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Abstract: This study examined the impact of wind-wave misalignment on floating offshore
wind turbines (FOWTs) in Irish waters, analysing average weather and extreme events,
including hurricane conditions. Using the ERAS reanalysis dataset validated against Irish
Marine Data Buoy Observation Network measurements, the results showed a satisfactory
accuracy with an average wind speed error of —0.54 m/s and a strong correlation coefficient
of 0.92. Wind-wave misalignment was found to be inversely correlated with wind speed
(correlation coefficient: —0.41), with minimum misalignment occurring approximately
seven hours after a change in wind direction. The study revealed that misalignment could
exceed 30° during hurricanes, contradicting standard assumptions of alignment under
extreme conditions. The investigation highlighted that in western coastal areas, average
misalignment could reach 57.95°, while sheltered Irish Sea regions experienced lower
values, such as 23.06°. Numerical simulations confirmed that these misalignment events
amplified side-to-side turbine deflections significantly. This research underscores the need
to incorporate misalignment effects into industry testing standards and suggests that cur-
rent methodologies may underestimate fatigue loads by up to 50%. This work emphasizes
improved design and testing protocols for FOWTs in complex marine environments and
highlights the suitability of ERA5 for climate analysis in Ireland.

Keywords: wind-wave loads; wind-wave misalignment; spar-type floating offshore
wind turbine

1. Introduction

Today, societies around the world are experiencing a global energy crisis. The damag-
ing nature of fossil fuels and their growing cost increase the need for renewable energy. To
address this need, wind turbine manufacturers are using economies of scale and designing
larger, more efficient turbines. As these turbines continue to grow, their towers become
less stiff and, as a result, can exhibit a significant dynamic response to loading. Wind
turbines are designed primarily to combat fore—aft loading; however, a misaligned wave
loading condition, meaning that the wave loading is not acting in the same direction as the
wind, can excite the less damped side-to-side deflection of the turbine. If this misaligned
loading is sustained over a long period, it can adversely affect the structural integrity of the
tower [1].

In order for Ireland to achieve its ambitious target of having a total installed capacity of
7 GW of offshore wind energy by 2030, it is important to address the issue of misalignment
of wind waves and its impact on turbine dynamics. Ireland’s primary wind resources are
located offshore and are at water depths beyond the capacity of bottom-fixed monopile
wind turbines. For this reason, the capabilities of floating offshore wind turbines (FOWTs)
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must be examined, which will allow Ireland to install wind infrastructure at greater depths,
further from the coast. FOWTs can be located at depths up to 200 m and require a smaller
local installation infrastructure [2].

Figure 1 presents a map of the Irish coastline and surrounding maritime area, with the
200 m depth contour presented in green and the 50 m depth contour shown in red. These
depth contours are of critical importance for the development of floating offshore wind
(FOW) technology in Irish waters. The 200 m contour represents the approximate maximum
depth at which current floating wind turbine foundation technologies are considered
feasible and economically viable. Beyond this depth, the technical and financial challenges
of deploying floating platforms have become increasingly prohibitive. In contrast, the 50 m
contour marks the limit for conventional fixed-bottom offshore wind turbines, as depths
greater than this preclude the use of monopile or jacket foundations. By visualizing the
area between the 200 m and 50 m contours, Figure 1 highlights the spatial extent to which
floating offshore wind turbines can be deployed, expanding the potential offshore wind
energy capacity beyond the limitations of fixed-bottom structures. This region represents a
key opportunity for the growth of the FOW industry in Ireland, as it identifies the areas
most suitable for the installation of these innovative wind energy technologies. This is
crucial to inform the selection of the site, the assessment of resources, and the overall
planning and development of floating offshore wind projects along the Irish coast. In this
context, Figure 1 serves as an important reference point for the analyses and discussions
presented throughout this manuscript.

Figure 1. Increase in Ireland’s potential wind resources with the use of floating wind turbines [3].
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The primary objective of this study is to investigate the suitability of ERA5 reanalysis
data for climate analysis in the Irish context and to examine the effects of wind-wave
misalignment on floating offshore wind turbines (FOWTs) in Irish seas, including in ex-
treme hurricane conditions. The characteristics of wind and wave data around Ireland
are examined. The offshore locations prone to misalignment are identified and analysed.
Following this, numerical simulations are completed to further analyse the effect misalign-
ment has on the tower deflections of FOWTs exposed to realistic Irish offshore conditions.
Environmental data from the ERA5 (ECMWF Generation Five Reanalysis) set are used
to analyse meteorological and oceanic conditions around the Irish coast. A reanalysis
set is a model that uses a mixture of observational and forecast data to generate climate
characteristics across a large area. The data obtained are validated by examining their
accuracy against a recorded data source, the Irish Marine Data Buoy Observation Network.
Finally, the findings of this study are compared against industry standards to assess the
understanding of the effects of misalignment in turbine fatigue testing today. The existing
body of research on the use of reanalysis data and the effects of wind-wave misalignment
provides important context for the objectives of this study. The suitability of ERAS5 reanaly-
sis data and the impacts of wind-wave misalignment on floating offshore wind turbines in
the Irish context remain underexplored areas. To address these gaps, the relevant literature
is now summarised.

1.1. Floating Offshore Wind Turbines

Floating Offshore Wind Turbines (FOWTs) enable wind energy development in deeper
waters, offering a distinct advantage over traditional fixed systems. While less mature,
FOWTs are at Technology Readiness Levels (TRL) 8-9, depending on the foundation
type, with semi-submersible and spar buoy foundations more advanced than tension leg
platforms and barge foundations.

Ireland’s vast deep-water exclusive economic zone and abundant wind resources
present a significant opportunity for floating wind technology. Achieving offshore wind
capacities beyond 10 GW will likely necessitate FOWT deployment.

As of now, FOWTs have been successfully deployed in several locations worldwide,
primarily as pilot and pre-commercial projects. Hywind in Scotland is the world’s first
floating wind farm with five 6 MW turbines supported on spar-buoy floating foundations.
Hywind has been operational since 2017. WindFloat in Portugal is Europe’s second major
FOWT project and has been operational since 2020. The WindFloat wind farm consists
of three 8.4 MW FOWTs supported on semi-submersible floating platforms. The second
Scottish floating wind farm was installed in 2021 in Kincardine off the coast of Aberdeen.
This floating wind farm consists of five 9.5 MW semi-submersible FOWTs. In 2022, Equinor
installed the first floating wind farm designed to supply electricity to offshore oil and
gas platforms, Hywind Tampen (Norway). That wind farm has been operational since
2022. Outside Europe, Japan has been a leader in floating wind farm development. The
Fukushima FORWARD project, initiated in 2013, tested multiple FOWT designs, including
spar-type and semi-submersible platforms. The Goto Floating Wind Farm, operational
since 2021, features a 3.5 MW turbine, demonstrating advancements in floating technology
under typhoon-prone conditions.

The future of FOWTs up to 2050 is shaped by several key trends and perspectives.
Technically, much work is focused on scaling and commercializing FOWTs with capacities
exceeding 15 MW, driven by advancements in blade materials, generators, and floating
platforms [4,5]. Work is also required in the areas of monitoring and maintenance of
offshore wind turbines [6], control [7] and damping estimation [8]. Opportunities exist
and challenges also remain to be addressed in the development of floating substations
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and efficient grid interconnections for deep-water projects [9]. There is also tremendous
scope for FOWT deployment in regions beyond Europe and Japan, including the United
States (California), South Korea, Australia, and Brazil, harnessing wind resources in areas
unsuitable for fixed-bottom turbines, such as the Pacific Ocean, Mediterranean Sea, and
deeper parts of the Atlantic [10]. Future floating offshore wind development is increasingly
focused on multi-use offshore environments, integrating FOWTs with technologies such
as wave energy [11,12], solar energy [13,14], hydroelectric dams [15-17], and hydrogen
production [18,19].

By 2050, FOWTs are projected to play a critical role in global decarbonization efforts,
with cumulative capacity potentially exceeding 200 GW globally, significantly contributing
to net-zero energy goals.

1.2. Wind—Wave Misalignment

Wind-wave misalignment has been examined by several researchers, across differing
countries, in the past. Bachynski et al. [2] found that misaligned conditions resulted in
increased motion of the floating spar-type turbine both parallel and perpendicular to wave
direction [2]. However, it was concluded that this would only cause minor fatigue in
the turbine base. Li et al. [20] examined the effect of wind—wave misalignment on yaw
misalignment. It was concluded that wind-wave misalignment had little effect on the
overall power generation of the turbine; however, it did have a significant impact on the
tower motion and structural loads. Barj et al. [21] concluded that most support structures
experienced their highest extreme and fatigue loads when wind and waves were aligned.
The study was specific to the spar-type platform; however, it was expected to mirror the
performance of other structures. It was concluded that in the design phase, if only aligned
wind and wave conditions were considered, it led to an underestimation of the tower base
side-to-side bending moment by approximately 50% and an overestimation of the tower
base fore-aft bending moment by about 5% [21]. Verma et al. [22] examined the effects
of misalignment on the mating of turbine blades during monopile turbine installation.
This misalignment could eventually lead to the impact of the mating blades’” root guide
pin during the assembly [22]. It was found that misalignment values of 90° proved the
most damaging.

One of the most significant barriers to installing and using monopile wind turbines
is high installation costs and associated complications with assembly. As fixed-base wind
turbines become larger, these issues are increasing, and the issues and safety concerns
regarding assembly risks are becoming more significant. Floating offshore turbines can
be constructed onshore and towed to the desired installation location [23]. This renders
floating wind more suited to areas where misalignment occurs, as it removes the risk of
damaging the guide pin during monopile assembly and de-risks the possible threat of
injury during installation.

1.3. Wind—Wave Misalignment in an Irish Context

Ireland’s location in the North Atlantic exposes it to volatile weather, including hur-
ricanes from the Atlantic [24]. The lag between changes in wind and wave direction
often leads to misalignment, as wind can change rapidly while waves do so more slowly,
this misalignment is particularly evident in storm conditions, where wind shifts are slow
to affect wave direction [25]. Offshore wind structures are typically designed assuming
aligned wind and wave loading, but this may overlook significant loads from misaligned
conditions [25]. Given the decreasing tower stiffness in modern turbines and the potential
for increased misalignment with reduced wind speeds, it is crucial to assess misalignment’s
impact on turbine dynamics before installing large offshore arrays in Ireland. Limited
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studies have investigated misalignment in this context. Gaughan and Fitzgerald analysed
wind-wave correlation and misalignment using the Irish Weather Buoy Network [26], and
Fitzgerald and Baisthakur assessed its effect on wind turbine dynamics [27]. Their study of
the IEA 15 MW turbine with a monopile foundation under misaligned conditions found that
misaligned wave loading amplified the turbine’s dynamic response. Koukoura et al. [28]
examined cross-wind fatigue in misaligned conditions at the Walney Offshore Wind Farm,
concluding that the turbine may experience higher loads than accounted for in its design.
This aligns with Barj et al.’s findings [21], highlighting the importance of considering
misalignment in design.

1.4. Climate Reanalysis Data

As renewable energy continues to penetrate the energy market, the variability in its
output and our ability to predict it are being constantly investigated and improved upon.
There are two primary sources of data to predict energy output or expected output. These
can be defined as either observational data (using sensors and physical equipment) or
reanalysis data (a model blending weather observations with short-range forecasting).
Reanalysis data provide the user with a model of large geographical spread, allowing for
a time-efficient and economic weather analysis. As expected, the weakness of reanalysis
data is its accuracy. This accuracy can also vary depending on location and environmental
characters; certain reanalysis sets may be more suited to certain areas than others.

Many studies have been done to qualify reanalysis data as being fit for purpose for
academic and/or commercial use. There are two main reanalysis sets used today. These
are ERA5 and MERRA-2. ERAS is the most advanced reanalysis set run, operated, and
maintained by the ECMWF (European Center for Medium range Weather Forecasting).
Olauson et al. [29] compared the accuracy of these two models in the context of aggregated
wind generation across five different countries and wind power generation for 1051 onshore
turbines in Sweden. Each model was compared against measured data. The ERA5 model
outperformed MERRA-2 in all cases. It achieved higher correlations and lower mean
absolute RMS errors (20% lower for ERA5). The study found that using one year of
sampled data from ERA5 could achieve approximately the same accuracy as a two-year
sample of MERRAZ2 [29]. Doddy Clark et al. [30] performed an error analysis in an Irish
context. Measurements across seven different onshore stations were compared to reanalysis
sets. It was discovered that the 10 m average wind speed error and correlation coefficient
for ERA5, respectively, were 0.06 m/s and 0.89. These were stronger and more accurate
than those of MERRA-2 and MERA (a high-resolution reanalysis set).

1.4.1. Assessment of Wave Data Within Reanalysis Sets

Shi et al. [31] examined the accuracy of wave height and period data from ERA5
across six buoy locations around China. The ERA5 set proved far more accurate in deeper
than shallow water. This is expected, as local wave conditions, which are more difficult
to predict, are more prominent in shallow locations. The shallow buoys registered errors
from approximately —0.35 m to 0.30 m, whereas the deep buoys registered —0.09 m to
0.09 m. On average, in benign conditions, it was seen that ERA5 overestimated the wave
height. Naseef et al. used ERAS to estimate climatology trends in the Indian Ocean [32].
Similar to studies completed by Shi et al. [31], the ERAS5 data in coastal areas were found
to be less accurate than in deep water. Naseef et al. also observed an underestimation of
both average and maximum wave height in storm conditions. Wang et al. [33] conducted
a comprehensive analysis of significant wave height using data from the NDBC network,
which consist of buoys located in the North American Atlantic and Pacific regions. That
study represented the first extensive evaluation of wave height parameters for ERA5. The
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results revealed a generally favourable agreement, with a strong correlation coefficient of
0.961 observed for wave height. The study concluded that ERA5 exhibited satisfactory
accuracy under typical sea conditions (0.5 m < SWH < 4 m) [33].

1.4.2. Assessment of Wind Data Within Reanalysis Sets

ERADS is fast becoming the industry standard for wind analysis, solar analysis, and
long-term climate projection. As a result, there is a growing effort to qualify the error of
such data and calibrate ERA5 to improve its accuracy across different areas. Campos et
al. completed such a calibration using satellite data across the Atlantic Ocean to verify
the accuracy of ERA5 wind data. The results indicated that ERA5 provided high-quality
data for non-extreme conditions, with a robust correlation in the Atlantic’s eastern half
(European half). However, it was also concluded that the errors in the reanalysis were
essentially site-dependent, with severe underestimation of wind speeds found in tropical
latitudes and areas with warm, unchanging ocean currents. Similar to wave data, the wind
data had low accuracy in low-pressure cyclonic systems, where it achieved a root-mean-
square (RMS) error above 5 m/s [34].

2. Methodology and Results

The primary objective of this study was to investigate the suitability of ERAS5 reanalysis
data for climate analysis in the Irish context and to examine the effects of wind-wave
misalignment on the dynamics of floating offshore wind turbines (FOWTs) in Irish waters,
including in extreme hurricane conditions.

2.1. Initial Data Selection and Retrieval

First, environmental conditions from the ECMWF ERADS reanalysis set were used to
characterise climatic conditions around Ireland. Wind-wave misalignment were then be
characterised around the Irish coast. A test site and sample size were defined in order to
gather data. The 200 m contour, shown in Figure 1, was identified as a suitable delineator,
as this has been suggested to be the maximum depth for installing floating offshore turbines.
The ECMWEF’s Copernicus Toolbox [35] was used to gain access to ERA5 data and perform
computations. Outputs from Copernicus can be seen in Figure 2.

Average Annual Wave Height Average Annual Windspeed
05 075 1 125 1.5 175 (T) 275 3 325 35 375 4 3 4 5 6 7 7.25 7*;"‘)5115 8 9 10 11 12 14

(a) (b)
Figure 2. Heat maps created using the Copernicus toolbox. (a) Average annual wave height. (b) Aver-
age annual wind speed.

Wind and wave data were retrieved from Copernicus at a resolution of 0.5°. A dataset
was created containing 40 years of reanalysis data, taken at 4 h intervals at 129 locations
around Ireland, with a spatial definition of 0.5° between points; see Figure 3 for locations
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of the data points. The data from the ERA5 set were taken from 1 January 1980 at 00:00
to 31 December 2020 at 20:00. Parameters such as #100 (100 m wind vector), 100 (100 m
wind vector), swh (significant height of combined waves and swell, H,,g), mwp (mean wave
period), and mwd (mean wave direction) were extracted from the ERA5 dataset.

56°N

z
=

Latitude

b
=

50°N

15°W 10°WY 5w o®
Longitude

Figure 3. Red asterisks indicate locations of 129 ERA5 data points located around the Irish Coast.

The raw data from the ECMWEF server output wind characteristics in a vector format,
with U and V vectors, i.e., wind speed in orthogonal directions, in different files. Wind
direction, Wy;,, was converted to degrees true, and wind speed, W;, to meters per second
in this study. Equations (1) and (2) provide details on these conversions. Note that the
wind direction must be shifted relative to the north rather than being relative to the positive
x—axis; hence, the angle must be subtracted from 270°.

Wind-wave misalignment was calculated by subtracting the wave direction from the
wind. Angle wrap was then accounted for to ensure that the misalignment angles lay in
the domain of —180° to 4-180°, with 0° denoting true north.

Wyps = VU2 + V2 )

. [180° [V
Wi = 270 —( - >><tan 1<E) )

Data Processing—Extraction and Quantification of Turbulence Data

Turbulence is of great importance in predicting both the power output and the struc-
tural response of wind turbines. Turbulence can be considered random fluctuations in
wind speed, as it deviates from the mean across short periods. Unfortunately, ERA5 does
not contain turbulence data; therefore, other sources were consulted for this study. The
Global Wind Atlas [36] was used to download a vector image describing turbulence data
around Ireland. This vector heat map was overlayed over a map containing the locations of
each data point used in this study; see Figure 4.
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Figure 4. Wind turbulence data across Ireland.

The average turbulence was then calculated for each area by examining the number of
data points in the area and the turbulence at each point. By using a method of bins, each
area (A-H) was grouped. Depending on where the data points fell (onshore or offshore),
they were each assigned either a value of 6.75% (onshore) or 7.625% (offshore, interpolated
between the data’s upper and lower bands). The average of each area was then taken by
summing the assigned value of each data point and dividing it by the number of points in
the area. This method’s accuracy was verified against a recent study by wind analysts from
Prevailing Analyses [37]. The turbulence data from two wind farms off the west coast of
England were seen to have average turbulence intensities of between 6% and 7%, which
agrees closely with this study’s data. The results of the turbulence data, along with an
overview of the most weather characteristics, can be found in Table 1.

Table 1. Average environmental conditions across each area.

Location
Area F
Area E
Area A
Area G
Area H
Area B
Area C
Area D

Misaligment (deg)

Wind Speed (m/s)  Wave Height (m)  Wave Period (s)  Turbulence (%)

Color changes from green (minimum value) to red (max value) in each column.
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2.2. Data Qualification

The ERAS dataset generated was then validated against real recorded data gathered
from the Irish Marine Data Buoy Observation Network (IMDBON). The IMDBON is a
network of buoys at various locations off the coast of Ireland which provide real-time
and observational data regarding ocean and climate conditions. The network consists
of JFC Marine SG-3000 data buoys, these are labelled as M2-M6 on the map provided
in Figure 5. The wind speed is recorded using a Young Ultrasonic Anemometer, with
measurements taken every 10 min. The wave data, recorded by the Oceanor Wavesence
sensor, are averaged over periods of 17.5 min [26]. Buoy M6 was not used in this study
as it is located in an area of over 2000 m depth off the Rockall Trough, which is out of the
selected sample space for this study; see Figure 5 for the buoy’s location off the Irish coast.
The buoy data were downloaded from the Irish Marine Institute’s IMOS server.

Figure 5. (Left) Map indicating the location of weather buoys around Ireland. (Right) A third-
generation Irish weather buoy weighing over 6 tonnes [38].

When comparing ERA5 data to recorded buoy measurements one has to account for
wind shear. Wind shear, as seen in Equation (3), arises due to the surface roughness, and
therefore friction, of the ocean on the wind. This friction decreases as elevation increases;
therefore, the wind speed is greater at higher altitudes. The surface roughness length of
water was taken as 0.0002 m [39]. For this calculation, it was assumed that the buoy wind
speed was recorded at a height of 2 m, and this was compared to the ERA5 wind at 100 m.
Finally, all data in the ERA5 set were rounded to an accuracy matching the definition of the
buoy readings.

In(z/zp)
ln<zref/20>

where V(z) is wind speed in m/s at any height z m above ground, z;,f is the reference

V(z) = V(z,ef) X ®)

height at which wind speed data were recorded, and z is the surface roughness length.

Results of Error Analysis

An error study was performed across four different buoy locations off the east, south-
east, southwest, and northwest coast of Ireland. These were compared against four data
points from the ERAS5 set, identified on Figure 3. Figure 6 illustrates the results of the the
error analysis for Buoy M2. The data points selected were the closest available to each buoy.
There was a maximum distance from the ERA5 point to the buoy location of under 30 km
and an average distance of approximately 14.93 km.
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Figure 6. Correlation plots for data at buoy M2.

The number of resulting data points remaining after removing data can be seen below

in Table 2. For each buoy, the quantity of data used satisfied a minimum of a 98% confidence

interval with an error of 2%. This was calculated using Cochran’s sample size formulae;

see Equations (4) and (5).

2Zxp(l—p
. Pé p) )
n
n' = A N (5)
*p(1-p)
1+ =55+

where 1 is the sample size in an unlimited population, 1’ is the sample size in a finite popu-

lation, z is the z-score, p is the population proportion, ¢ is the margin of error (confidence

interval), and N is the population size.

The minimum required number of data points to create that confidence interval

was 3267, assuming weather data were gathered at 4 h intervals over 40 years.

Table 2. Accuracy assessment of ERA5 reanalysis data.

Buoy Name M2 M3 M4 M5 Mean
Location
LatLong 5328N0543W 51.22N1055W 55.00N 10.00 W  51.41 N 06.42 W
ERAD5 reference point 535N 05.5W 51.0N 10.5W 55.0 N 10.0 W 515N 06.5W
Distance between points (km) 29.55 18.71 0 11.41 14.92
No. of usable rows of data 9320 6752 4983 7878 7233
Wind direction
Abs WDIR error (degrees) 14.62 13.92 10.37 12.38 12.82
WDIR error (degrees) 5.48 5.46 —0.72 3.98 3.55
Corr coeff 0.8 0.77 0.87 0.83 0.82
Mean wave direction
ABS MWD error (degrees) 21.1 9.29 9.76 20.48 15.16
MWD error (degrees) 10.49 0.07 —4.99 8.32 347
Corr coeff 0.73 0.85 0.77 0.67 0.76
Wind speed
WSPD error (m/s) —0.46 —0.43 —0.64 —0.63 —0.54
ABS WSPD error (%) 24.78 17.58 16.39 19.68 19.61
WSPD error (%) 2.64 —2.77 —4.87 —3.08 —2.02
Corr coeff 0.9 0.92 0.94 0.92 0.92
Wave height
SWH error (m) —0.03 —0.16 —0.19 0.02 —0.09
ABS SWH (%) 16.07 9.63 9.49 11.92 11.78
SWH error (%) —-1.93 —2.62 —3.17 448 —0.81
Corr coeff 0.96 0.98 0.98 0.97 0.97
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2.3. Interpreting Reanalysis Data

Across the analysis of data sets in this study, heat maps and histograms were generated
to display characteristics regarding the location and spread of data across Ireland. There
are broadly two different ways of examining average wind-wave misalignment, namely,
absolute misalignment and biased misalignment.

By directly taking the mean value of misalignment, one is not accounting for the fact that
misalignment is positive and negative on either side of 0 deg on the compass rose. Therefore,
when an average is taken, the result will measure whether there is a misalignment between the
average wind direction and the average wave direction in a given area and is therefore referred
to as biased misalignment. This will distort and underestimate the values of instantaneous
misalignment at any one time. To account for this and calculate absolute misalignment,
the absolute value of each data point must be taken before taking the dataset’s mean. The
difference in the outputs of each of these conventions can be seen in Figure 7. This preserves
the instantaneous magnitude of the data.

Latitude
@
average misalginmnet accounding for direction (i.e measuring bias}
Latitude
N
=
average misalginmnet — absolute value

Longitude Longitude

Figure 7. (Left) Misalignment around Ireland examining bias. (Right) Instantaneous magnitude
of misalignment.

To calculate the mean data for each location, the set was indexed by latitude and
longitude. The resulting values were then plotted across a geographical map of Ireland.
As well as the misalignment data, other plots were produced using similar methods, for
example, Figure 8 examines wind speed. Histograms of all data were also developed to
examine the characteristics and spread of different characteristics.

Latitude

w©
average windspeed - rounded to the nearest 0.5m/s

15*W 10°W 5w
Longitude

Figure 8. An Examination of mean wind speed across Ireland.
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2.3.1. Examining Environmental Characteristics of Individual Sectors

The large dataset encompassing the entire country was divided into eight sectors.
These were all different sizes; however, each grouping represented a bandwidth of mis-
alignment. To achieve this, the average value for misalignment was taken at each data
point, rounded to the nearest ten degrees and then grouped, as seen in Figure 9. Areas
sharing similar geographical features or fetch lengths were grouped.

20
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Figure 9. (Left) Rounded absolute misalignment. (Right) Geographical areas sectored by misalignment.

Areas A and C contained the largest number of data points, as seen in Figure 9. Area
A accounted for much of the area to the country’s south and Area C to the west. These were
likely the largest areas of grouped data due to the unobstructed southwesterly fetch which
they faced. Eight different datasets were produced, each representing a single sector, and
the characteristics of each sector were examined. As with the large dataset, histograms of
differing climate variables were output for each area, as shown in the figure in Section 3.3.4.
Parameters of misalignment, wind direction, wind speed, wave height, wave direction,
wave period, and Weibull distribution were examined for each. It should be noted that
the misalignment was recalculated for each sector, and the heavily rounded value used for
differentiating between areas was not used in further computations.

2.3.2. Weibull Analysis

The Weibull distribution is a statistical distribution that can represent skewed data
such as wind speed. Unlike the Normal distribution, which is symmetrical across the mean,
the Weibull distribution possesses a shape control parameter which can be adjusted to
reflect the naturally occurring shape of the data. Examining the shape of the distribution is
of great importance and can inform one about the frequency and stability of wind. It can
also inform one about the likelihood of extreme events occurring in a given location.

The Raleigh distribution is a common form of the Weibull distribution, which applies
to many test sites. The Raleigh distribution has a fixed shape factor of two. This can often
either be used as a data-fitting mechanism when an insufficient quantity of data is gathered
or as a method of comparison. These computations were performed across each sector of
the study, as seen in Table 3, and the data’s shape was found to be well represented by the
Raleigh distribution.
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Table 3. Weibull distribution across different locations in Ireland.

Area Scale Factor Shape Factor
A 11.12 22
B 10.31 22
C 11.39 2.17
D 9.31 212
E 10.31 2.16
F 10.79 222
G 12.32 2.21
H 11.26 2.14

2.4. Examination of Environmental Correlations

In this paper, we examined the relationship between wind speed and misalignment
for the Irish offshore environment. To do this, correlation plots were developed, studying
absolute misalignment and wind speed. It was initially found that misalignment and wind
speed shared an inverse relationship. As wind speed increased, misalignment decreased.

This paper also explored the relationship between misalignment and wind direction
in order to try and discern whether the path from which the weather approached, which
is affected by wind direction, affected the amount of misalignment. To achieve this, the
first step was to examine the large dataset for the whole country. Rounding the mean wind
direction to the nearest quadrant (north, northeast, east, southeast, south, southwest, west,
northwest) allowed the values to be indexed by these directions and subsequently binned.
Average misalignment could then be calculated for each directional bin. This process was
then repeated for each sector, and the results are displayed in Table 4.

Table 4. Examining differing levels of misalignment depending on wind direction.

Wind Direction Misalignment (deg)

Location All Areas AreaA AreaB AreaC AreaD AreaE AreaF AreaG AreaH

North 45.71 52.71 55.91
Northeast
East

Southeast
South 48.47 4791 55.47 62.61
Southwest
West

Northwest

Color changes from green (minimum value) to red (max value) in each column.

It is known that wind—wave misalignment is due to a lag between the change in the
direction of the wind and the time taken for the said change to propagate to a wave. Over a
long distance or fetch length, the weather front travels more quickly through the air than
the sea. This relationship was examined in an Irish context, and a single point was selected
off the west coast. The west coast was chosen as it is open to weather systems approaching
from the west and southwest. A higher resolution dataset was required for hourly interval
measurements. To achieve this, hourly data were taken from 2010 to 2011 for a point at 55 N
9.5 W. Only U100 wind, V100 wind, and mean wave direction characteristics were required
for that data point.

Both average and absolute misalignment values were then calculated and recorded.
The mean wave direction was then shifted up by one row or hour. This meant that
when computing misalignment, the wind direction would be one hour ahead of the wave
direction. By repeating this process 15 times and recording values throughout, one could
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examine how a time lag affected misalignment. It was discovered that the minimum
misalignment was found after approximately 7 h. This means that, on average, when a
weather system approaches, it takes approximately 7 h for the wave direction to react to
the new wind direction. The results of that examination can be seen in Table 5.

Table 5. Examining correlations between misalignment and approaching weather fronts.

Hour Shift

Misalignment (deg)

t-10
t-11
t-13
t-13
t-14
t-15

Color changes from green (minimum value) to red (max value) in each column.

3. Analysis of Environmental Data
3.1. Data Qualification

There was evidence in the literature of data qualification being completed to estimate
the uncertainty and accuracy of ERA5 across different geographical areas and environmen-
tal conditions. Many of the data across Irish waters echoed the strengths and weaknesses
of ERAS as discussed previously.

Several different error metrics were used to characterise wind direction. The absolute
error is the error seen in any one reading, and the average wind direction error across all points
measures systematic bias. Considering this, the absolute magnitude of wind direction error
was quite steady at approximately 13° on average across the buoys. There was, however, a
slight systematic bias of approximately 3.5° to the east (meaning the ERA5 was 3.5° east of
the recorded data). This dataset overall had a strong linear correlation (with recorded buoy
data) of 0.82 [40].

The wave direction was the most erroneous data across all plots. At buoy M2, there
was an absolute average error of over 20°, with the error tending to be that the recorded
wave was oriented 20° to the west of the ERA5 wave. In this situation, at buoy M2, the
ERAD5 data point used was almost 19 km away from the buoy. In addition, it was further
north and closer to the coast, which could mean that it may be slightly more in the lee of
the Irish Coast in westerly swells.

The average correlation coefficient across all buoy locations for the wave direction set
was the lowest at 0.76. This is still considered a strong correlation [40]; however, buoy M5
data had only a moderate correlation at 0.67.

The ERA5 wind speed was seen to be accurate to approximately 20% of the value. This
error was split relatively evenly, meaning there was not a strong relationship, suggesting
that the wind was under- or overestimated. This high absolute error or uncertainty can
therefore be put down to randomness. If there was a suggestion that the ERA5 data were
either strongly underestimating or overestimating the wind speed, measures could be taken
to offset the model; however, this was not the case.
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The correlation coefficient of the wind speed was high, with an average correlation
of 0.92, similar to results obtained by Doddy Clark et al. [30]. The correlation was slightly
higher at lower wind speeds. This may be expected, as higher wind speeds can often be
linked with volatile weather, which is more challenging to forecast. The inaccuracy of ERA5
wind data at higher wind speeds was similarly documented by Campos et al. [34].

The wave height data were the most accurate across the ERA5 model and the data
with the lowest uncertainty. It had an average absolute error of just over 10%, evenly
distributed positively and negatively across the mean. Buoy M2 had the highest level of
uncertainty, recording an average absolute error of 16%. This was consistent with the error
seen at that location for the wave direction. Therefore, this was due to the slightly different
area of the ERAS5 data point and the weather buoy at that site. The literature confirms this
hypothesis by discussing the high dependence of wave formation on local conditions in
the Irish Sea [28].

The wave data’s correlation coefficient was the highest across the sets. The correlation
can be greater at lower wave heights, with data points becoming increasingly less corre-
lated as the wave height increases. The poor correlation at higher wave heights is seen
systematically across ERAS, as noted by Shi et al. [31] and Naseef et al. [32] previously.

3.2. Examining Environmental Characteristics Across Ireland

Misalignment was examined using two methods as outlined previously. The biased
misalignment had far lower absolute values than the absolute model, as seen in Figure 7.
An interesting observation was made when examining the biased misalignment data: many
more data points measured a positive misalignment than a negative. It is known that
misalignment decreases with increasing wind speed, however, interestingly, the average
wind speed off the west coast of Ireland was greater than the east, and the degree of
misalignment was higher, see Figure 10. This brings to light an interesting point that wind
speed is not the only factor affecting wave direction and, by association, misalignment.

It should be noted that due to the way in which the misalignment was calculated,
a positive misalignment indicated that the wave direction was to the right of the wind
direction, and a negative suggested that the wind was to the left as seen in Figure 11. This
means there was a tendency for the wave direction to be, on average, almost 5° to the east
of the wind direction. This bias can be seen to be stronger off the country’s west coast
than the east. This general offset in wave direction off the western seaboard is a result of
several factors occurring offshore, including wave refraction due to ocean currents and
swell propagation from Mid-Atlantic storm systems. Off the west coast of Ireland, the warm
North Atlantic Current flows northwards as it travels from the Mid-Atlantic to Norway.
This current could be refracting the wave direction, causing the offset in misalignment;
this is further discussed in Section 4.3. The exposed nature of the sea area off the west
coast and the common development of cyclonic depressions in the North Atlantic result in
misalignment due to the lag between swell and wind propagation in approaching weather
fronts; see Section 4.2 for more information regarding misalignment due to approaching
weather fronts.

Across both the bias and absolute misalignment heat maps, spikes can be seen in
coastal areas of Ireland’s west and northwest coasts and, notably, one off the southwest tip
of Great Britain, as seen in Figure 7.

In Donegal Bay, the area is sheltered from the prevailing wind and swell conditions;
therefore, the formation of wind waves is less likely. This hypothesis is supported by the
wind speed map produced in Figure 8. A sharp decrease in average wind speed can be
seen along the northwest coast of Ireland and in Donegal Bay. A landmass can also affect
the prevailing wave conditions, preventing swell propagation. This, coupled with changes
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in bathymetry, causes significant wave refraction as the waves approach the coast, as seen
in Figure 12. These factors cause significant misalignment in the area, and similar factors
affect the data off the coast of Great Britain.

Corrolation Between Missalignment and Windspeed
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Figure 10. Examining the relationship between misalignment and wind speed.
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Figure 11. Misalignment with regard to sign convention.
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Figure 12. (Left) Examination of wave direction, displaying the location of the Rockall Trough.
(Right) Standard deviation of directional wave data.

The correlation coefficient, —0.41, was calculated in Section 2.4 to examine the cor-
relation between wind speed and misalignment. This tells us that at lower wind speeds,
misalignment should be higher. This proves true to logic, as at low wind speeds, the wind
has less energy to enact a change on the direction of the waves. However, it is also known
that misalignment can be caused by the lag between the change in direction of swell due to
weather systems generated in the mid-ocean; this is examined in detail later in Section 4.2.
Reflecting on this, we hypothesise that the misalignment off the west coast of Ireland is most
likely due to swells and larger waves which have travelled greater distances. Conversely,
the misalignment in the relatively sheltered Irish Sea is due to the lack of sustained strong
winds and sufficient fetch length to develop large swells or significantly alter the direction
of waves, as discussed by Koukoura et al. [28].

A swell can usually be identified by possessing an increased wave period. There is no
strict definition as to what wave period constitutes a swell as it is dependent also on the
wavelength; however, multiple sources suggest that a period of approximately 8 s or more
signifies a swell [41]. It can be seen in Figure 13 that in the Irish Sea, the wave period was
approximately 4 s, whereas off the west coast of the country, it was approximately 8-8.5 s.
This proves that the hypotheses set out in both [27,28] apply to sea areas off the west and
east coasts, respectively.
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Figure 13. A display of steadily increasing wave period from east to west across Irish waters.
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3.3. Examining Environmental Characteristics and Misalignment Across Individual Sectors

Gathering and dividing the data by misalignment allowed us to examine each area’s
characteristics and understand how and why misalignment occurs. Ireland and its seas,
geographically, have several unique features which can result in the development of several
different oceanic climates.

The country’s west coast is exposed to swells from the North Atlantic, and in the
northwest, the coast’s proximity to the North Atlantic shelf allows for the development
of large ocean waves as they approach the coast. The comparatively sheltered Irish Sea
is far more isolated from ocean swells; however, it can be subject to large currents, which
could result in mooring fatigue for floating structures, and the development of considerable
wind waves.

The shape of the Irish Sea, being largely bulbous in the middle and slender at each end,
results in the development of significant tidal currents (more than 4 knots or 2.05 m/s during
spring tide conditions) in both St George’s Channel and the North Channel between Belfast
and Portpatrick (Scotland). To examine the development of waves around the country, and
what features or factors cause their development, it was necessary to examine the mean wave
direction and compare it to the standard deviation of said mean, as seen in Figure 12.

The mean wave direction in the Irish Sea was southerly, for the most part, which
was expected as this was the only direction from which swell can easily propagate and
travel. A more interesting conclusion can be drawn from examining the standard deviation.
As seen in Figure 12, the standard deviation was far higher in the Irish Sea than off the
Atlantic coast, meaning that the waves were less likely to be caused by a strong prevailing
swell. This strengthened our hypothesis that the misalignment in the Irish Sea was caused
primarily by a lack of available fetch length. High tidal currents could further refract wave
direction in the Irish Sea, increasing misalignment. As shown in Figure 12, this volatility in
direction was highest in the North Channel. The North Channel is an area of strong current
and low available fetch length, greatly limiting the effect of wind on local wave conditions,
resulting in wave directions heavily influenced by tidal streams.

3.3.1. Ocean Wave Effects Due to the Rockall Trough

It can be seen from the data presented in Figure 12 that the Rockall Trough had an
effect on refracting wave direction. Our selected data covered a section of the Rockall
Trough off the northwest coast. The Trough is an area of great oceanic depth close to the
Irish coastline and has a rapid depth change of approximately 2500 m to 150 m depth.
This represents a sea trough with a depth of more than twice the height of Carrauntoohil,
the tallest mountain in Ireland. This rapid change in water depth could be causing the
refraction of ocean swells, resulting in wave direction changes and therefore influencing
misalignment [42]. This can be seen by coincidence in a change in misalignment and depth
at the location of the Trough in Figure 12. This is further supported by the change in wave
direction as the depth increases around the Trough in Figure 12.

3.3.2. Misalignment Due to Local Coastal Features

High misalignment can occur when coastal features interact with prevailing wind and
wave conditions. Data points in coastal areas off the southwest and west of the country, in
Area D, as well as points in Area B, off the southwest coast of Great Britain, can be seen to
share similarly high misalignment compared to their surrounding, exposed data points.
Almost all data points in these locations are on the leeward side of a headland or landmass,
sheltered from the prevailing southwesterly wind and wave directions. The increased
misalignment in these areas is due to one or a combination of three reasons. Firstly, as
a result of fetch length limitations; secondly, due to refraction and diffraction of waves
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as they approach headlands or land masses or, finally, a result of the alteration of wind
direction as it interacts with a headland. As wind approaches a point, wind at the surface
of the sea/land boundary slows due to increased friction, resulting in increased wind shear
vertically. This increased wind shear can cause winds to bend around headlands. Eddies
and increased levels of turbulence are also formed, and the interaction between the coast
and air can become complex.

To examine which of these factors might be affecting the misalignment, it was necessary
to investigate both the wind and the wave direction to see which feature was more affected
by the headland. Reviewing Figures 12 and 14, it can be seen that coastal features had a
more significant effect on the wave direction than wind, causing the change in misalignment.
The highly sheltered nature of these locations, lack of exposure to swells, and the lack of
fetch length over which prevailing winds can generate wind waves, are the most likely
causes of this wave direction instability.
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Figure 14. Average wind direction around Ireland.

3.3.3. Histogram Analysis—Misalignment

Histograms were produced for each Area (A-G) to examine the shape and spread of
misalignment, wind direction, and wave direction across each area. These provide visual
representations of the distribution of the data and allow one to make comparisons and
conclusions regarding data volatility and spread about the mean.

Figure 15 shows an example of how different distributions of data can affect output,
highlighting the importance of examining data spread during climatic analysis. Misalign-
ment values for all areas studied off the Irish coast are presented. Areas F and D were of
particular interest. These areas represented distributions with the most dramatic shapes.
Interestingly, they coincided with the dataset’s areas of lowest and highest average mis-
alignment. Area D, which encompassed the coastal data points off the west coast of Ireland,
had a large misalignment of 57.95°. Area F, on the other hand, located in the North
Irish Sea, had the lowest average misalignment of 23.05°. The spread of these data can
inform us about the validity of the numerical outcomes and the possible causes of the
aligned /misaligned conditions. Area F had a standard deviation of 38.41°, and Area D had
a standard deviation of 72.23°. From examining these data and comparing the histograms,
one can draw a number of conclusions regarding the misalignment in these areas.

The data presented for Area D strengthened our hypothesis that the misalignment in
that area resulted from local geographic features affecting the propagation of prevailing
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winds and swells. The data in Area C, which was directly offshore of Area D, had a lower
standard deviation at 64°. This area should experience the same swells due to the prevailing
wind direction and direction from which the weather approaches. Therefore, the differing
factor must be the intervening land masses.
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Figure 15. Comparison of misalignment distribution of all areas.

A detailed comparison of wave height distribution in areas F and G is provided in
Figure 16. Area F was located in the middle of the Irish Sea. Interestingly, this was the
lowest area of misalignment and the one with the lowest standard deviation. This means that
the data were tightly gathered around the mean. The misalignment was low, and the data
were tightly grouped due to the open area surrounding the points and the strong prevailing
wind direction. Being located in the middle of the Irish Sea, this area was unaffected by coastal
features, such as headlands or changing bathymetry, refracting the prevailing wind and wave
directions. The prevailing wind in the Irish Sea is south-southwesterly, and the prevailing
swell direction is southerly. The co-directionality of these factors, combined with the depth of
the north-south Bristol Channel, has the effect of funnelling and maintaining southerly swells
as they travel up the Irish Sea, preventing directional refraction.
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Figure 16. Comparison of wave height distribution of Areas F (Left) and G (Right).
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Similarly to misalignment, the shapes of the wave height data were examined to
understand the distribution and stability of the data about their mean. In that case, the two
areas selected for comparison were Area F, in the North Irish Sea, and Area G, which sat
off the northwest coast of the country (at the edge of the Rockall Trough).

The shape of the data in each area was evaluated. These data were asymmetric, unlike
the misalignment data, which were largely symmetrical about the mean. For this reason,
the skewness of the data was computed; Area F had a skewness of 1.44, whereas Area
G had a skewness of 1.29. Each value is positive, indicating that the data were skewed
to the left, with a longer tail to the right. This stands true to logic, as low waves are far
more likely to occur than large storm swells. Area F was slightly more skewed than Area
G, meaning that the mean of Area F sat lower in its range than that of Area G. Area G is
subject to steady oceanic swells, resulting in only an infrequent occurrence of entirely flat
water. Area F, however, is only open to oceanic swells propagating from the south and,
therefore, experiences smaller wave heights in many circumstances.

The standard deviation of each set also varied significantly. The standard deviation
in Area F was much lower than the data in Area G. The tightly grouped data in Area F,
with a standard deviation of 0.759 m, agreed with the developing hypothesis regarding the
stability of weather in the region. Area G, on the other hand, had a far greater spread of
data with a standard deviation of 1.658. This is due to the high occurrence of storms and
extreme swell conditions in that area of open ocean.

The Rockall Trough could further intensify the height of the swell in Area G. The
maximum wave height in Area F was 7.25 m, with the largest 1% of waves having an
average height of 4.14 m. In Area G, however, the maximum wave height was 15.84 m (the
largest across the whole dataset), with the highest 1% having a height of 9.56 m. According
to Stewart [43], a sharp decrease in depth causes the wavelength to decrease, slowing the
wave, and also increasing the wave height [43].

3.3.4. Histogram Analysis—Wind Speed and Weibull Analysis

As seen in Figure 17, the distributed shape of the wind speed was very consistent.
This is a common feature of wind speed data, and therefore the Weibull distribution, and
Raleigh in particular, can be used to compare the finite shape and scale of the data. In
Table 3, the shape and scale factor of the Weibull distribution can be found. We compared
the two areas at either end of the range of distributions shown in Table 3 and examined
which features might affect their distributions.
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Figure 17. Histograms of wind speed around Ireland maintaining steady distribution and shape.
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Area F had the highest shape factor (2.22), and Area D had the lowest (2.12). These,
while both still well represented by the Rayleigh distribution, each individually fortified
developing conclusions drawn from the data in these areas.

Area F, located in the North Irish Sea, displayed strong, high-confidence results statis-
tically across a range of different characteristics. Characteristics of strong grouping about
the mean data were evident when studying the wave heights and misalignment data in
that area. This is most likely due to the open, unobstructed nature of the location from the
prevailing wind and swell directions, coupled with the sheltered nature of the Irish Sea.
The prevailing winds in the area are south—southwesterly; see Figure 17. The flow of air
approaching the area is unobstructed by landmasses or other obstructions, which may alter
the flow and cause higher variations in wind speed. The Island of Ireland also acts as a
buffer for storms approaching from the Mid-Atlantic. In this way, the area is sheltered from
extremely high storm winds, reducing the upper end of the range.

Area D was located in coastal areas of the west of Ireland. The data points were not
clumped together but represented four coastal locations. The shape factor was low due to
the variability in the wind as it interacted with the coast. In this area, the prevailing wind is
south—southwesterly; this could result in increased variability due to two reasons. Firstly,
as a body of air approaches a landmass, the land can force the air to change direction,
resulting in a dramatic change in the velocity of the air mass, see Section 3.3.2. Secondly,
local thermal effects due to the difference in temperature between the land and the sea can
cause fluctuations in wind speed.

The scale factor of a Weibull distribution signifies the range across which the data are
spread and the location of the mean wind speed. Generally, the higher the scale factor of
a Weibull distribution, the higher the mean wind speed in the area. Across the data, this
rule was well reflected. Ranked from smallest to largest, the scale factor aligned with mean
wind speed data computed for each area. Notably, the maximum mean wind speed and
greatest shape factor were seen in Area G off the west coast of Ireland. Area G had a shape
factor of 12.32 and mean wind speed of 10.92 m/s. This area and the areas to its east, off
the country’s north coast, are commonly recognised for their rich wind energy potential
and high wind power density. The rich wind resources in that area are due to the ability of
weather systems to travel uninhibited from depressions and low-pressure systems which
develop in the North Atlantic. The area with the lowest average wind speed was Area D
due to its coastal proximity and sheltering from prevailing wind conditions. Looking at
the dataset as a whole, it can be seen that the average wind speed and Weibull scale factor
were lower in the Irish Sea.

3.4. Storm Swells

Storm swells are larger off the west coast due to the direction from which storms track
in the North Atlantic. There are two main areas from which storms can usually approach
Ireland, the first is from the middle of the Atlantic Ocean, and the second is from the Bay
of Biscay. Storms generated in the Mid-Atlantic propagate east as they approach Ireland,
therefore arriving unobstructed off the country’s west coast. This means the swell has an
extremely long fetch length (4000 km) over which it can develop. On the other hand, in the
Irish Sea, these swells most likely propagate from weather systems developing in the Bay of
Biscay and therefore have a far shorter fetch length over which they can develop (600 km).

To attempt to prove this with the data at hand, the mean wave direction of the highest
1% of waves in Area G was calculated, which was 257° (west-southwest). The standard
deviation of that set was also computed as 34°. Comparing this standard deviation to the
standard deviation of all wave data in the area, which was 75°, proved that the data were
closely aligned and that these waves were originating from the same direction.
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Completing the same analysis on Area F (Irish Sea) did not result in as strong a standard
deviation. The top 1% of wave heights had a mean direction of 196° (southerly), suggesting
that they were swells propagating from the Bay of Biscay. However, the standard deviation
of the data was 52°, which, when compared to the standard deviation of the wave direction
for all waves in that area (83°), was not as refined. This means that most waves in this area
develop due to strong tidal currents and local wind conditions in the Irish Sea.

4. Meteorological Correlations
4.1. Misalignment and Wind Speed

The literature shows that misalignment and wind speed share an inverse relationship.
Most studies are in agreement on the relationship between wind speed and misalignment.
Wind-wave misalignment is said to decrease with increasing wind speed. Fischer et al. [44]
reasoned that wind-wave alignment is high at high wind speeds because high winds
are often combined with fully developed sea states and weather systems. A counterar-
gument to this was suggested by Fitzgerald et al. [27], who suggested a change in wave
speed or direction usually travelled slower than a change in wind characteristics, thus
creating misalignment.

In the Irish Sea, waves are generally created by local wind conditions. Due to the
confined area in which waves are created, the propagation of swells is limited, and therefore,
misalignment is generally low [26,44]. Koukoura et al. highlighted that misalignment was
expected to be small in the Irish Sea due to the short fetch length available. The sheltered
nature of the Irish Sea means that waves are highly dependent on local wind conditions [28].
In general, misalignment is expected to be higher off the west coast of Ireland, where longer
fetch lengths are available over which a misalignment can propagate [26].

In this study, the correlation coefficient between wind speed and misalignment was
found to be —0.41. This means that as wind speed increased, the angle of misalignment
decreased. This is due to the effect of increasing wind speed on the development of
wind waves.

Wind waves are generated by the transfer of energy from the wind to the water’s
surface. As the amount of energy in the wind increases, so does the transfer of such energy
to the water, resulting in larger, more aligned waves. Factors such as current, swell from
far-off weather systems and seabed geometry can more easily refract and alter the wave
direction at lower wind speeds.

The magnitude of the correlation coefficient was not particularly strong. However, the
dataset’s size must also be considered. This was not computed at a single point but across
all data points over 40 years. This means the correlation was between two variables, each
containing 11,591,424 data points; therefore, the chance that the correlation coefficient was
a result of the random nature of the dataset was very low.

Misalignment in Hurricane Conditions

At lower wind speeds, a lack of sufficient energy in the wind to alter small waves
results in misalignment, as shown by the negative correlation coefficient discussed
above. However, other meteorological circumstances, such as storm systems, can lead
to misalignment.

As a storm system approaches the coast, the greater speed with which the storm can
travel through the air results in a delay between the wind and the swell from that system
reaching a specific point. This challenges the received wisdom that misalignment decreases
with increasing wind speed. For this reason, an exercise was undertaken to examine the
correlation between wind speed and misalignment as wind speed increased. To do this,
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the wind speed was filtered to steadily increasing levels, therefore studying the correlation
coefficients for weather systems with increasing storm-like characteristics.

These results can be seen in Figure 18. The correlation coefficients could be seen to
change sign at approximately 32-34 m/s. This indicated that from this point on, increasing
wind speed led to further increasing misalignment. Interestingly, this was not a result of
the time lag in approaching weather fronts, as initially thought, but was an inherent feature
of hurricanes.

Misalignment in Hurricane Conditions
T T T T

Correlation Coefficient

| |
0 5 10 15 20 25 30 35 40

Cut-off wind speed (m/s)

Figure 18. Misalignment in storm /hurricane conditions in Irish waters.

In hurricane conditions, misalignment commonly develops due to the tightly curved
shape of the rotating wind, combined with the transitional movement of the system [45].
This phenomenon leads to a change in the direction of the relationship, as seen in Figure 18.
The significance of this may not be immediately evident; however, this could result in
misaligned wind conditions in extreme storm environments, leading to wind turbine
dynamic responses that are beyond the designed limits of the structure.

For example, one of the points with the highest sustained wind speed (more than
10 h) across the 40-year dataset also had a considerable misalignment. This occurred on
3 January 1998 and was generated by a windstorm, nicknamed “The Boxing Day Storm”, in
the North Atlantic, which made landfall over the north of Ireland. In this instance, data
points off the south of Ireland displayed sustained conditions of hurricane-force winds
(40 m/s), 12 m waves with a misalignment of 30°. Note that these numbers do not reflect
gust or rogue waves, which, again, may be larger. Observational reports from a helicopter
involved in a rescue on the day in question observed waves up to 21 m high [46]. Misalign-
ment in these conditions could lead to damage of wind turbine structural components.

4.2. Misalignment and Approaching Weather Fronts

In most circumstances, misalignment decreases with increasing wind speed, mainly due
to the effect of the wind on the generation of wind waves in a particular location. In that
instance, we endeavoured to prove that misalignment was due to the propagation of offshore
weather systems, and the resulting time lag between a change in wind and wave direction.
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That example required the examination of a dataset at a higher temporal resolution
than had been initially processed for the large, country-wide test site. A single data point
was selected as it was desired to gather information about the movement of weather
systems as they approached one location. Had a larger area been utilised, these effects may
have been diluted and decreases in misalignment may not have appeared as dramatically
when averaged across a number of data points.

The point was selected as it was in a relatively open area off the country’s west coast,
unaffected by coastal features. The misalignment at the point was measured before shifting
the mean wave direction data backwards by one hour. This process was repeated, and the
data at each point were recorded, as shown in Table 5.

In Figure 19, the minimum misalignment was seen after shifting the data by 7 h. This
means that, on average, it took approximately 7 h for an altered wind direction to alter the
direction of waves. This could be due to one of two reasons: The first was that a new wind
direction took approximately 7 h to build wind waves. The second was that the weather
front from a depression in the Atlantic travelled quicker through the air than the associated
new swell in the sea, and the lag between the sea and the wind in these conditions was 7 h.

The change in misalignment across the data may seem small, less than 2.5° overall over
7 h. However, the smoothness of the curve representing the data proved the claim’s validity.

We attempted to prove that the results from that exercise were due to swell propagation
and not due to the slow formation of wind waves. In order to do this, we repeated the
exercise for a point off the east coast, i.e., in the Irish Sea. This point was far from land and
in an area with relatively low average misalignment. The point was at 53.5 N, 6 W, and the
same processes as outlined above was completed to analyse the results.

Weather fronts and misali - Atlantic
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Figure 19. (a) Asterisk in the image denotes the location of the data point selected for the examination
of misalignment and approaching weather systems. (b) Graph showing the results of time-shifting
the mean wave direction with regards to misalignment.

Two interesting differences could be seen between the data taken from the Irish Sea,
Figure 20, and the data from the Atlantic, Figure 19. On average, in the Irish Sea, it took
approximately 4.5 h for the wind-wave direction to react fully to a change in the wind,
and the extent of that reaction was greater, meaning that the decrease in misalignment was
greater. This is because the waves in the Irish Sea are mostly generated by local wind effects
rather than far-off storms causing swells, and therefore are smaller and more reactive to
change. This can be proved by examining the frequency and standard deviation of the
mean wave direction, as discussed in Section 3.3. In the Atlantic, however, the waves result
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from swell propagation, as seen in Section 3.3; therefore, the average wave height is higher
and requires more energy and time to produce a change.

Weather fronts and misalignment - Irish Sea

31.5 T T

Average misalignment (degrees)

Hours shifted (hours)

Figure 20. The effect of time shifting wave direction on misalignment for a point in the Irish Sea.

4.3. Misalignment and Wind Direction

The examination of the effects of wind direction on misalignment resulted in some
interesting results, as seen in Table 4. Throughout this study, one thing that became evident
was the large number of factors that affect the different climates around Ireland. These
factors can be local to the subject location, such as topological geography and local currents,
or generated by pressure systems in the North Atlantic and transported to the coast via the
Gulf Stream or North Atlantic Current. When examining the directional data, a few key
insights can be drawn.

The first is to note the general trend of the high occurrence of misalignment from
easterly and southeasterly winds. In the country’s western half, these winds are blowing
offshore, and in the Irish Sea, they are travelling from the coast of Wales and Scotland. In
the east, the combination of a short fetch length, and the fact that these winds are blowing
in the opposite direction to prevailing swell systems brought to Ireland by the North
Atlantic Current, makes it difficult for this wind to have a great effect on waves, leading to
misalignment. In Area F (North Irish Sea), this theory was proven by higher misalignment
resulting from wind in the northeasterly direction. Wind from the northeast in that area
originates directly from the Scottish coast and therefore has an extremely limited fetch
length to affect wave direction.

It is widely known that the Gulf Stream has an effect on Irish weather. For the most
part, it assists in maintaining a comparatively mild climate year-round across the country.
It also has an effect on swell systems as they travel across the Atlantic. Wave systems are
generally pushed eastward due to the Gulf Stream. This is reflected in the study data; almost
all areas are most aligned during westerly winds. This means that the wind, due to local
effects or storm systems, aligns with the swells generated by the Gulf Stream. This is not the
case, however, in the Irish Sea. Area F was most aligned in southerly conditions due to the
wind’s alignment with swells generated in the Bay of Biscay, which travel up the Irish Sea.
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5. Structural Dynamics of Floating Offshore Wind Turbines Subjected to
Misaligned Wind-Wave Loading in Irish Waters

In the previous sections, we characterised climatic conditions around Ireland and used
real metocean data from weather buoys and reanalysis sets from ECMWEF to understand
the causes of misaligned wind and waves in Irish waters. Using the datasets we developed,
the effects of wind-wave misalignment on the structural dynamics of floating offshore
wind turbines (FOWTS) in Irish waters are now examined.

OpenFAST [47] was used in this study to model the structural dynamics of FOWTs.
OpenFAST is an open-source wind turbine modelling software, developed by the National
Renewable Energy Laboratory (NREL) in the United States, to model the structural dynam-
ics of wind turbines operating under different environmental conditions. NREL's 5 MW
OC3-Hywind spar-type floating offshore reference wind turbine was modelled in Open-
FAST for use in this study. This FOWT is defined in [48], while the spar platform is defined
in [49]. The main properties of the FOWT model are provided for reference in Table 6.
Table 7 summarises the floating platform structural properties, and Table 8 summarises the
mooring system properties used in the numerical simulations in this section. The turbulent
wind fields were generated using the TurbSim package distributed by NREL. It has the
capability of generating turbulent 3-D wind field taking into account wind shear and spatial
coherence. The Kaimal spectrum was used to model the atmospheric turbulence. The
stochastic sea was modelled using the Pierson-Moskowitz spectrum.

Table 6. Properties of NREL 5-MW OC3-Hywind spar-type FOWT [48,50].

NREL 5-MW OC3-Hywind Spar-Type FOWT Properties

Basic description Max. rated power 5-MW
Rotor orientation, configuration Upwind, 3 blades
Rotor diameter 126 m
Hub height 90 m

Cut-in, rated, cut-out wind speed
Cut-in, rated rotor speed

3m/s,11.4m/s,25m/s
6.9 rpm, 12.1 rpm

Blade First in-plane mode’s natural frequency 1.0606 Hz
First out-of-plane mode’s natural frequency 0.6767 Hz
Structural-damping ratio(all modes) 0.48%

Tower First fore—aft mode’s natural frequency 0.324 Hz
First side-to-side-mode’s natural frequency 0.312 Hz
Structural-damping ratio (all modes) 1%

Table 7. Structural properties of floating platform for NREL 5-MW OC3-Hywind spar-type

FOWT [49].
Depth to platform base below SWL (total draft) 120 m
Elevation to platform top (tower base) above SWL 10 m
Depth to top of taper below SWL 4m
Depth to bottom of taper below SWL 12m
Platform diameter above taper 6.5m
Platform diameter below taper 94m
Platform mass, including ballast 7,466,330 kg
CM location below SWL along platform centreline 89.9155 m

Platform roll inertia about CM

4,229,230,000 kg - m?

Platform pitch inertia about CM

4,229,230,000 kg - m?

Platform yaw inertia about platform centreline

164,230,000 kg - m?
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Table 8. Hydrodynamic properties of floating platform for NREL 5-MW OC3-Hywind spar-type
FOWT [49].

Number of mooring lines 3
Angle between adjacent lines 120°
Mooring line diameter 0.09 m
Equivalent mooring line mass density 77.7066 kg/m
Equivalent mooring line extensional stiffness 384,243,000 N

5.1. Structural Analysis by Sector in Averaged Conditions in Irish Waters

Structural dynamic modelling, using OpenFAST v3.5.1, was undertaken to mimic
conditions specific to individual locations around the Irish coast, defined by differing levels
of misalignment. Across each of these locations, the average environmental characteristics
were examined. This study examined the response of the NREL 5SMW FOWT to the
wide variety of climates seen across Irish Waters. As previously stated, the numerical
simulations presented in this study were conducted using NREL's 5 MW OC3-Hywind
spar-type floating offshore reference wind turbine; see details of the geometry of this
turbine in Figure 21. The coordinate systems are also visible in the figure. The X-axis points
horizontally along the still water line (SWL), the Y-axis is perpendicular to the X-axis in the
horizontal plane at the SWL, and the Z-axis is vertical, pointing upwards and perpendicular
to the SWL.

While the specific dynamics of the spar-type FOWT were considered in this numerical
study, the overall misalignment analysis was valid for all offshore wind turbine types. The
specific dynamics of semi-submersible and tension-leg platforms will differ from spar-type
FOWTS5, but the general principles of wind-wave misalignment and its impact on structural
dynamics remain valid.

The input conditions chosen for this study reflected the average conditions across each
sector defined by misalignment. Eight simulations were carried out, each representing a
different sector, as defined by Table 1, which provided information on the input conditions
for each simulation run.

The first 100 s of each set of time-history results were neglected to remove the effect of
starting transients on the dynamic response. The tower side-to-side and fore-aft deflections
were analysed for each sector. It was hypothesised that increased misalignment would
result in increased side-to-side deflection of the tower. Root-mean-square, mean, maximum
peak-to-peak, and absolute maximum values were calculated to evaluate each output
characteristic. In each case, the output files were structured in the order of increasing
misalignment, with Area F being the least misaligned and Area D the most.

All of these data were collated and are presented in Table 9; it can be seen that all
results were well within normal and safe operating conditions for the turbine. The greatest
deflection occurred in Area H, measuring the maximum deflection of 0.2 m. Areas G and A,
however, displayed the maximum mean and RMS deflections, respectively. Misalignment
and side-to-side deflection showed the strongest correlation across all correlations concern-
ing misalignment (0.177). Consistent with expectations, the results showed that increased
levels of misalignment led to increased deflection in the side-to-side direction, highlighting
the importance of considering misalignment effects in FOWT design.

For the purposes of illustration, Figure 22 compares results from the area of maxi-
mum misalignment (Area D) directly with those from the area of minimum misalignment
(Area F).
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Table 9. Results of structural dynamic analysis by each sector in averaged environmental conditions
in Irish waters.

Side-to-
side
Peak-to- Root Mean  Peak-to- Root Mean  Peak-to- Root Mean
Peak Mean Max Square Peak Mean Max Square Peak Mean Max Square
(m) (m) (m) (m) (m) (m) (m) (MW) (MW) (MW)

Location Fore-Aft Power

Area F
AreaE
Area A
Area G
AreaH
Area B
AreaC
AreaD

Color changes from green (minimum value) to red (max value) in each column.

Water depth: 320m
Draft: 120m

Anchor Point

Mm-"g Ljne

Figure 21. Illustrations of the NREL 5-MW wind turbine on the OC3-Hywind spar [49].
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Figure 22. Comparing areas of greatest and least misalignment across Ireland: (a) fore-aft deflection,
(b) side-to-side deflection.
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Wave Characteristics and Their Effects on Turbine Dynamics

The period of the wave is an important characteristic when examining the frequency
response of an offshore wind turbine. Dynamic magnification of loads and possible res-
onance can occur if the loading frequency due to waves is close to the natural frequency
of the wind turbine tower/support structure. It can be seen in Table 6, that the natural
frequency of the NREL 5 MW floating offshore wind turbine tower in the side-to-side
direction was 0.312 Hz, corresponding to a resonant wave period of approximately 3.2 s.
Bearing this in mind, the wave period data were filtered to examine, throughout the dataset,
how many data points fell close to that specific frequency.

The results suggested that approximately 0.11% of the data resulted in wave periods
in the resonant frequency range of the turbine. The data were indexed to produce the three
locations for which this problem was greatest. The data points appeared in a cluster in the
North Irish Sea, as shown in Figure 23. In that area, across the data points, wave periods fell
within this resonance-inducing bracket 1.14% of the time, corresponding to approximately
100 hours of loading at these damaging wave periods per year. The average wave height
during that loading was under 0.4 m. This is quite low, and considering the size, mass,
and resulting high moment of inertia of the floating structures, it is believed that these
conditions would not pose threats to the integritv of the structure.
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Figure 23. Asterisks indicate the most likely locations to result in turbine tower resonance issues.

From the literature, it is clear that the primary area of concern when examining the
effect of misalignment on turbine dynamics is deflection in the side-to-side direction. The
main factor causing this increased deflection is reduced aerodynamic damping in this
direction. This increased tower deflection is more evident in floating turbines, which are
more susceptible to wave-loading conditions than fixed-base systems.

5.2. Structural Analysis in Storm Conditions in Irish Waters

To correctly represent the effect of the effects of wind—wave misalignment on the
structural dynamics of FOWTs in Irish waters, it was necessary to investigate the dynamic
response in extreme metocean conditions. For this reason, the dataset was indexed to
generate two extreme conditions with differing degrees of misalignment. Only characteris-
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tics that were sustained, meaning that the isolated trend occurred over a range of at least
three data points (12 h), were selected. This mitigated the risk of highlighting outliers or
anomalies from the reanalysis sets.

5.2.1. Selected Storm Events

The two sets of environmental data selected were based on two storms (Table 10).
The first set, “Storm 1”, was chosen due to the fact that it was the period with the highest
sustained wind speed possessing misalignment. It was described previously, in Section 4.1,
as the “Boxing Day Storm”, resulting from a hurricane in the Mid-Atlantic Ocean in 1998.
It should be noted that there was a discrepancy between the wave characteristics output by
the data and observational data reported by verified sources from the time. ERA5 reported
a 12 m wave height, whereas observational data reported waves up to 21 m high [46]. ERA5
often underestimates wave height, as seen in Section 1.4.1, and therefore it was decided to
increase the wave height to 18 m with a period of 17 s. The misalignment, as reported by
ERADS5, throughout this event was 30°.

The second dataset (“Storm 2”) was selected by indexing misalignment angles close to
90° and extreme wind speeds. A misalignment angle of 90° was chosen as it represents a
direct side-on wave loading conditions to the turbine. Barj et al. highlighted the dangers of
90° misalignment concluding that it was the angle inducing the greatest side-on loading
condition to the turbine tower [21]. A set of data points with a sustained period of 30 m/s
wind speed and a wave height of 10 m over 12 h were isolated. Interestingly, these
conditions were found in a similar location, south-southwest of the country far offshore.

Table 10. Storm conditions representing extreme environmental input conditions.

Misalignment (deg) Wind Speed (m/s) Wave Height (m) Wave Period (Sec) Turbulence (%)

Storm 1 misaligned
Storm 1 aligned
Storm 2 misaligned
Storm 2 aligned

30 40 18 17 6.75
0 40 18 17 6.75
90 30 10 13 6.75
0 30 10 13 6.75

5.2.2. Structural Dynamic Analysis in Storm Conditions

Dynamic simulations of NREL's 5SMW FOWT were run again in OpenFAST with
the storm conditions described in Section 5.2.1 as input. The mean wind speed in both
storm conditions was considerably above the cut-out wind speed, 25 m/s, and therefore,
the FOWTs were modelled in a cut-out state with the blades feathered to 90°. Control
simulations were run, against which simulated misaligned conditions could be compared
in each case. This control possessed the same input characteristics; however, the wave
direction was altered to align with the wind. Note that these storms occurred in Area A.
Therefore, the baseline turbine response, as previously calculated using the average daily
environmental input characteristics (Table 9), was used to understand the effects of storm
conditions on the turbine.

The turbine tower deflections, as seen in Figures 24 and 25, display the effects of
wind-wave misalignment in storm conditions on the dynamic response of FOWTs in Irish
waters. Misalignment caused significant amplification of the side-to-side deflection of the
turbine tower in storm conditions.
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Figure 24. Comparison of aligned and misaligned wave loading conditions, by the metrics of fore-aft

deflection (a) and side-to-side deflection (b) in “Storm 1” conditions.

Examining the peak-to-peak amplitude of tower deflections displayed the most dra-
matic effects of misalignment. Under normal operating conditions, the peak-to-peak
displacement amplitude for a turbine in this area was 0.39 m in the side-to-side direc-
tion and 0.81 m fore-aft (see Table 9). Under storm conditions, the peak-to-peak of the
side-to-side deflection in “Storm 2” was 0.93 m in misaligned conditions, and the fore—aft
peak-to-peak deflection in aligned conditions in “Storm 1” was 1.81 m.

Interestingly, the most extreme conditions considering deformation in any direction
were consistently in the fore—aft direction. In the misaligned conditions outlined by “Storm
1”7, which was characterised by extremely high waves, a slight misalignment of 30° slightly
decreased the large fore—aft deflections. The side-to-side deflection increased due to mis-
alignment; this increase was large considering the slight misalignment angle.

In “Storm 2”, the wind speed and wave height were lower. However, the misalignment
angle was higher, representing a direct side-on the loading condition. In this instance, the
side-to-side and fore-aft loading could be seen to be mirrored across the two states, as seen
in Figure 25. The fore-aft deflection in the aligned direction was still slightly greater due to
the combined forces of the wind and the waves in this direction.
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Figure 25. Comparison of aligned and misaligned wave loading conditions, by the metrics of fore-aft
deflection (a) and side-to-side deflection (b) in “Storm 2” conditions.
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5.3. A Brief Examination of Design Standards

The previously published literature has highlighted the possibility of underestimation
of the effects of wind—wave misalignment on wind turbine dynamics in the design and
testing phases, particularly in extreme metocean conditions. Barj et al. concluded that not
considering misaligned conditions could result in an underestimation of the tower base’s
side-to-side bending moment by approximately 50% and an overestimation of the tower
base’s fore—aft bending moment by about 5% [21]. Koukoura et al. similarly concluded
that an installed turbine in the Walney Offshore Wind Farm was experiencing increased
loading due to an underestimation of misalignment in the design phase [28]. Our dynamic
analysis, in Section 5.2.2, also showed that there was a substantial increase in tower fore-aft
and side-to-side displacement in storm conditions in Irish waters. In this section, we
briefly examine available guidance for wind turbine designers on misalignment and its
implications for practice.

The most widely adopted design code for offshore wind turbines is the IEC 61400-3-2 [51]
design standard. In line 793 of the standard, it is stated that a 90° misaligned loading
condition should be considered if the designer sees fit, as it represents the loading condition
with the least aerodynamic damping. The large effect of a 90° misalignment on turbine side-
to-side deflections was highlighted by Barj et al. [21], and also in the analysis of “Storm 2”
in Section 5.2.2 of this study. In this respect, IEC 61400-3-2 accurately represents misaligned
loading conditions and provides reasonable guidance to designers.

IEC 61400-3-2 also recommends modelling turbines in parked or stalled conditions,
as was undertaken above in Section 5.2.2. In Section 7.4.7 of IEC 61400-3-2, it states that
in parked conditions, and with the absence of information on site-specific conditions,
“the misalignment within a range of 30° that results in the highest loads acting on the FOWT
support structure shall be considered” [51]. As shown in Section 5.2.2, it is possible to have a
misalignment of over 30°, while also operating a turbine in parked or stall conditions due
to the cut-out wind speed being exceeded. Therefore, this could lead to an underestimation
of the effect of misalignment on parked or stalled turbines in high wind conditions.

In lines 1959 to 1961, the IEC 61400-3-2 standard discusses the reduction in wave height
due to misalignment. The standard reads: “If this misalignment exceeds 30°, the extreme wave
height may be reduced due to the decay in severity of the sea state over the period associated with the
change in wind direction which causes the misalignment” [51]. As demonstrated in Section 4.1,
hurricane-force winds can often contain misaligned wave conditions of 30°, which are
sustained throughout the hurricane and therefore do not lead to a reduction in extreme
wave heights. This was borne out by the dataset we built for Irish waters; see Figure 18.
IEC 61400-3-2 may be referring to the reduction in wave heights due to the reluctance
of approaching weather fronts to develop swells, as discussed in Section 4.2. However,
this guidance could similarly lead to an underestimation of wave height in misaligned
hurricane conditions with implications for designers and structural safety.

While the findings of this numerical study in Section 5 were based on the analysis of
a spar-type FOWTs, the general principles regarding the impact of wind-wave misalign-
ment on the structural dynamics of FOWTs are expected to be applicable to other FOWT
configurations, such as semi-submersible and tension-leg platforms. However, the specific
dynamic responses and the effectiveness of the control strategies may vary depending
on the FOWT type. Future research could explore the implications of wind-wave mis-
alignment in Irish waters for a broader range of FOWT designs, potentially through the
development of more comprehensive models that account for the unique characteristics of
different platform types.
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6. Conclusions

In conclusion, this study demonstrated that misalignment significantly exacerbated
turbine deflection, particularly in Irish metocean conditions and during hurricane events.
The findings revealed a pronounced amplification of deflection under misalignment, a
phenomenon whose implications extend to industry standards and design practices. Cru-
cially, the investigation exposed a potential underestimation of misalignment’s severity in
extreme conditions, highlighting a critical gap in current standards.

Notably, the study pioneered the examination of misalignment’s impact on floating
offshore wind turbines, leveraging reanalysis data as a cornerstone of the analysis—a
methodological innovation.

The exploration into the causes of misalignment in Irish waters uncovered a wide
variety of contributing factors previously overlooked. From tidal wave refraction to wind
curvature in hurricane systems, the comprehensive analysis underscored the multifaceted
nature of misalignment dynamics in offshore environments.

While the focus primarily centred on environmental conditions, industry stan-
dards were also scrutinised, revealing a gap in the assessment of misalignment’s effects
during storm events. This knowledge deficit underscores the need for enhanced test-
ing protocols during turbine design phases, informed by a deeper understanding of
misalignment’s impact.

Furthermore, the study demonstrated the suitability of ERAS5 data for climate analysis
in Irish waters. Using the ERAS5 reanalysis dataset validated against Irish Marine Data
Buoy Observation Network measurements, the results showed a satisfactory accuracy
with an average wind speed error of —0.54 m/s and a strong correlation coefficient of
0.92. Wind-wave misalignment was found to be inversely correlated with wind speed
(correlation coefficient: —0.41), with minimum misalignment occurring approximately
seven hours after a change in wind direction. The study revealed that misalignment could
exceed 30° during hurricanes, contradicting standard assumptions of alignment under
extreme conditions. The investigation highlighted that in western coastal areas, the average
misalignment could reach 57.95°, while sheltered Irish Sea regions experienced lower
values, such as 23.06°. Numerical simulations confirmed that these misalignment values
amplified side-to-side turbine deflections significantly. This research underscores the need
to incorporate misalignment effects into industry testing standards and suggests that cur-
rent methodologies may underestimate fatigue loads by up to 50%. This work emphasizes
improved design and testing protocols for FOWTs in complex marine environments and
highlights the suitability of ERAS for climate analysis in Ireland.

We acknowledge several important limitations of this work that should be consid-
ered in future studies. Firstly, while the ERA5 reanalysis dataset was found suitable for
climate analysis in the Irish context, it has limitations in accurately depicting storm con-
ditions, particularly during extreme hurricane events. Further refinement and validation
of reanalysis datasets will be needed to fully capture the complexities of offshore wind
environments. Additionally, the scope of the misalignment analysis focused primarily on
environmental factors, while industry standards and design practices also play a critical
role. More research is required to fully quantify the implications of misalignment on turbine
performance and certification procedures. The generalizability of the results may also be
constrained by the specific environmental conditions and turbine characteristics of the Irish
seas, warranting further validation across different regional offshore wind markets. Finally,
the numerical work was limited to spar buoy-type floating offshore wind turbines, and
future studies should expand the analysis to include a broader range of FOWT designs and
configurations. Addressing these limitations through continued research efforts will help
advance the understanding of wind-wave misalignment effects and inform the develop-
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ment of more robust design standards and certification procedures for the floating offshore
wind industry.

In summary, the study advances understanding of misalignment’s effects on floating
offshore wind turbines and also highlights the need for updated standards and future
research in the field.
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