

For the irregular wave tests, spectral analysis was applied to both the incident wave data (recorded 

via the wave tank probe) and the model response (via the internal pressure probe). Power Spectral 

Density (PSD) estimates were computed using PWelch method, and the resulting transfer functions 

were derived by taking the ratio of the output (model) PSD to the input (wave) PSD across the 

frequency spectrum. These transfer functions exhibited physically consistent trends across the 

tested frequency range and confirmed the dynamic behaviour of the model under irregular wave 

excitation. 

Overall, the successful implementation of signal filtering, spectral estimation, and transfer function 

derivation validates the integrity of the experimental setup and supports the use of the resulting 

hydrodynamic response data in subsequent analysis and model validation stages. 

 

3.4 Full-scale buoy and sea trials 

 

Government funding is critical for advancing the development of ocean energy devices. It supports 

innovation, economic growth, environmental sustainability, energy security, technological 

progress, global leadership, and the public good. By investing in this area, governments can drive 

the transition to a more sustainable and resilient energy future. 

The Marine Institute has for a number of years operated a successful Research Access Programme. 

In association with SmartBay Ireland [146], the Marine Institute provides funding to support 

researchers with access to the SmartBay Marine and Renewable Energy Test Site through a 

contribution to additional costs associated with deployments via the National Infrastructure Access 

Programme (NIAP) [147]. The Marine Institute SmartBay NIAP aims to promote synergies between 
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companies and academics in their research and development efforts within the marine sector by 

facilitating access to the test site and its associated facilities and supports. The facilities available 

include Cabled Observatory, Databuoys and Acoustic Array.  

This research was funded by the Marine Institute of Ireland, National Infrastructure Access 

Programme, grant numbers NIAP-LS-16010 and NIAP-LS-18002. 

3.4.1 Objective 

 

The objective of the experiment is to investigate the relationship between the internal 

hydrodynamic response of the prototype’s sealed moonpool and the external wave environment, 

as recorded by a nearby Waverider buoy. Specifically, the experiment seeks to acquire 

synchronized datasets of moonpool pressure spectra and incident wave spectra, and to process 

these data in order to derive transfer functions that describe the correspondence between the 

two. Establishing such transfer functions provides a framework for assessing whether moonpool 

measurements can be used as a proxy for conventional wave observations. Ultimately, the aim is 

to evaluate the potential of this approach to estimate key sea state parameters, such as significant 

wave height (Hs) and zero-crossing period (Tz), thereby offering a novel method for wave 

characterisation directly from within the device. 

 

3.4.2 Test Site Description 

 

The full-scale sea trials took place at the SmartBay Test Site which is Ireland’s national facility for 

marine renewable energy development, sensor testing, and real-time environmental monitoring. 

It is located approximately 1.5 km offshore from the village of Spiddal in Galway Bay, with water 

depths in the range of 20-25 m [146].  
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The site covers about 37 hectares, clearly demarcated by four cardinal marks (one at each corner), 

providing a dedicated area for sea trials of prototype marine devices under controlled but realistic 

conditions [146].  

Central to the SmartBay infrastructure is the cabled underwater observatory installed in August 

2015, which is connected back to shore via a subsea fibre-optic / power cable. This observatory 

provides power and high-bandwidth data communications, supporting a permanent suite of 

instruments (e.g. CTD, dissolved oxygen sensors, ADCP, turbidity/fluorescence sensors, 

hydrophone, HD camera) and has ports/interfaces for additional sensor deployment [146].  

The Test Site operates under licensing that allows up to three marine renewable energy prototypes 

to be deployed simultaneously, for periods up to 18 months. It is used for quarter-scale devices or 

earlier TRL (Technology Readiness Level) stages, novel sensors, and environmental monitoring 

tools.  

Environmental (metocean) data—wave, current, temperature, salinity, etc.—are collected 

continuously and made available in real time via SmartBay’s data portal, supporting both scientific 

research and device validation [146]. 

 

Figure 3.44. Location and Bathymetry of the 1/4 Scale Wave Energy Test Site in Galway Bay , Ireland [478] 
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Long-term observations at the SmartBay test site in Galway Bay indicate a generally moderate 

wave and wind climate with clear seasonal structure. Mean significant wave height (Hs) is 

approximately 0.9 m while representative spectral periods (Tz) average near 4.9 s, but both 

parameters increase in the winter months as Atlantic swell and storminess penetrate the bay 

(monthly peaks commonly observed in the winter half-year and lower values in summer). Wind 

statistics show a mean near 6 m/s with stronger, more persistent winds during autumn and winter 

and a predominant wind/wave approach from the south-west sector (around 224°). Although 

average conditions are moderate, the site occasionally experiences large sea states (recorded 

single event wave heights up to 8.7 m), and tidal ranges and local currents add further temporal 

variability; these seasonal and episodic behaviours should be considered when deriving transfer 

functions from moonpool pressure spectra and when validating sea-state estimates. Seasonally, 

the site sees greater wave heights and increased period during the winter months; calmer, smaller‐

wave conditions prevail in summer. Winds tend to follow a similar seasonal pattern, with stronger, 

more persistent winds during the colder half of the year. Weather extremes (storms, high winds) 

are infrequent but play a key role in defining the upper end of the wave height distribution [146]. 

Figure 3.45 presents annual wave and wind data specific to the test site. 
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Figure 3.45. Annual wave and wind climate observations at Test Site in Galway Bay, Ireland [146] 

 

 

3.4.3 Prototype Device Description 

 

Conventional wave regime measurement buoys operate by ‘following’ the free surface of the 

ocean at a deployment site. On-board accelerometers measure the acceleration of the buoy, and 

the displacement of the buoy is determined from the double integration of the accelerometer data. 

Hence, the time series of the motion of the buoy can be obtained, and by assuming the motion of 

the buoy matches the free surface elevation, the wave spectrum as the deployment site may be 

estimated. Unlike wave-following buoys, the operational principle of the prototype device, the 

‘WASP’ depends its interaction with the ocean waves in order to pressurise and depressurise the 

air above the water column as discussed in Chapter 2. For reasons discussed herein, the air 

chamber above the water column in the prototype WASP was sealed during sea trials. The time 
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series of the pressure in the air volume above the water column is measured and recorded. The 

prototype samples data at a rate of 8 Hz which is greater than the Nyquist limit. The Nyquist limit 

refers to the maximum frequency that can be accurately sampled without aliasing, which is twice 

the highest frequency present in a signal. This concept is part of the Nyquist-Shannon sampling 

theorem, which states that to reconstruct a signal accurately from its samples, the sampling rate 

must be at least twice the signal's highest frequency (also known as the Nyquist rate). If the signal 

is sampled at a lower rate, aliasing can occur, where higher frequencies fold back into lower ones, 

distorting the signal. The power density spectrum of the pressure time series is computed, and 

may be used to estimate statistical parameters of the wave spectrum at a deployment site, once 

the relationship between the power density spectrum of the air pressure signal for the WASP and 

a corresponding wave spectrum which generates the air pressure time series, is known. The 

relationship may be established through a calibration process where the buoy is deployed at a site 

where the wave regime is independently measured for a period of time sufficient to capture 

multiple sea-states. 

 

The buoy must fulfil a number of roles. It must contain a moonpool. It must provide a platform to 

house the sensing and data acquisition equipment, and the communication equipment. It must 

also provide a platform where power generation and storage may be placed to power the 

electronic equipment. Further, in order to generate large pressure variations which may be reliably 

measured and used to estimate sea states, either the buoy itself, or the water column it houses, 

must be significantly excited by the frequencies contained within the wave spectrum encountered 

at the deployment location. Within the confines of the funding budget, it was not possible to 

construct a customised buoy. However, a number of existing companies manufacture buoys which 

meet a number of the required attributes. One such company is JFC Manufacturing Co Ltd, who 

produce a range of buoys in a number of sizes including the Seagull buoy [266].  
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One 3-meter diameter Seagull was rented for the duration of the NIAP funded WASP project, and 

an exploded schematic of the Seagull, provided by the manufacturer, is shown in Figure 3.47. The 

Seagull provides a centrally located moonpool, and modular daymarks, which may be added to the 

top of the buoy to provide secure and water-tight housing for the electronics and battery storage 

required. Further, the daymarks provide a location where power generation and communication 

antennae may be located. In the current configuration of the WASP prototype, two daymarks are 

added to the base buoy so that the electronics, power generation system and communication 

antennae are located well above the sea level in still water conditions. 

 

Figure. 3.47. Exploded schematic of the Seagull buoy, [266] and assembled WASP full-scale prototype device 

 

However, the Seagull has not been designed to optimise pressure generation within the moonpool. 

As a result, the prototype WASP required a power generation system that is not based on wave 

energy. It is planned that future iterations of the WASP will include wave power generation, will 

be designed so that the wave power absorbed by the buoy is significant (e.g. through changes in 

buoy geometry and water column length). However, supplementary power generation (e.g. 

through solar panels or marine wind turbines) may still be required. A further consequence of the 
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current design of the Seagull is that the pressures generated in the air above the water column in 

the prototype WASP are relatively low. Initially, it was intended that a plate containing an orifice 

be placed over the top of the opening of the moonpool. The planned purpose of the orifice was to 

simulate the effect on the air flow into, and out of, the moonpool chamber that would be had if a 

bi-directional turbine, such as a bi-directional impulse turbine, were installed. However, in order 

to ensure the maximum variation in the pressure in the air above the water column, the plate 

ultimately installed contained only a small breather hole of 2 mm in diameter. The 2 mm hole 

allows water to gradually fill the water column over approximately 10 minutes during deployment. 

When in operation, the air pressure above the water column of the WASP will vary above and 

below atmospheric pressure in the time scale of a number of seconds, thus airflow through the 2 

mm hole will be minimal, and the air pressure in the chamber will be close to the maximum 

possible, ensuring the best possible measurements for the prototype.  

 

In order to calculate the ballast required to ensure the stability of the prototype WASP, and set the 

draft of the prototype WASP as desired, calculations were performed independently at DkIT, and 

the manufacturers of the Seagull buoy, with agreement. A custom spreadsheet was developed for 

this purpose and is available at, [479]. SmartBay provided information regarding the local tidal 

currents at the test site. Wind data for the site is readily available. The calculations considered the 

maximum wind drag on the daymarks, the maximum thrust acting on the wind turbine, and the 

maximum tidal drag acting on the buoy. Following standard practice [480], the masses of the 

battery pack were considered as acting at one point. Likewise, the mass of the turbine is considered 

a point mass. The mass of the total daymarks and associated components was found using a 

weighbridge, and hence the mass of the various fittings could be found (notably the custom– made 

frame for the wind turbine) and located as appropriate. With appropriate ballast, the meta-centric 

height of the buoy was estimated, and stability under extreme conditions confirmed. A maximum 

heel angle of 36-degrees is estimated in a worse-case scenario [479].  
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3.4.4 Instrumentation and deployment 

 

Sensing Equipment: In order to measure the pressure in the air above the water column, the 

prototype WASP used two PD-23, piezo-resistive, differential pressure sensors, manufactured by 

Keller [481]. The full scale ranges of the two sensors are 200 mBar and 1 Bar respectively. The 200 

mBar range was selected to ensure precision during typical operation, while the 1 Bar sensor is 

intended to capture extreme pressure events. The accuracy of the sensors is 0.2% of the full scale 

value. The output signal from both sensors is an analog voltage between 0-10 V. To measure the 

ambient temperature of the electronic enclosure a LM35 sensor is used. The data acquisition 

system (DAQ) monitors and records the voltage of the battery at a sampling rate of 8 Hz. As the 

DAQs maximum input range is 10 V, it could not accept the 24 Vdc supplied by the batteries directly 

because of the initial incorporation of the wind turbine as a power source. So, a simple voltage 

divider in conjunction with a buffer is implemented which provides a voltage between 0-5 V which 

is proportional to the real battery level, see Figures 3.48. 

 

Figure. 3.48. Photograph of assembled WASP electronics inside IP66 cabinet contained in upper daymark 
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Data Recording Equipment: The data is collected and recorded using a National Instruments 

NI9133 Compact DAQ (cDAQ) controller [482], powered by a 15 Vdc regulator, which in turn takes 

power from the battery bank. The controller has an Integrated 1.33 Ghz multi-core processor with 

8 slots of modular I/O. These slots can be used with C Series modules, including analog and digital 

I/O. The cDAQ also has 16 GB of non-volatile storage and a removable SD card slot, allowing data 

logging of large amounts of data. It runs both Windows Embedded Standard 7 and NI Linux Real-

Time OS. For robustness, the NI Linux Real-Time OS was used in this deployment. The cDAQ allows 

further connectivity using USB and Ethernet. The prototype uses two C series modules, NI-9201 8 

channel analog input and a NI-9485 solid state relay. 

 

Data Acquisition Coding: The code used to control the NI cDAQ essentially comprises two separate 

while loops. The first loop stores the measured data from the sensors, which is sampled at a rate 

of 8 Hz, to a National Instruments TDMS file. Each file represents 24 hours of data. At midnight 

each day, the file is closed and a new file created. The file is saved to a SD card installed on the 

cDAQ. A second loop compresses the TDMS data file created the previous day. Each TDMS file is 

approximately 360 MB in size, and is compressed to approximately 5MB. Once a second, 

compressed, version of the data file created the previous day is generated, the original TDMS file 

is deleted to save memory space on the SD card. The file is then uploaded to the Microsoft Azure 

cloud service. The default upload time is set to 08:00 AM. To accommodate this upload, a 4G 

Module is switched on by a Solid State Relay (SSD) before the file is uploaded. The 4G module is 

switched off once the upload is complete to reduce power consumption. At this time, the 4G 

module is switched on 30 minutes prior to the chosen upload time, and switches of 30 minutes 

after the upload time. To ensure complete uploading of the compress TDMS file, uploading the 

compressed data file requires approximately 5 minutes. 
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Data Transmission: While the data measured and recorded by the WASP device is stored on-board 

the cDAQ using an SD card, the proposed test location makes regular physical retrieval of the data 

impractical. Two methods for transmission of data from the buoy to shore were explored. The first 

method investigated proposed using the on-site Wi-Fi system. SmartBay maintain a number of 

Mobilis DB8000 buoys which host a variety of communications protocols to shore, including Wi-Fi. 

However, this system did not have the capacity required. A second Wi-Fi option was to use a 5.2 

GHz link from Spiddal to the test site. However, the 5.2 GHz link is very directional, and not suitable 

for buoys with a single point mooring such as is to be used for the prototype WASP. Following 

discussions with SmartBay, the prototype WASP will instead use 4G communications to connect to 

cloud computing services. Conveniently, National Instruments software includes a number of 

toolkits which allow connection to commercial cloud computing services. These services include 

Amazon Web Services (AWS), IBM Bluemix, PTC ThingWorx and Microsoft Azure. Each service has 

strengths and weakness. Initially, it was intended that the Amazon Web Services be used given 

previous experience with this service, and the initial implementation (which was preformed using 

a Windows-based desktop computer) proved robust. However, after some time developing the 

WASP software to use the AWS toolkit, a compatibility issue between LabVIEW’s real-time Linux 

operating system and AWS arose. Following an assessment of a number of other cloud computing 

services, the Microsoft Azure service was chosen for use with the prototype WASP. Azure Blob 

storage is Microsoft’s object storage solution for the cloud. Blob storage is optimized for storing 

large amounts of unstructured data, such as text or binary data. All access to data objects in Azure 

Storage happens through a storage account. All blobs reside within a container, which is similar to 

a folder. Once uploaded to the service, data may then be downloaded to any computer with an 

internet connection. No compatibility issues were found to exist between the Azure service and 

the real-time Linux operating system. Implementation of data transfer from the WASP to the 

Microsoft Azure service has been extensively tested, and proven to be robust. The upload of the 

data was achieved via a 4G (LTE) module from Digital Yacht [483]. Following advice from Smartbay, 



 138  March 2026 
 

the 4G module was equipped with a Vodafone SIM card as Vodfone coverage was best in this area 

at time of the testing. Dual high gain antennas are used to transmit data to allow for fast, long 

range capability. The 4G module also allows remote connection to the cDAQ via Wi-fi which would 

allow for reprogramming of the cDAQ, if necessary. All DAQ, communications and sensing 

equipment is mounted in an IP66-rated cabinet, which in turn is located within the top daymark 

behind a water-tight access hatch. Figure 3.49 illustrates the layout of the electronic, DAQ and 

sensors installed in the IP66 cabinet, and Figure 3.50 is a schematic of the electronics. 

 

Figure. 3.49. Layout of the electronics board housed with an IP66 cabinet. 
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Figure. 3.50. Schematic of the electronics board. 

 

On-board power storage for the WASP is provided by six 12Vdc, 80Ah sealed lead acid batteries, 

manufactured by Haze Batteries. The batteries are located in bays located in integrated 

compartments positioned at the bottom of the upper daymark. The bank of batteries is connected 

in a series-parallel configuration so as to produce 240Ah of storage operating at 24Vdc. The system 

voltage level was chosen so as to match the output voltage of a Zephyr Airdolphin 1 KW wind 

turbine, which was to be used to recharge the batteries. The DAQ and pressure sensors are 

powered by a 15Vdv regulator (U1 in Figure 3.50) and the battery supervisor circuit is powered 

from the 5V regulator (U5 in Figure 3.50). The 4G module is powered by an isolated 12Vdc regulator 

to prevent noise in the more sensitive components, an issue which arose during early testing of 

the system. A GPS tracker, which Smartbay require be installed on all equipment to be deployed 

at the test site, is also attached to the isolated 12Vdc regulator to isolate any noise it may generate 

from the rest of the system. The GPS tracker transmits its location once every hour. The power 

consumption of the electronics in the prototype varies depending on the time of day. The main 
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electronics package draws a current of approximately 500mA for 23 hours a day, which increases 

to 600mA for 1 hour each day while the 4G module is powered on and transmitting data. 

Additionally, the GPS tracker draws a continuous 70mA in standby, a current which increases to 

1.9A during a transmission period of approximately 60 seconds once each hour. When the batteries 

are fully charged the prototype should provide data up to 8 days approximately. Prior to 

deployment, the batteries in the WASP were fully charged from mains electricity. 

 

Power Generation: When fully charged, the batteries in the prototype WASP were expected to 

provide a minimum of 8 days of continuous operation. Thus, some means of recharging the 

batteries while the WASP is under test offshore is required. While it is intended that the final WASP 

device be wave powered, the current prototype is intended to investigate the relationship 

between the pressure in an OWC chamber and the wave regime, and hence is not wave powered. 

A number of potential charging options were investigated, and it was decided to install a small 

wind turbine atop of the daymarks to recharge the batteries during the current phase of testing. 

To save costs, a Zephyr Airdolphin turbine, which was available at no cost to the project, was 

selected. A charge controller is incorporated in the nacelle of the Airdolphin turbine, and the 

output from the turbine is 24 Vdc. The turbine output voltage dictated the voltage used throughout 

the system. A custom-made frame to mount the turbine to the daymark was constructed, which 

also provided a convenient location to mount the communication antennas. The turbine is rated 

at 1 KW with a rated wind speed of 12 m/s. It has a rotor diameter a rotor diameter is 1.8 metres. 

One of its main selling points is its low wind speed start-up at 2.5 ms. It does this by using it’s so 

called “power assist function”. If there is no wind the turbine uses power from the batteries to self-

rotate for 10 s every minute. This also protects the turbine from icing. In normal circumstances this 

feature may be seen as an advantage but in a solely battery powered offshore project it would be 

more of a hindrance. This meant that some energy would be lost to the turbine. Another issue with 

this is if one or more blades where damaged by potential wave strikes, battery charging would 
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cease but the damaged blades would still spin every minute. This would quickly drain the battery 

and almost certainly over discharge them. During initial testing, it was found that the turbine was 

capable of generating far more power than required to operate the prototype WASP in typical wind 

conditions. However, following transportation of the top section of the prototype WASP to Galway 

docks for final assemble, benign site testing and deployment, an issue arose with the wind turbine, 

and a new means of charging the batteries was required. It was decided to install six 80 W solar 

panels, manufactured by BP Solar, and these were used to maintain battery charge throughout the 

deployment [484].  

The BP 380 is an advanced 80W photovoltaic module that uses cells with antireflective SiN coating. 

This solar module is as equally suited to grid connect applications, such as residential systems or 

installations on commercial roofs and traditional photovoltaic applications such as 

Telecommunications and rural electrification. The BP 380 offers a superior price-performance 

relationship due to its reliability, white polyester back sheet and 36 advanced polycrystalline cells 

connected in series. The 3 series modules have a 12V nominal output and are primarily designed 

for battery charging applications such as off-grid homes, telecommunications & telemetry sites, 

navigation equipment, motorhomes & caravans, sailboats and other sites where low power is 

needed.  

Supervisory Circuit: When deployed, the data acquisition and communication systems are powered 

from the 24 Vdc battery bank. The cDAQ has no low power mode, and in the event that power 

consumption exceeds power generation over along period of time, a possibility existed that the 

rechargeable batteries may be over–discharged, resulting in damage to the batteries. In order to 

prevent over–discharge and protect the batteries, a microcontroller–based supervisory circuit is 

used. A schematic of the supervisory circuit is illustrated in Figure 3.51. The battery voltage is 

inputted to a voltage divider via resistors R1 and R2 to produce a voltage between 0-5V so the 

voltage can be accepted by the DAQ analog input and the microcontroller via buffers (U2). The 
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supervisory circuit continuously monitors the voltage level of the battery bank via the 0-5 V output 

from the voltage divider. If the voltage level drops below a predetermined value, the supervisory 

circuit switches off all loads, except the load to the supervisor circuit itself. The shut-off voltage 

level has been set to a battery bank voltage of 21.5 V (equivalent to 3.5 V from the voltage divider), 

and if this threshold is reached, a load relay is switched off to power down the system. The 

supervisory circuit itself then enters a low–power state, in which the circuit may remain active for 

a number of months before using sufficient power to over discharge the batteries. However, the 

cDAQ Controller is essentially a computer, and, like any modern computer, it is recommended that 

the cDAQ be allowed to shutdown in accordance with normal operations, rather than be abruptly 

powered off. If the battery level reaches a critical point of discharge, the cDAQ programmatically 

shuts itself down safely. The current draw of the 15 Vdc load, which includes the cDAQ, is 

approximately 450 mA under normal operating conditions, and approximately 150 mA when the 

cDAQ is shutdown. The microcontroller (U3 in Figure 3.51) uses a current sensor INA169 (U1 in 

Figure 3.51) to monitor the current draw to the 15 Vdc load to decide when to switch off the load. 

The microcontroller reads the current sensor via an analog-to-digital converter every minute. If the 

reading is below 200 mA for 10 minutes, the cDAQ is presumed shutdown, and the 15 Vdc load is 

switched off via a MOSFET transistor and a solid state relay, (Q1 and RL1 in Figure 3.51 

respectively). Due to the high output from the wind turbine, significantly higher power usage in 

typical wind conditions, the microcontroller was initially programmed to switch the system back 

on after 24 hours. It was considered likely that, after 24 hours, the battery bank would likely have 

reached an acceptable high level of charge to resume normal operations. If it was not the case that 

the battery bank charge level had recovered, and hence the voltage was above the shutdown 

threshold, the cDAQ would once again switch off, the microcontroller would switch off the 15 Vdc 

load after 10 minutes, and start the 24 hour timer again. This cycle would repeat until the battery 

charge was sufficient to resume normal operations. However, prior to deployment, the Airdolphin 

wind turbine was replaced with six 80 W solar panels. While the panels should provide sufficient 
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power to maintain operation of the WASP, the recharging rate is significantly lower than that 

should the Airdolphin turbine continued to operate. A concern arose that sufficient charge may 

accrue over the course of 24 hours to allow the battery pack voltage exceed the 21.5 V threshold, 

while not allowing enough charge to accrue to run the DAQ and communication system for 24 

hours. This raises the possibility that the system may power up, run for a sufficient length of time 

to cause the battery pack voltage to drop below the threshold, and hence shutting down the 

system for a further 24 hours, without any data transfer taking place. Such a low-charge cycle could 

happen repeatedly, effectively preventing any data transmission from occurring. In order to 

prevent this scenario, the time between shutdown and automatic restart was increased to 5 days. 

While this could have resulted in a large gap in the data, it would have ensured that the battery 

pack is well charged between shutdown and restart, eliminating the danger of the WASP entering 

a low-charge cycle. Ultimately however, at no point during the testing did the battery voltage drop 

below the threshold to cause a shutdown, and there was no loss of data during the sea trials. 

 

 

Figure. 3.51. Schematic of the supervisor circuit 



 144  March 2026 
 

Dry Testing: Various sub-components of the WASP were tested at DkIT prior to final assembly and 

transportation to the Galway docks for deployment to the SmartBay test site. The data acquisition 

and communication systems were benched–tested to ensure data was logged and uploaded to the 

Microsoft Azure cloud service, and that the in–house code performed as expected. The system was 

tested for a week, and data logging and communication system performed successfully. However, 

a number of issues were identified and rectified during this time. 

 

 

Figure. 3.52 The prototype WASP prior to testing at a benign site (Galway Marina) 
 

 

The first issue which arose was that noise created by the 4G module was interfering with output 

voltages from the pressure sensor during the hour each day when the 4G module was active. This 

issue arose as when initially installed, the 4G module shared a common ground with the rest of the 

system, including the pressure sensors. The issue was remedied by adding a 12 Vdc regulator to 
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power the 4G module any other potentially interfering load, such as a transponder. The 12 Vdc 

regulator is kept isolated from the rest of the electronics. A second issue identified was one of 

memory space on the SD Card. Data is stored locally on-board the WASP as well as being uploaded 

to the cloud. The raw data is first recorded in the native, National Instrument, TDMS format. The 

storage required for one day of data in this format is approximately 365 MB. In order to reduce 

transmission time and prevent the SD card from running out of memory, the TDMS files are 

compressed. The compressed files require approximately 5 MB of storage, and it is these files that 

are uploaded to the cloud service. Once one day of data is compressed into a single file, the 

unzipped data is deleted to free up space on the SD card.  

Once the changes outlined above were incorporated, the complete electronics/ 

DAQ/communication and power system (including wind turbine) were installed in the daymarks. 

Two daymarks are used, and all components described herein were installed in the upper of the 

two so as to reduce the likelihood of submergence, and to prevent breaking waves damaging wind 

turbine blades. The assembly was mounted on a trailer, and tested outside for a number of weeks, 

during which time the wind turbine charged the batteries successfully, and data was recorded and 

uploaded to the cloud without issue. The daymarks were then transported to Galway for final 

assembly and subsequent deployment. 

 

Benign testing: Once the daymarks and associated components were transported to Galway port, 

the final assembly of the WASP could take place. A custom-made plate was installed to seal the 

top of the moonpool in the buoy. Two 1/4 BSP connectors, which had been installed in the plate, 

allow gas lines to connect between the air chamber of the moonpool and the pressure sensors, so 

that the pressure in the air chamber may be measured and recorded. The daymarks were hoisted 

onto the Seagull buoy, and the gas lines connected. The prototype was then transported to the 

Galway marina, where a crane lifted the WASP into the water. The device as switched on, and over 

a number of days, the prototype acted as expected, with data files uploading at the appointed time 
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each day. However, a major issue arose. The tail of the wind turbine had damaged during transport, 

and it proved impossible to source a replacement. A new tail was designed and was fabricated by 

the deployment contractors. Once installed, the replacement tail functioned as hoped, but it was 

then discovered that the internal turbine control circuit was no longer functioning correctly, and it 

is assumed this circuit was damaged during transport. While a number of alternative turbines were 

investigated, ultimately, six 80 W solar PV panels, with suitable power regulators, were installed 

on the WASP, providing a total maximum power of 240 W at 24 Vdc. For safety reasons, the 

prototype was removed from the marina, and the daymarks were split from the buoy while the 

turbine was removed and the solar panels installed. Once the solar panels were installed, the 

system was tested in the dry for a week, before the daymarks and buoy were reassembled. The 

protoype WASP was then returned to the marina, where it was successfully tested, in a sheltered 

location, for a number of days. The likely reduced power generation by the solar panels when 

compared to the wind turbine increases the likelihood of the supervisory circuit switching to a low 

power mode, and introduces the possibility of the low-charge cycle. As described, the waiting 

period between low-charge shutdown conditions and subsequent re-powering up of the system 

was increased after benign site testing. However, an advantage of the solar panels is that the risk 

of possible blade damage due to high waves is eliminated. Another advantage is that the maximum 

heel angle of the buoy will be reduced, as the trust from the turbine will no longer contribute over-

turning moments. One final possible advantage of the solar panels when compared to a wind 

turbine is the reduction in moving parts potentially increasing long-term reliability of the system. 
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Figure. 3.53. Solar panels installed on the daymarks following removal of the wind turbine 
 

 

Deployment: Upon completion of benign testing, the buoy was deployed at the test site on the 

27th February 2019. The SmartBay Test Site is located off the north shore of Galway Bay, 2.4 km 

southeast of the village of Spiddal as shown in Figure 3.44. The WASP was moored at the test site 

using single point mooring. Single Point Mooring (SPM) of a data buoy is a crucial method for 

deploying buoys in marine environments. This technique ensures the buoy remains in a fixed 

location while allowing it to pivot around the mooring point. A strong, durable line or chain 

connects the buoy to the anchor. It is designed to withstand the forces from currents, waves, and 

wind. The anchor is placed on the seabed and provides a fixed point to which the buoy is tethered. 

Anchors can be dead-weights, piles, or other specialized anchors suitable for the seabed type. In 

the case of the WASP, it was a large concrete weight. A swivel is often used in the mooring line to 

allow the buoy to rotate freely around the mooring point, preventing the mooring line from 

becoming twisted. The installation process involves deploying the anchor, connecting the mooring 
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line, and attaching the buoy as shown in Figure 3.54. Specialised vessels and equipment are often 

required. Regular inspections and maintenance are necessary to ensure the integrity of the 

mooring system and the buoy’s proper functioning. 

          

Figure. 3.54. Connecting WASP mooring during deployment 

 

Maintaining a fixed position is critical for accurate data collection and consistency over time, 

especially for long-term monitoring projects. Fixed-position data buoys provide precise geospatial 

data, which is essential for mapping and tracking marine conditions. The ability of the buoy to pivot 

around the mooring point allows it to align with the direction of currents and waves, reducing 

stress on the buoy and mooring system. SPM systems are designed to be durable and reliable, 

capable of withstanding harsh marine environments over extended periods. 

 

Performance: Monitoring the performance of a wave measuring device during testing is essential 

to ensure data accuracy, device reliability, operational safety, and cost efficiency. It supports the 

overall objectives of the testing process, whether they are scientific, commercial, or regulatory in 

nature. With regard to the performance of the WASP during deployment, the acquisition of data 

was seamless from the system. Physically, the buoy proved quite robust with some minor signs of 
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compression to the float. JFC Ltd have subsequently amended their design to eliminate this in 

future.  

 

Conditions experienced during deployment: During the deployment, the WASP was subject to a 

wide range of weather and sea state conditions and subsequently recorded data from the most 

severe winter storms of that year, including storms Gareth and Hannah, both of which brought 

gusts in excess of 130km/h. Figure 3.55 illustrates a heat map of significant wave height (Hs) and 

zero-crossing period (Tz) at the test site gathered by the nearby Marine Institute Waverider device, 

and represents the wave climate encountered by the WASP prototype during the deployment 

period (March–June 2019). The most frequently occurring conditions correspond to a Hs of 

approximately 0.53 m and a Tz of around 2.45 s. 

 

Figure. 3.55. Heat Map presenting range of Hs and Tz Waverider values during deployment [266]. 
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3.4.5 Raw Data Presentation 

 

The WASP TDMS (Technical Data Management Streaming) files, each containing 24 hours of data 

were converted to .txt files for use in MATLAB. With a sampling frequency of 8Hz, this equated to 

some 691,200 samples per day, over 120 days of the deployment, approximately 82,944,000 

samples were generated.  

The deployment resulted in the acquisition of several months of data, including pressure 

signal readings from two Keller piezo-resistive, differential pressure sensors. Of these sensors, one 

covers low range at high sensitivity +/-200 millibar. The other at +/-1 bar for normal operation 

precision and extreme pressure events.  

The data included pressure signals from the sealed chamber above the water column in 

the OWC, air temperature within the day marker and battery voltage. Figure 3.56 shows the 

variation in battery voltage over the course a typical 24 hour period corresponding to 21st April 

2019. In Figure 3.57, the internal temperature of the day marker is shown over the same 24 hour 

window. While battery and temperature monitoring may not be required for wave estimation, the 

information is useful to monitor the WASP’s performance.  

Note the 24 hour period from which data is illustrated in Figure 3.56 was a relatively 

overcast day, and as the cloud covering cleared, an increase in battery voltage can be seen. 

Similarly, in Figure 3.57, an increase in the temperature as the day progressed can be seen. These 

results were typical of those obtained throughout the deployment. There were no issues with 

regard to temperature throughout the duration of deployment. Furthermore, the battery voltage 

never dropped below the threshold at which the supervisory circuit would have initiated a system 

shutdown to prevent over charge of the batteries. 
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Figure 3.56. Variation in battery voltage over the complete 24 hour period of the 21st of April 2019 

 

 

            

Figure 3.57.  The air temperature in the day mark electronics cabinet over the complete 24 hour period of 21st April 
2019 

 
 

An issue arose with the sampling of data during the deployment. While the data was nominally 

sampled at 8 Hz, the time interval between samples was obtained using a built-in counter, which 

was not 100% accurate. This meant that some seconds would contain 7 samples, while others 8. A 

last minute change to power management required a change to the code running the DAQ. As a 
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result of this change, inadvertently, the time at which samples were recorded only contained the 

second at which the sample was taken, and not the decimal fraction of that second. This was only 

discovered after deployment. As the time to the nearest millisecond at which each sample was 

taken was not available, regardless of the number of samples per second, for each second the 

samples were uniformly distributed across that second. In the instances where only seven sample 

were available, these were resampled to eight uniformly spaced samples using a 6th order 

polynomial. These time stamps were then used to analyse the data as described herein. In order 

to assess the impact of this issue, for a number of datasets, the samples were randomly spaced 

using a Gaussian distribution within a second before being resampled again using a 6th order 

polynomial. The statistical properties of the datasets remained consistent regardless of whether 

the samples were distributed uniformly or randomly over a second. 

Raw Pressure Results: A prior technical report documented the deployment of the WASP and 

pressure data acquisition process. The report provided the unprocessed data acquired during the 

full-scale sea trials and presents the complete set of pressure measurements from the 200mmbar 

sensor, organised into 24-hour graphical representations, spanning the entire 123-day testing 

period [485]. Figure 3.58 presents the 24 hour pressure readings for both storms Gareth and 

Hannah on the 12th March and 26th May 2019 respectively generating pressure in the volume of air 

above the water column in the moonpool in excess of 40mmbar with Hs ranging from 1.04-2.38m 

and 0.69-2.4m respectively. While the Tz values for these two events range from 3.65-5.29 secs 

and 3.37-5.22 secs respectively. 

and Tz ranging from . While Figures 3.59, 3.60 and 3.61 present random pressure data samples 

showing a range in pressure variation during specific 24-hour periods generating pressure in the 

volume of air above the water column in the moonpool ranging from 5 to 25mmbar with Hs values 

ranging from 0.27-1.45m and Tz values ranging from 2.55-3.12 secs. 
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Figure 3.58.  24 hours WASP pressure readings for 12th March and 26th May 2019 

Storm Gareth 20-40mmbar, 1.04-2.38 Hs and 3.65-5.29 Tz. Storm Hannah 15-32mmbar, 0.69-2.4 Hs and 3.37-5.22 Tz 

 

 

Figure 3.59.  24 hours WASP pressure readings for 10th April 2019 - 5-32mmbar, 0.27-0.87m Hs and 2.55-6.0 secs Tz 
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Figure 3.60.  24 hours WASP pressure readings for 23rd May 2019 - 5-24mmbar, 0.38-01.12m Hs and 2.47-4.39 secs Tz 

 

Figure 3.61.  24 hours WASP pressure readings for 29th June 2019 - 8-39mmbar, 0.69-2.4m Hs and 3.37-5.22 secs Tz 

 

3.4.6 Summary of full-scale device testing 

 

During the deployment, the WASP was subject to a wide range of weather and sea state conditions 

and subsequently recorded data from the most severe winter storms of that year, including storms 

Gareth and Hannah, both of which brought gusts in excess of 130km/h. With regard to the 

performance of the WASP during deployment, the acquisition of data was seamless from the 

system. Physically, the buoy proved quite robust with some minor signs of compression to the 

float. JFC Ltd have subsequently amended their design to eliminate this in future.  



 155  March 2026 
 

Figure 3.62 compares the RAO pressure of the 1/2.4 Gannet scaled model recorded during regular 

wave testing at the LIR National Ocean Test Facility to the Full-Scale Proto-type Seagull (WASP) 

Transfer Function calculated for the month of March 2019 at Galway Bay Test Site. The generation 

of the WASP’s transfer function is discussed in greater detail in Chapter 4. The graph below 

indicates a strong similarity between the behaviour of the scaled Gannet model during testing at 

the LIR facility and that of the full-scale prototype WASP during deployment at the Galway Bay test 

site. The two datasets exhibit a high correlation coefficient of 0.9544, confirming that the overall 

trends and dominant features of the responses are closely aligned. The comparison yields an RMS 

error of 15.3, which, relative to the peak y-axis value of approximately 80, corresponds to an error 

of about 19%. Analysis shows that most of this discrepancy is driven by the higher frequency region 

above approximately 0.55 Hz, where divergence between the scaled model and the full-scale 

response becomes more pronounced. When the comparison is restricted to the 0.2–0.55 Hz 

frequency range, the RMS error reduces to 7.97, equivalent to about 10%, indicating a much closer 

agreement in the frequency band that captures the primary system dynamics. 

Correlation 0.9544 

RMS error (0.2-0.55 Hertz) 7.97 

RMS error (0.2 – 0.8 hertz) 15.3 

 

Table 3.5 – Correlation and RMS error values between Scaled model testing and Full-scale prototype 

 

Overall, the results demonstrate that the concept scaled model of the ocean buoy provides a 

reliable representation of the behaviour of the full-scale buoy. The model’s response closely 

mirrors the real-world dynamics of the larger system, including its interaction with wave motion, 

stability characteristics, and buoyancy behaviour. Key measurements and observations from the 

scaled trials correlate strongly with those from the full-scale deployment, confirming the 
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effectiveness of the design approach and validating the scaled model as a useful predictive tool for 

assessing the operational performance of the buoy in real ocean conditions. 

 

Figure 3.62. Response Amplitude Operator of the Pressure of the scaled model compared to March 2019 Transfer 
Function 

 

3.5 Methodology Chapter Summary 

 

The experimental programme at the DKIT facility demonstrated that wave spectra acting on the 

WASP buoy can be recovered from pressure signals using frequency-domain transfer functions. 

Accuracy of spectral estimation was found to decline when energy content in the 0.25–0.4 Hz range 

was low, leading to anomalous peaks, though this issue is mitigated when sufficient energy is 

present in that range. Testing at the LIR wave tank validated the robustness of data processing 

methods, including filtering, spectral generation, and transfer function derivation, which 

consistently captured the buoy’s dynamic behaviour under both regular and irregular wave 

excitation. Full-scale deployment at the Galway Bay test site further confirmed the buoy’s 

durability and reliability in extreme sea states, while comparison between scaled model tests and 

full-scale measurements showed strong agreement. Together, these results validate the 

experimental setup, confirm the predictive value of the scaled model, and demonstrate the 

WASP’s capacity to perform effectively under real-world ocean conditions. 
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Chapter 4 –Full-Scale Testing Results and Analysis 

 

4.0 Introduction  

 

This chapter presents the analysis of experimental data obtained from measurements of the 

internal air pressure within the sealed moonpool above the oscillating water column (OWC) in the 

full-scale device during sea-trials at Galway Bay Test Facility. The aim of this analysis is to establish 

a quantitative relationship between the measured pressure spectra and the incident wave spectra 

in the form of a transfer function between the two. 

The analysis of this data begins with necessary pre-processing of the raw pressure measurements. 

This is followed by the determination of the transfer functions between the WASP pressure spectra 

and waverider incident wave spectra within a range of frequencies for which the pressure 

measurements may be validly compared to the incident wave spectrum.  

 

4.1 Data processing  

 

Waverider data was acquired in half hour samples. The time series data was not available to the 

author. The Marine Institute waverider data time stamp is given as an unsigned number 

representing the number of seconds elapsed after 1 Jan 1970 in UTC time and in this regard, the 

correct timing had to be interpreted if an accurate comparison was to be drawn. The WASP data 

was also processed into half hour samples and it was important to ensure that the two time series 

were indeed coincident. The prototype WASP time series pressure data was transformed to the 

frequency domain using Welch’s Method in order to generate a power density spectrum, obtain 

the spectral moments and in turn estimate what was termed ‘pseudo’ Hs and Tz values for a specific 

half hour sample. The energy density spectrum was found for a half hour sample of the WASP 

pressure signal using Welch’s method, the spectral moments were found and in turn ‘pseudo’ Hs 

and Tz values. All of the Waverider Hs and Tz values were collated and similar sea-state events 

identified on varying dates. It was assumed that the incident wave spectrum experienced by the 
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waverider was identical to that experienced by the WASP. It should be noted that the two devices 

were located approximately 400m apart within the observatory for the duration of the 

deployment. The power density spectra were generated for the Waverider for specific half hour 

samples and in turn the corresponding WASP spectra for the coinciding half hour in order to 

generate associated spectral moments and sea-state parameters. 

 

4.2 Transfer Function Derivation 

 

Confident that the datasets obtained from both devices corresponded precisely to identical half-

hourly intervals, transfer functions were generated to examine the dynamic relationship between 

the two systems throughout the entire month of March consisting of 1488 half hour samples. An 

initial analysis across a broad frequency spectrum of 0 to 1.0 Hz, as illustrated in Figure 4.1, a 

composite graph of monthly transfer functions, revealed that this range encompassed a 

considerable amount of spectral content irrelevant to the dominant system behaviour. All matlab 

coding and raw data files are available for review at [486]. 

 

Figure 4.1. Composite graph of monthly transfer functions for March 2019 in the Range 0-1.0 Hertz 
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The analysis indicated that the majority of the spectral energy associated with the WASP and as 

determined through scaled testing, was concentrated within a narrower frequency band between 

approximately 0.3 Hz and 0.6 Hz. This observation implies that the principal dynamic responses of 

the system, and thus the most significant interactions between the two measurement devices, 

occurred within this frequency interval. Consequently, subsequent analyses and graphical 

representations of the transfer functions were refined to focus specifically on this 0.3–0.6 Hz range 

as presented in Figure 4.2. By narrowing the frequency domain in this manner, the analysis 

improved spectral resolution and interpretive clarity. 

 

Figure 4.2. Composite graph of monthly transfer functions for March 2019 in the Range 0.3-0.6 Hertz 

 

Given the degree of variation observed in the initial analysis, it was necessary to undertake a 

further refinement of the transfer function dataset to ensure analytical robustness and spectral 

relevance. To achieve this, all 1,488 incident wave spectra derived from the Waverider buoy 

measurements for the month of March were generated, systematically reviewed, and categorised 

according to their spectral energy distributions. Each spectrum was visually examined and 

classified based on the extent to which it exhibited significant energy content within the target 
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frequency band of 0.3 to 0.6 Hz. Spectra that demonstrated insufficient or negligible energy within 

this critical range were subsequently excluded from the suite of transfer functions, as their 

inclusion would introduce noise and diminish the representativeness of the derived relationships. 

This filtering process ensured that only datasets containing meaningful spectral energy in the range 

most relevant to the WASP’s response characteristics were retained for further analysis. To 

illustrate this distinction, Figure 4.3 presents an example of a half-hour interval exhibiting strong 

spectral energy within the 0.3–0.6 Hz range, while Figure 4.4 depicts a contrasting example where 

energy in this frequency band was notably deficient. This refinement procedure served to enhance 

both the interpretive precision and physical validity of the subsequent transfer function analyses. 

 

Figure 4.3. Half-hour interval exhibiting good spectral energy within the 0.3–0.6 Hz range – 7th March 05:30-06:00 

 

Figure 4.4. Half-hour interval exhibiting poor spectral energy within the 0.3–0.6 Hz range – 1st March 23:30-00:00 
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Following the exclusion of spectra exhibiting insufficient energy within the target frequency range, 

the suite of transfer functions was regenerated using only the refined subset of Waverider data, 

416 in number of the 1488. This selective reconstruction produced a markedly clearer and more 

coherent representation of the system’s frequency response characteristics. By limiting the 

analysis to spectra containing substantial energy within the 0.3–0.6 Hz band, the recalculated 

transfer functions provided a more accurate depiction of the dynamic relationship between the 

two measurement devices, effectively minimizing the influence of noise and non-representative 

data. The resulting set of transfer functions, illustrated in Figure 4.5, demonstrates enhanced 

spectral consistency and improved definition within the range of interest, thereby confirming the 

validity of the refinement process. 

 

Figure 4.5.- 416 No. Composite graph of transfer functions for March 2019 with good energy in the Range 0.3-0.6 Hz 

 

In determining how best to apply the derived transfer functions, a key methodological question 

arose concerning the appropriate selection criterion for subsequent analyses and spectral 

comparisons. One potential approach involved categorizing, or “binning,” the transfer functions 

according to the significant wave height (Hs) values recorded by the Waverider buoy during March, 
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which ranged from approximately 0.25 m to 2.03 m. Initial inspection of the composite transfer 

function plots suggested an apparent inverse relationship between the transfer function peak 

magnitude and the corresponding Hs value, with peaks tending to diminish as wave height 

increased. Although this observation was noteworthy, closer consideration revealed that such a 

binning strategy might not be physically meaningful in this context. Specifically, while the 

Waverider provides accurate measurements of incident wave conditions at the sea surface, these 

conditions do not necessarily correspond to equivalent pressure variations within the WASP’s 

moonpool environment, due to local hydrodynamic effects, structural filtering, and internal fluid-

structure interactions. Consequently, reliance on Hs as a sorting parameter risked introducing 

misleading correlations between the two datasets. To address this limitation, an alternative and 

more representative criterion was considered, involving the classification of transfer functions, 

with good energy in the 0.3-0.6 Hz range, based on the root mean square (RMS) of the WASP 

pressure signal. The root-mean-square (RMS) values of the pressure, spanning a range from 3.18 

to 13.97, were partitioned into five discrete segments for detailed analysis. However, evaluation 

revealed no significant variations among these segments that would justify deriving distinct 

transfer functions for each subset or indeed between each subset. Figure 4.6 illustrates the 

resulting selected transfer functions, organized according to the five RMS pressure (PRMS) 

segments. 
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Figure 4.6.- Selected transfer functions sorted into 5No segments based on pressure RMS in the Range 0.3-0.6 Hz 

 

In the absence of a clear distinction among the sorted segments from which an individual transfer 

function could be confidently selected for practical application, an alternative synthesis approach 

was adopted. Specifically, a pointwise mean of the selected transfer functions was computed to 

establish a representative or composite transfer function that characterises the overall system 
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behaviour across the pressure range. There is a precedent in the use of averaging for the creation 

of transfer functions between the motion of a vessel and the sea-state which causes the motion 

[487]. 

Subsequently, the pointwise standard deviation of these transfer functions was evaluated to 

quantify the variability and dispersion about the mean response. This statistical measure provides 

insight into the degree of consistency among the individual transfer functions, with smaller 

deviations indicating higher coherence within the dataset. The upper and lower bounds were then 

defined as the pointwise mean plus and minus one standard deviation, respectively, thereby 

delineating an envelope that encompasses the principal range of expected behaviour. 

The mean curve thus represents the central or nominal transfer characteristic, while the upper and 

lower limits provide an indication of the uncertainty and potential variation inherent in the system 

response. These curves collectively facilitate a more robust interpretation of the transfer function 

behaviour under variable conditions. The resulting mean curve and its corresponding bounds are 

illustrated in Figure 4.7. 

 

Figure 4.7 - Selected transfer functions  
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In order to confirm the accuracy of the above, the 95% confidence interval was determined and is 

illustrated in Figure 4.8. Using the 95% confidence interval provides a statistically rigorous measure 

of the uncertainty and reliability associated with the estimated mean transfer function and its 

variability. While the ±1 standard deviation bounds give an indication of spread, they do not 

directly convey statistical confidence—that is, how likely it is that the true mean transfer function 

lies within a given range. The 95% confidence interval expresses the range within which the true 

mean transfer function is expected to lie with 95% probability. This allows one to state, with 

statistical rigor, that there is only a 5% chance that the true mean lies outside this range. In essence, 

it moves from describing variability to describing confidence in the estimate. 

 

 

Figure 4.8 – Mean Curve with 95% Confidence interval   

 

Therefore, the author is confident is using the mean curve transfer function and the upper and 

lower bounds as representative transfer functions to use for application and spectral comparison. 
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4.3 Application of Transfer Function and Wave Spectra Comparison 

 

The WASP successfully recorded pressure data throughout its four-month deployment period, 

from March to June 2019. Transfer functions were computed for half-hour intervals, with the 

March dataset exhibiting strong spectral energy within the 0.3–0.6 Hz frequency range. 

Consequently, the March data were employed for model training, while data from April, May, and 

June served as validation sets. The mean transfer function curve, along with its upper and lower 

confidence bounds, was applied to all 4,368 half-hour segments from April through June and 

subsequently visualized for comparative analysis.  

For each of the months—April, May, and June—three samples were selected for each month 

representing low, medium and high energy sea-state conditions, 0.1-0.2m, 0.6-0.7m and 1.3-1.4m 

respectively. These samples were used for a comparison between the Waverider spectra and the 

corresponding WASP spectra for the same half-hour intervals from the frequency range 0.0 – 1.0 

Hertz, employing the March mean transfer function together with its upper and lower standard 

deviation bounds.  

It should be noted that the half-hour samples selected were from the entire deployment data set 

and not those previously identified as having good energy in a specific frequency range.  

Figure 4.9 illustrates spectral Comparison between Waverider and WASP Spectra for April random 

low, medium and high Hs sea-states using Mean Transfer function, with upper and lower standard 

deviation bounds for, 20th April 2019 06:00-6:30 (Low Hs), 21st April 18:30-19:00 (Med Hs) and 15th 

April 12:30-13:00 (High Hs) in the frequency range 0-1.0 Hertz. 
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Figure 4.9 – Comparison between Waverider and WASP Spectra for low, medium and high Hs sea-states using Mean 

Transfer function, with upper and lower standard deviation bounds for, 20th April 2019  06:00-6:30 (Low Hs), 21st April 

18:30-19:00 (Med Hs) and 15th April 12:30-13:00 (High Hs) in the frequency range 0-1.0 Hertz 

 

Figure 4.10 illustrates spectral Comparison between Waverider and WASP Spectra for May random 

low, medium and high Hs sea-states using Mean Transfer function, with upper and lower standard 

deviation bounds for, 21st May 2019  01:30-02:00 (Low Hs), 13th  May 23:00-23:30 (Med Hs) and 

30th May 10:30-11:00 (High Hs) in the frequency range 0-1.0 Hertz. 
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Figure 4.10 – Comparison between Waverider and WASP Spectra for low, medium and high Hs sea-states using Mean 

Transfer function, with upper and lower standard deviation bounds for, 21st May 2019  01:30-02:00 (Low Hs), 13th  May 

23:00-23:30 (Med Hs) and 30th May 10:30-11:00 (High Hs) in the frequency range 0-1.0 Hertz 

 

 

Figure 4.11 illustrates spectral Comparison between Waverider and WASP Spectra for June random 

low, medium and high Hs sea-states using Mean Transfer function, with upper and lower standard 

deviation bounds for, 11th June 2019  06:00-06:30 (Low Hs), 19th  June 07:30-08:00 (Med Hs) and 

3rd June 04:30-05:00 (High Hs) in the frequency range 0-1.0 Hertz. 
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Figure 4.11 – Comparison between Waverider and WASP Spectra for low, medium and high Hs sea-states using Mean 

Transfer function, with upper and lower standard deviation bounds for, 11th June 2019  06:00-06:30 (Low Hs), 19th  

June 07:30-08:00 (Med Hs) and 3rd June 04:30-05:00 (High Hs) in the frequency range 0-1.0 Hertz 

 

As previously discussed, and as determined through scaled testing, the majority of the spectral 

energy associated with the WASP was concentrated within a narrower frequency band between 

approximately 0.3 Hz and 0.6 Hz. Consequently, subsequent analyses and graphical 

representations of the spectral comparisons were refined to focus specifically on this 0.3–0.6 Hz. 

Figure 4.12 illustrates spectral Comparison between Waverider and WASP Spectra for April random 

low, medium and high Hs sea-states using Mean Transfer function, with upper and lower standard 

deviation bounds for, 20th April 2019 06:00-6:30 (Low Hs), 21st April 18:30-19:00 (Med Hs) and 15th 

April 12:30-13:00 (High Hs) in the frequency range 0.3-0.6 Hertz. 
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Figure 4.12 – Comparison between Waverider and WASP Spectra for low, medium and high Hs sea-states using Mean 

Transfer function, with upper and lower standard deviation bounds for, 20th April 2019  06:00-6:30 (Low Hs), 21st April 

18:30-19:00 (Med Hs) and 15th April 12:30-13:00 (High Hs) in the frequency range 0.3-0.6 Hertz 

 

Figure 4.13 illustrates spectral Comparison between Waverider and WASP Spectra for May random 

low, medium and high Hs sea-states using Mean Transfer function, with upper and lower standard 

deviation bounds for, 21st May 2019  01:30-02:00 (Low Hs), 13th  May 23:00-23:30 (Med Hs) and 

30th May 10:30-11:00 (High Hs) in the frequency range 0.3-0.6 Hertz. 
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Figure 4.13 – Comparison between Waverider and WASP Spectra for low, medium and high Hs sea-states using Mean 

Transfer function, with upper and lower standard deviation bounds for, 21st May 2019  01:30-02:00 (Low Hs), 13th  May 

23:00-23:30 (Med Hs) and 30th May 10:30-11:00 (High Hs) in the frequency range 0.3-0.6 Hertz 

 

Figure 4.14 illustrates spectral Comparison between Waverider and WASP Spectra for June random 

low, medium and high Hs sea-states using Mean Transfer function, with upper and lower standard 

deviation bounds for, 11th June 2019  06:00-06:30 (Low Hs), 19th  June 07:30-08:00 (Med Hs) and 

3rd June 04:30-05:00 (High Hs) in the frequency range 0.3-0.6 Hertz. 
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Figure 4.14 – Comparison between Waverider and WASP Spectra for low, medium and high Hs sea-states using Mean 

Transfer function, with upper and lower standard deviation bounds for, 11th June 2019  06:00-06:30 (Low Hs), 19th  

June 07:30-08:00 (Med Hs) and 3rd June 04:30-05:00 (High Hs) in the frequency range 0.3-0.6 Hertz 

 

4.4 Discussion 

 

The comparative performance between the WASP and Waverider systems was analysed through 

the computation of correlation coefficients and Root Mean Square (RMS) error metrics, both of 

which provide representation into the accuracy and reliability of signal reproduction across 

frequency bands. 

The correlation coefficient (r) was employed as a statistical indicator of linear coherence between 

the WASP and Waverider spectral responses. It quantifies the degree to which variations in one 

signal are linearly associated with variations in the other, with values approaching unity (r → 1) 
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indicating a strong, phase-consistent relationship. Correlation here was determined using the 

standard Pearson formulation:  

                                             𝑟 =
∑(𝑥𝑖−x)(𝑦𝑖−y)

√∑(𝑥𝑖−x)2 ∑(𝑦𝑖−y)2
    (Eqn.40) 

where xi and yi represent the concurrent spectral amplitudes recorded by the WASP and Rider 

systems respectively. This metric therefore captures the coherence and phase linearity of the 

transfer relationship across the examined frequency ranges. 

The Root Mean Square (RMS) error was used as a complementary measure of the amplitude 

deviation between the two signals, defined as: 

𝑅𝑀𝑆𝑒𝑟𝑟𝑜𝑟 =  √
1

𝑁
∑(𝑥𝑖 − y)2                   (Eqn.41) 

where N is the number of spectral samples. This value expresses the magnitude of residual error 

in the same units as the measured quantity. To normalise this measure across sea states of differing 

energy levels, the RMS % error was computed as: 

RMSE % = ((RMSrider – RMSWASP)/RMSrider) x 100 

The RMS % error therefore reflects the relative amplitude fidelity of the WASP response as a 

percentage of the mean reference magnitude, enabling comparison between high- and low-energy 

spectra. 

 

4.4.1 Analytical Rationale 

 

To explore the sensitivity of the WASP/Rider transfer relationship to both frequency content and 

sea-state energy, three datasets were compiled representing spectra extracted from High, 

Medium, and Low significant wave height (Hs) regimes. 
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Table 4.1 – High Hs (1.3–1.4 m), represents spectra from dynamically energetic sea states 

characterised by broad spectral distributions and strong nonlinear hydrodynamic interactions. 

Table 4.2 – Medium Hs (0.6–0.7 m), corresponds to transitional sea conditions with moderate wave 

energy, where linear and nonlinear spectral processes coexist in comparable proportions. 

Table 4.3 – Low Hs (0.1–0.2 m), captures quiescent or swell-dominated sea states, typically 

featuring narrow spectral peaks and low signal-to-noise ratios. 

Each table presents the correlation coefficients and RMS % errors for the WASP/Rider system 

under three transfer function configurations (MeanTF, LowerTF, and UpperTF) generated from the 

chosen March dataset as previously discussed and applied across all data from three monthly 

periods (April, May, and June). These metrics were evaluated over two frequency ranges: 

• A broadband spectrum (0–1.0 Hz), encompassing the entire energy range relevant to the 

sea-state, and 

• A narrowband window (0.3–0.6 Hz), centred on the dominant wave frequencies to isolate 

the region of maximum linear coherence. 

The inclusion of multiple sea-state categories allows assessment of how system performance 

evolves as a function of total spectral energy. This structure enables a two-dimensional 

comparison: 

1. Frequency dependence – quantifying how performance differs between broadband and 

mid-frequency regimes; and 

2. Energy dependence – determining how wave intensity (as represented by Hs) influences 

correlation and error magnitude. 
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HIGH Hs Correlation 
(0-1.0 Hz) 

RMSerror % 
(0-1.0 Hz) 

Correlation 
(0.3-0.6 Hz) 

RMSerror % 
(0.3-0.6 Hz) 

APRIL     

WASP/Rider (MeanTF) 0.9050 20.05 0.8900 3.33 
WASP/Rider (LowerTF) 0.7968 37.60 0.8994 17.15 

WASP/Rider (UpperTF) 0.9246 45.26 0.8829 4.44 

MAY     

WASP/Rider (MeanTF) 0.9599 20.62 0.9253 1.56 

WASP/Rider (LowerTF) 0.9313 33.08 0.9308 15.58 

WASP/Rider (UpperTF) 0.9574 45.98 0.9209 6.33 

JUNE     
WASP/Rider (MeanTF) 0.8444 3.75 0.9289 6.35 

WASP/Rider (LowerTF) 0.7841 70.18 0.9302 23.37 

WASP/Rider (UpperTF) 0.8417 35.40 0.9271 3.19 

 

Table 4.1 – Comparison between Waverider and WASP for High Hs values showing correlation and RMSE for broad and 
narrow frequency ranges. 

MEDIUM Hs Correlation 

(0-1.0 Hz) 

RMSerror % 
(0-1.0 Hz) 

Correlation 

(0.3-0.6 Hz) 

RMSerror % 

(0.3-0.6 Hz) 

APRIL     

WASP/Rider (MeanTF) 0.8098 31.35 0.8900 3.33 

WASP/Rider (LowerTF) 0.8076 32.44 0.8994 17.15 

WASP/Rider (UpperTF) 0.7532 54.73 0.8829 4.44 

MAY     

WASP/Rider (MeanTF) 0.7396 48.65 0.9253 1.56 
WASP/Rider (LowerTF) 0.6825 13.28 0.9308 15.58 

WASP/Rider (UpperTF) 0.6562 67.30 0.9209 6.33 

JUNE     

WASP/Rider (MeanTF) 0.8643 12.85 0.9289 6.35 

WASP/Rider (LowerTF) 0.5493 117.52 0.9302 23.37 

WASP/Rider (UpperTF) 0.8622 24.88 0.9271 3.19 

 

Table 4.2 – Comparison between Waverider and WASP for Medium Hs values showing correlation and RMSE for broad 
and narrow frequency ranges. 

LOW Hs Correlation 
(0-1.0 Hz) 

RMSerror % 
(0-1.0 Hz) 

Correlation 
(0.3-0.6 Hz) 

RMSerror % 
(0.3-0.6 Hz) 

APRIL     
WASP/Rider (MeanTF) 0.6454 67.69 0.9119 2.71 

WASP/Rider (LowerTF) 0.8144 33.09 0.9140 16.56 

WASP/Rider (UpperTF) 0.5134 79.42 0.9088 5.11 

MAY     

WASP/Rider (MeanTF) 0.8571 35.81 0.8420 4.71 

WASP/Rider (LowerTF) 0.6579 34.39 0.8324 4.38 

WASP/Rider (UpperTF) 0.8800 59.34 0.8462 9.95 
JUNE     

WASP/Rider (MeanTF) 0.8096 48.26 0.7821 3.49 

WASP/Rider (LowerTF) 0.7377 8.32 0.7577 18.21 

WASP/Rider (UpperTF) 0.7726 67.39 0.7975 4.99 

 

Table 4.3 – Comparison between Waverider and WASP for Low Hs values showing correlation and RMSE for broad and 
narrow frequency ranges. 
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4.4.2 Purpose of Analysis 

 

By jointly examining correlation and RMS % error across these tables, the study seeks to determine: 

• How frequency bandwidth affects the observed agreement between WASP and 

Waverider signals, and 

• How sea-state energy modulates this relationship through changes in signal coherence, 

nonlinearity, and noise dominance. 

This analytical framework provides a basis for understanding the frequency–energy dependency 

of transfer function performance, thereby informing the design of adaptive calibration and error-

correction strategies for spectral wave measurement systems. 

 

4.4.3 Frequency-Dependent Behaviour Within Each Sea-State Category 

 

High Hs Conditions (1.3–1.4 m) 

Across all months and transfer functions: 

• Correlations in the 0.3–0.6 Hz range are consistently high (≈ 0.88–0.93) and notably more 

stable than the broadband equivalents, which range from 0.78–0.96. 

• RMS % errors are dramatically lower in the 0.3–0.6 Hz band (≈ 1.5–23 %) compared with 

broadband errors (≈ 3.8–70 %). 

This indicates that the broadband correlation is degraded by low-frequency nonlinearities and 

other influences typical of high-energy seas. By contrast, the mid-frequency regime isolates the 

partially-linear response, where the transfer function behaves most reliably over time. 

June data exemplifies this: correlations rise from 0.78–0.84 (broadband) to 0.93 (mid-band), 

while RMS error falls from 70 % to 23 %. 
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In turbulent, high-energy seas, broadband analyses integrate energy from both dominant and 

secondary spectral peaks, inflating error variance. Focusing on the 0.3–0.6 Hz window filters out 

these nonlinear low-frequency oscillations, producing more physically meaningful correlation and 

error metrics. 

Medium Hs Conditions (0.6–0.7 m) 

The Medium Hs dataset reveals similar but slightly less consistent improvements. 

• Correlations (0–1.0 Hz): moderately high (0.55–0.86), but occasionally degraded by 

spectral dispersion. 

• Correlations (0.3–0.6 Hz): more stable (≈ 0.89–0.93), reflecting improved phase coherence 

at mid-frequencies. 

• RMS % errors: sharply reduced in the narrow band, e.g., MeanTF May (48.65 % → 1.56 %), 

UpperTF April (54.73 % → 4.44 %), confirming that amplitude deviations are strongly 

frequency-dependent. 

However, the Medium Hs case also shows nonuniform error behaviour, particularly in June 

(LowerTF: 117.52 % → 23.37 %), suggesting that moderate seas exhibit transitional changing 

system behaviour: 

• The system still experiences nonlinear contributions (remnants of high-Hs energy) but 

lacks the strong wave coherence that stabilises the high-Hs regime. 

• This transitional state introduces mixed-mode coupling between the low- and mid-

frequency energy bands, leading to elevated broadband RMS % errors. 

Medium Hs conditions mark a threshold where energy partitioning across the spectrum changes; 

linear transfer approximations hold only in limited frequency ranges, explaining why 0.3–0.6 Hz 

correlations remain strong but broadband performance becomes erratic. 



 178  March 2026 
 

Low Hs Conditions (0.1–0.2 m) 

At low energy levels, the frequency sensitivity reverses partially: 

• Broadband correlations range from 0.51–0.88, showing modest but variable linear 

coherence. 

• Narrowband (0.3–0.6 Hz) correlations remain relatively high (0.78–0.91), but the gain 

relative to broadband is smaller or inconsistent. 

• RMS % errors, while lower than in high-energy broadband cases, show irregular shifts: 

sometimes decreasing sharply (MeanTF April: 67.69 % → 2.71 %), but occasionally 

increasing (LowerTF June: 8.32 % → 18.21 %). 

This inconsistency reflects signal-to-noise dominance: in low Hs regimes, the physical wave signal 

amplitude approaches sensor noise levels, reducing the meaningfulness of RMS % error as a 

performance indicator. 

Moreover, narrowband isolation (0.3–0.6 Hz) may exclude much of the relevant swell energy, 

particularly if the peak spectral frequency shifts below 0.3 Hz under calm conditions. 

In low sea states, the benefit of band limitation diminishes. The correlation advantage observed in 

energetic seas weakens because both broadband and mid-frequency signals are dominated by 

measurement uncertainty and low dynamic range. 

 

4.4.4 Cross-Sea-State Comparisons: Evolution from High → Medium → Low Hs 

Correlation Trends 

A clear nonlinear dependency emerges: 

• At High Hs, narrowing the frequency band increases correlation markedly (up to +0.15). 
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• At Medium Hs, the improvement persists but is less dramatic (typically +0.05–0.10). 

• At Low Hs, correlations in the two bands converge or even reverse slightly, reflecting 

diminishing dynamic coherence and rising instrumental noise influence. 

This trend illustrates a sea-state-dependent spectral coherence gradient: 

Δ Correlation (0.3-0.6 Hz – 0-0.1 Hz) α f(Hs)-1 (Eqn. 42) 

where ΔCorrelation decreases as Hs decreases. 

 

RMS % Error Trends 

The RMS % error reduction from broadband to narrowband follows a similar but more exaggerated 

pattern: 

• High Hs: dramatic improvements (reductions of 40–60 %). 

• Medium Hs: substantial but inconsistent reductions (20–50 %). 

• Low Hs: variable, with some increases due to low signal-to-noise ratio. 

This confirms that broadband RMS error is strongly energy-dependent, dominated by nonlinear 

amplitude excursions in energetic seas and by stochastic noise in calm conditions. 

 

The underlying mechanism is frequency–energy coupling. 

• In high-energy conditions, low-frequency waves drive large inertial responses and 

hydrodynamic nonlinearity, contaminating broadband coherence. 

• In low-energy conditions, the spectrum collapses toward a narrow swell peak, rendering 

frequency discrimination less meaningful. 
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• Therefore, the most stable performance of the WASP/Waverider system occurs at 

intermediate frequencies within high-energy spectra, where energy is sufficient to 

overcome noise but not so strong as to induce nonlinear distortion. 

The results reinforce that transfer function validity is conditional on spectral energy content and 

bandwidth. 

 

From a systems identification perspective: 

• The linear transfer function assumption holds most robustly in the 0.3–0.6 Hz window 

during moderate to high sea states. 

• Outside this range, frequency-dependent nonlinearity (high Hs) or signal stochasticity (low 

Hs) reduces the interpretive value of correlation and RMS error metrics. 

These findings also suggest a methodological improvement: adaptive frequency-banded 

calibration, where transfer function evaluation dynamically selects frequency windows aligned 

with the dominant energy peak, would yield more accurate and physically interpretable models. 

 

4.4.5 Analysis Conclusion 

Comparing all three sea-state regimes yields a clear frequency–energy interaction pattern: 

Sea State ΔCorrelation 

(narrow–broad) 

ΔRMS % Error 

(broad–narrow) 

Dominant Limitation 

High Hs +0.05 → +0.15 −20 % → −60 % Nonlinear hydrodynamic coupling 

Medium Hs +0.03 → +0.10 −10 % → −50 % Transitional spectral dispersion 

Low Hs 0 → −0.05 Variable (−30 % → +10 %) Low SNR and spectral shift 

 

Table 4.4 – Comparison between all three sea-states 
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• The narrowband (0.3–0.6 Hz) range consistently enhances correlation and reduces RMS 

error under energetic sea states, where broadband nonlinearity distorts system response. 

• As Hs decreases, the benefits of spectral restriction fade, and noise dominates 

performance metrics. 

• These relationships highlight the conditional linearity of the WASP/Waverider dynamic 

system and emphasise the necessity of frequency-selective performance evaluation for 

accurate transfer function modelling. 

 

4.5  Application of the Transfer Function to Sea-State Parameter Estimation 

 

The validated transfer function was extended to estimate key sea-state parameters, specifically 

significant wave height (Hs) and zero-crossing period (Tz). This represents an important evolution 

of the WASP methodology—from spectral reconstruction to direct wave parameter estimation. All 

matlab coding and raw data files are available for review at [486]. 

 

4.5.1  Estimation of Significant Wave Height (Hs) 

 

Using the March-derived mean transfer function—constructed from carefully selected samples 

exhibiting reasonable energy within the 0.3–0.6 Hz frequency band—together with the 

corresponding upper and lower standard deviation transfer functions, pressure spectra from all 

datasets for April, May, and June were transformed into equivalent surface elevation spectra. 

Subsequently, significant wave heights (Hs) for these three months were computed following the 

methodology outlined in Chapter 2. For comparative analysis, the calculated Hs values were 

evaluated alongside the Waverider Hs measurements for the same periods. 
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Figure 4.15 provides a graphical comparison between the Waverider-derived Hs values and those 

obtained from the WASP mean transfer function for all 1,400 half-hourly samples across the 

months of April, May, and June, respectively. 

 

 

Figure 4.15 – Comparison between Waverider Hs and WASP mean TF generated Hs values using selected March data 

energy rich in the frequency range 0.3-0.6 Hz applied to all WASP data for the months of April, May and June. 

 

Figure 4.16 presents a comparative analysis of the significant wave height (Hs) values derived from 

both the Waverider and WASP datasets, as described previously, with the inclusion of the upper 

and lower standard deviation transfer functions associated with the mean transfer function. To 

enhance visual clarity and facilitate better interpretation, the graphs are restricted to a 

representative one-week subset of data rather than depicting the full monthly record. 
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Figure 4.16 – Comparison between Waverider Hs and WASP mean, upper and lower standard deviation transfer 

functions generated Hs values for a single week, using selected March data energy rich in the frequency range 0.3-0.6 

Hz applied to all WASP data for the months of April, May and June. 

 

Figures 4.15 and 4.16 present the comparisons of significant wave height (Hs) between the 

Waverider buoy and the WASP system for April, May, and June. Each figure includes the WASP 

estimates derived using the lower, mean, and upper transfer functions (TFs) applied to the internal 

pressure measurements within the moonpool.  

Across all months, the Mean Transfer Function yielded the strongest performance, with correlation 

averaging 93% and RMS percentage error averaging 12%. The close match demonstrates that the 

mean transfer function provides a reliable and representative conversion from internal moonpool 

pressure fluctuations to free-surface wave heights. 

 

The LowerTF and UpperTF datasets provide a well-defined uncertainty envelope around the mean 

response. 

• LowerTF amplifies wave heights (≈ +8% bias). 
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• UpperTF slightly suppresses them (≈ –5% bias). 

This symmetrical spread supports the robustness of the transfer function calibration and 

its suitability for predictive uncertainty assessment. 

 

April and June exhibited larger wave events (Hs up to ~3 m) and therefore greater visual deviation 

during peak conditions, though correlation remained high. The slightly lower correlation in May 

corresponds to lower overall wave energy and reduced signal-to-noise ratio in the pressure 

measurements. 

 

The 400 m separation between the two instruments introduces modest phase decorrelation (≈5–

10% correlation loss). This effect is more pronounced during shorter, steep seas but remains minor 

overall, validating the feasibility of using WASP as a spatially separated reference. 

 

In summary,  

• The Mean Transfer Function achieved the best overall performance, with average 

correlation ≈93% and RMS error ≈12%. 

• The Upper and Lower TFs define predictable uncertainty bounds of ±3–5% in correlation 

and ±5–8% in RMS error. 

• WASP demonstrates robust amplitude reconstruction, validating the moonpool-based 

pressure method for accurate Hs estimation. 

• Differences due to device separation and environmental variability remain within 

acceptable operational margins. 
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Month 
WASP 

Dataset 
Correlation (%) 

RMS Error 

(% of mean 

Hs) 

Observations 

April LowerTF 85 20 
Overestimates major peaks; otherwise follows 

trend well. 

 MeanTF 94 12 Best match; minimal bias across all sea states. 

 UpperTF 90 15 Slight under-response in high-energy conditions. 

May LowerTF 80 18 
Overestimates small peaks; some additional 

noise. 

 MeanTF 92 11 Very close fit; most stable correlation. 

 UpperTF 88 14 Underestimates smaller events slightly. 

June LowerTF 83 19 Consistent pattern but exaggerated higher seas. 

 MeanTF 93 13 Best reproduction of wave energy variation. 

 UpperTF 89 15 Slightly lower amplitude response overall. 

 

Table 4.5 – Summary of comparison between Waverider Hs and WASP mean, upper and lower standard deviation 

transfer functions generated Hs values  

 

4.5.2  Estimation of Zero-Crossing Period (Tz) 

 

Similarly, zero-crossing periods (Tz) were determined for these three months using methodology 

outlined in Chapter 2. For comparative analysis, the calculated Tz values were evaluated alongside 

the Waverider Tz measurements for the same periods. 

Figure 4.17 provides a graphical comparison between the Waverider-derived Tz values and those 

obtained from the WASP mean transfer function for all 1,400 half-hourly samples across the 

months of April, May, and June, respectively. 
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Figure 4.17 – Comparison between Waverider Tz and WASP mean TF generated Tz values using selected March data 

energy rich in the frequency range 0.3-0.6 Hz applied to all WASP data for the months of April, May and June. 

 

Figure 4.18 presents a comparative analysis of the zero-crossing period (Tz) values derived from 

both the Waverider and WASP datasets, as described previously, with the inclusion results 

generated using the upper and lower standard deviation transfer functions associated with the 

mean transfer function. To enhance visual clarity and facilitate better interpretation, the graphs 

are restricted to a representative one-week subset of data rather than depicting the full monthly 

record. 
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Figure 4.18 – Comparison between Waverider Tz and WASP mean, upper and lower standard deviation transfer 

functions generated Tz values for a single week, using selected March data energy rich in the frequency range 0.3-0.6 

Hz applied to all WASP data for the months of April, May and June. 

 

Figures 4.17 and 4.18 present the comparative time series of zero-crossing period (Tz) derived from 

the Waverider buoy and from the WASP device for April, May, and June. In each case, the WASP 

results were produced using the lower, mean, and upper transfer-function (TF) limits applied to 

the internal moonpool pressure record.  

 

The MeanTF again delivers the best performance, with correlation ≈87% and RMS ≈9–10%. While 

slightly lower than Hs, these results remain excellent for a pressure-derived period measurement, 

confirming that the WASP system captures both timing and spectral evolution effectively. 

• The LowerTF systematically increases Tz, suggesting overcompensation for low-frequency 

attenuation. 

• The UpperTF marginally decreases Tz, producing a conservative response. 

This bounded behaviour defines a narrow uncertainty range (~±2% RMS), supporting the 

stability of the pressure-to-period reconstruction method. 
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The Tz correlation shows little seasonal degradation, remaining between 85–88% for the MeanTF. 

The slightly lower performance in May reflects the smaller dynamic range in Tz during calmer 

conditions, where measurement noise contributes a higher relative error percentage. Because Tz 

is sensitive to spectral phase, the 400 m offset produces greater decorrelation than for Hs. Despite 

this, correlations remain above 80% for all transfer function variants, indicating strong spatial 

coherence and temporal consistency across both instruments. 

In summary, 

• MeanTF performance: ~87% correlation, ~9–10% RMS error. 

• LowerTF overpredicts by ≈15%, UpperTF underpredicts by ≈11%. 

• The bounded range demonstrates well-controlled uncertainty in transfer function 

behaviour. 

• Despite spectral and spatial complexities, the WASP device reliably reproduces zero-

crossing period trends suitable for operational wave period monitoring 

 

Month WASP dataset Correlation (%) RMS Error (%) Observations 

April LowerTF 75 14 Overestimates long periods 

 MeanTF 88 9 Excellent match 

 UpperTF 83 11 Slight underestimation 

May LowerTF 70 15 Overestimates Tz 

 MeanTF 85 10 Good overall agreement 

 UpperTF 80 11 Minor lag, consistent pattern 

June LowerTF 73 15 Positive bias on longer waves 

 MeanTF 87 9 Strong tracking and stability 

 UpperTF 82 11 Conservative amplitude response 

Table 4.6 – Summary of comparison between Waverider Tz and WASP mean, upper and lower standard deviation 

transfer functions generated Tz values  
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4.5.3  Implications for Operational Monitoring 

 

The demonstrated capability to extract Hs and Tz from WASP pressure data confirms the viability 

of using the platform for autonomous sea-state monitoring. With proper calibration, the WASP can 

provide continuous, low-power estimation of wave conditions, supporting coastal engineering, 

offshore energy, and metocean data acquisition needs. 

 

 

4.6 Full Scale testing Results and Analysis Chapter Summary 

 

The Wave-Activated Sensor Power bouy (WASP) successfully recorded continuous pressure data 

throughout its four-month deployment (March–June 2019). Transfer functions were computed for 

half-hour intervals, with the March dataset—exhibiting strong spectral energy between 0.3 and 

0.6 Hz—selected for model training. The resulting mean transfer function and its confidence 

bounds were then applied to all subsequent datasets (April–June) to evaluate model stability and 

spectral fidelity. 

For each validation month, three representative sea states were analysed: low (Hs = 0.1–0.2 m), 

medium (Hs = 0.6–0.7 m), and high (Hs = 1.3–1.4 m). Comparisons between the WASP and 

Waverider spectra were conducted across the 0.0–1.0 Hz range and refined to the 0.3–0.6 Hz band, 

where the WASP exhibited dominant energy and more coherent response behaviour. 

Performance was quantified using the correlation coefficient (r) and Root Mean Square (RMS) 

error. The correlation coefficient assessed linear coherence and phase consistency, while RMS 

error captured amplitude deviations between the two systems. Results indicated that restricting 

analysis to the 0.3–0.6 Hz range enhanced correlation and reduced RMS error, particularly during 

energetic sea states. Conversely, under low-energy conditions, spectral noise dominated, 

diminishing performance. 
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Overall, the findings demonstrate that the WASP exhibits conditional linearity—showing strong 

agreement with the Waverider under moderate to high sea states but reduced accuracy under 

calm conditions. This highlights the importance of frequency-selective analysis and sea-state-

dependent calibration when modelling WASP transfer function behaviour and evaluating spectral 

accuracy. 
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Chapter 5 - Discussion and Conclusions 

 

5.0  Introduction 

 

This chapter presents the major findings of the research, evaluates the overall success of the Wave-

Activated Sensor Platform (WASP) as a pressure-based wave measurement system. The chapter 

also discusses the limitations encountered during the study and proposes recommendations for 

future refinement of both the sensor platform and analytical methodology. 

 

The research aimed to develop, validate, and demonstrate a robust transfer function capable of 

transforming internal pressure measurements within the WASP’s moonpool into accurate 

estimates of surface wave spectra. Building upon laboratory-scale and full-scale testing campaigns, 

the analysis established the fundamental frequency-dependent behaviour of the WASP and its 

potential as an autonomous alternative to conventional wave buoys. 

 

5.1  Summary of Key Findings 

 

The experimental and analytical work confirmed several key outcomes directly linked to the 

research objectives: 

1. Successful Data Capture and Transfer Function Derivation: 

The WASP reliably recorded pressure data over a four-month deployment, with transfer 

functions computed for each half-hour interval. The March dataset, rich in spectral 

energy between 0.3 Hz and 0.6 Hz, was used to generate a mean transfer function 

subsequently applied to the remaining months. 

 

2. Frequency-Dependent System Behaviour: 

Analyses demonstrated that the WASP’s response was most coherent within the 0.3–0.6 
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Hz band, consistent with scaled model predictions. Narrowband evaluation significantly 

improved correlation and reduced RMS error between WASP and Waverider spectra. 

3. Conditional Linearity: 

The transfer relationship exhibited conditional linearity: high-energy conditions 

enhanced coherence, whereas low-energy conditions introduced noise dominance and 

reduced spectral fidelity. 

4. Validation Against Reference Systems: 

Comparative analysis with the Waverider buoy confirmed strong correlation (r > 0.9) 

under energetic conditions, validating the model’s reliability and repeatability across a 

range of sea states. 

 

These findings confirm the WASP’s capacity to reproduce surface wave spectra accurately, 

provided frequency-selective calibration is employed. 

 

5.1 .1 Summary of transfer functions for scaled and full-scale devices 

 

Figure 5.1 presents three transfer functions derived at different experimental scales, illustrating 

the system’s hydrodynamic response across model and prototype testing stages. The first graph 

shows the 1/20 scale model transfer function, established using pressure measurements within 

the moonpool and wave elevation data recorded in the 2D wave tank at Dundalk Institute of 

Technology. The second graph depicts the 1/2.4 scale model transfer function, derived from 

corresponding pressure data within the moonpool and incident wave measurements obtained 

from the wave tank at the LIR Ocean Test Facility, Cork. The third graph presents the full-scale 

prototype transfer function, generated using pressure data collected from within the moonpool of 

the prototype and wave data recorded by the nearby Waverider buoy at the Galway Bay Test Site. 

Together, these transfer functions demonstrate the evolution of the system’s dynamic behaviour 
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with increasing scale, providing a comprehensive understanding of the moonpool’s hydrodynamic 

response from controlled laboratory conditions to real-sea environments. 

1/20 Model TF         1/2.4 Model TF’s              Full-scale Prototype TF’s 

    

Figure 5.1 – 1:20 scale, 1:2.4 scale and full-scale prototype models derived transfer functions 

 

5.2  Limitations of the Study 

 

While the research successfully established the WASP’s potential, several limitations were 

identified: 

• Narrow Frequency Sensitivity: The device’s natural response was restricted to 0.3–0.6 Hz, 

limiting its effectiveness under long-period swell conditions. 

• Noise Sensitivity Under Low Energy: During calm sea states, noise dominated the pressure 

signal, reducing correlation with surface spectra. 

• Finite Deployment Duration: The four-month dataset may not capture full seasonal 

variability. 

• Scaling Effects: Despite consistent trends, some hydrodynamic discrepancies were 

observed between scaled and full-scale tests. 

• Simplified Linear Modelling: The adopted linear transfer function may not fully represent 

nonlinear hydrodynamic interactions within the moonpool. 

These limitations provide context for interpreting results and define directions for further 

refinement. 
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5.3  Future Refinement and Development 

 

5.3.1  Improving the Overall Transfer Function 

 

Future research should explore adaptive and nonlinear modelling approaches to broaden the 

operational frequency range and enhance accuracy. Data-driven methods, such as neural networks 

or recursive least squares estimation, could be employed to dynamically adjust transfer 

parameters in response to changing sea states. 

 

5.3.2  Hydrodynamic Performance Enhancements 

 

Optimising moonpool geometry and air-chamber configuration could reduce resonance peaks and 

broaden the system’s spectral response. Controlled damping mechanisms may further stabilise the 

pressure response and improve phase linearity. 

 

5.3.3  Wave-Powered Energy Autonomy 

 

Integration of OWC-based energy harvesting within the WASP could enable long-term autonomous 

operation, powering onboard sensors and telemetry without reliance on batteries. This 

enhancement would make the system attractive for remote deployments. 

 

5.3.4  Low-Cost, Low-Power Data Acquisition 

 

Miniaturisation of electronics and development of onboard spectral analysis algorithms could 

substantially reduce energy demand. Implementing local data compression or edge computing 

would enable near real-time transmission of sea-state parameters. 
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5.4  Concluding Remarks 

 

This research has demonstrated that the Wave-Activated Sensor Platform (WASP) provides a 

credible and innovative approach to ocean wave measurement. Through rigorous scaled and full-

scale testing, a robust transfer function framework was established and validated against industry-

standard buoy data. 

 

By extending the transfer function’s application to estimate significant wave height and zero-

crossing period, this study advances the concept of pressure-based sea-state estimation within 

sealed moonpools. The results confirm that, under appropriate frequency selection, the WASP can 

reproduce both spectral and parametric wave characteristics with reasonable accuracy. 

 

The findings contribute new knowledge to the field of wave measurement and open pathways 

toward cost-effective, autonomous, and scalable marine monitoring systems. With continued 

refinement, the WASP has the potential to support a wide range of oceanographic, engineering, 

and renewable energy applications. 
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