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Abstract—Wind turbines (WT) are built to a particular standard 

based on past or current climate conditions. With climate change, 

the frequency of exposure of a WT to extreme weather events 

(EWE) will be more extreme than those for which they were 

designed, which may lead to decreasing operational performance 

and physical damage to the turbine structure. Given this, there is 

a need to investigate the location of future planned offshore wind 

farms (OWF) to ensure resilience to future wind extremes. The 

research presented covers the UK exclusive economic zone (EEZ) 

and uses the 2.2km UK Climate Projection 2018 (UKCP18) 

hourly maximum wind gust datasets. Two future scenarios 

corresponding to 2021-2040 and 2061-2080 are considered for 

future planning analysis. The statistical characterization of 

extreme wind gusts is assessed using multiple distributions, and a 

Beta distribution is found to adequately predict the hourly wind 

gust data. Changes in extreme wind loading on wind turbine 

structures (50-year return period, hereafter U50) are investigated. 

Both risk ratio (RR) and relative change (RC) calculations have 

been used to set the recommended site from the achieved wind 

gust threshold corresponding to a 𝑼𝟓𝟎. As a result, regions in the 

North have a 99.6% increase in desired OWF siting locations in 

the 2061-2080 scenario. The East region has a 71.4% increase in 

the 2021-2040 scenario. In both scenarios, the South region has a 

decreased number of suitable future locations to site OWF.  

Index Terms-- Climate change, Extreme high wind gust, Offshore 

wind farms, Spatial planning. 

I. INTRODUCTION  

Climate change is expected to alter the frequency and 
intensity of extreme weather events (EWE). This could impact 
wind energy generation in the UK and have further implications 
for reaching the net-zero carbon emissions target by 2050. 
Exposing wind turbines (WT) to EWE can lead to failure in WT 
structure [1] and acceleration in the wear of WT components 
which can also increase the fatigue load on the WT structure 
[2]. Therefore, future offshore wind farms (OWF) locations 
must be resilient to possible changes in future weather, given 
current WT design specifications. This research defines EWE 
based on the WT manufacturer threshold. The threshold 
represents the extreme load limit for the WT defined by a 50-

year return period (U50). By investigating the threshold in future 
wind scenario data, it is possible to quantify the effect that likely 
future wind extremes could have on WT operation in a specific 
location and thereby inform the optimal siting of future OWF 
in the UK. According to the International Electrotechnical 
Commission (IEC 61400-1) standard, U50 is a key determinant 
of WT structural loading due to extreme wind speed and is used 
to inform WT design in a specific area [3]. In an area prone to 
extreme wind speed, U50 is set high, which will increase the 
capital cost value. More accurate siting of WT leads to 
installation in locations less at risk from EWE and limits over-
engineering of WT for a given deployment location, thereby 
potentially reducing financing costs for a specific project 
capital cost.  

There is a wide range of location diversity in investigating 
extreme high wind speeds using historical models or 
observational data. For example, on the east coast of New 
Jersey, Debnath et al. [4] used the available observation data 
from floating lidars to assess extreme events, finding for 100m 
height wind speed that almost 100 events occur throughout the 
year. In Bangladesh [5], simulations of tropical cyclones 
produce exceedance probability estimates for extreme wind 
(gust). It has been found that Khulna, Barisal, and Chittagong 
provinces will experience maximum wind speed over cyclonic 
storm conditions > 25m/s, and areas within 30km of the 
coastline are predicted to experience gust speeds > 33m/s. 
Laurila et al. [6] studied extreme wind speed using the fifth-
generation ECMWF atmospheric reanalysis wind dataset in 
North Atlantic and Europe from 1979 to 2018. The 98th 
percentile was used to define the extreme wind. The same 
research found a seasonal variation with the strongest winds 
over the ocean and during winter. Also, climate change models 
have been used in some regions such as North America [7] and 
Europe [8], [9] to investigate extreme wind speed events.  

From the literature, we found a lack of in-depth spatial 
analysis for future changes in extreme wind gusts in the UK 
region, especially when coupled with WT manufacturer 
threshold. Consequently, in this research, the statistical 
characteristics will be evaluated spatially for the maximum 
wind gust in all offshore areas around the UK. We focus on 
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climate change impacting future OWF sitation in four main 
regions covering the UK exclusive economic zone (EEZ) as we 
aim to analyze both the risk of future changes and exceedance 
in U50  manufacturer thresholds. The paper is organized as 
follows: Section II contains the climate model used, the region 
boundaries in the EEZ, and the wind turbine model. Section III 
contains the method to calculate U50. Section IV presents the 
results of U50  relative change (RC) and the risk of exceeding 
U50 (risk ratio (RR)). Section V discusses the conclusions. 

II. DATA PREPARATION 

This section gives an overview of all data used in this 

research, including the maximum wind gust dataset, regions 

considered in EEZ, and the estimated wind turbine model. 

 

A.  Wind Gust 

This research uses the surface maximum wind gust data, 
which is taken as the maximum value of 10 minutes in one 
hour. This wind gust data is taken from convection-permitting 
climate model projections (CPM) produced as part of the UK 
Climate Projection 2018 (UKCP18) project [10]. UKCP is a 
government-funded project that forms part of the Met Office 
Hadley Centre Climate Program [11]. The data is downscaled 
to a horizontal resolution of 2.2km. The high resolution 
provides an accurate estimation for mesoscale events, helping 
to inform adaptation to a changing climate [12]. The UKCP18 
model simulation has 12 climate projections. Based on 
validating the offshore area in the UK against ERA5, we found 
the closest match in ensembles 01, 07, and 12. Due to 
computational constraints, this research uses ensemble 01. 
Three time periods are available in the data.  The first is a 
baseline scenario (1981-2000), representing current climate 
conditions. Two future climate scenarios represent the near 
future (2021-2040) and the far future (2061-2080). Both future 
scenarios follow the Representative Concentration Pathway, 
RCP8.5, which refers to greenhouse gas emissions continuing 
to grow unmitigated, leading to a global average temperature 
rise estimation of 4.3°C by 2100, relative to pre-industrial 
levels [10].  

B. The Regions of the UK Exclusive Economic Zone 

Historically, shipping forecasts in the UK provide details 
of marine weather forecasts. Since 2002, the UK offshore areas 
have been divided into 31 shipping forecast areas [13]. 
Influenced by these areas, this research used the boundaries of 
the shipping forecast regions to define four major homogenous 
wind regions in the UK EEZ, East, South, West, and North (see 
TABLE II.I). The EEZ was adopted in 1982 at the third United 
Nations conference on the law of the sea. EEZ is an area of the 
sea in which a sovereign state has special rights regarding 
energy production from wind and water, and it is at a distance 
of 200 miles from the shore [14]. The regions are chosen based 
on merging multiple shipping forecast boundaries depending 
on their locations (East, South, West, and North). All four 
regions have been contoured with the EEZ mask. Internal 
boundaries representing the four regions are drawn on the map 
using black lines. TABLE II.I show the four offshore regions. 
The second column lists the latitude/ longitude box that fully 
encompasses each region. It should be noted that only 

available data in UKCP18 intersecting the EEZ have been 
considered in the analysis. The UKCP18 (2.2km) is only 
available in a latitudinal boundary equal to 60.58̊ N, which 
does not cover the north region of the EEZ (latitude boundary 
is 63.5 ̊N) and so the results are truncated at 60.58 ̊N. The third 
column has the region area, with the West region being the 
largest and the South region the smallest. The fourth column 
lists the shipping areas included and merged into each region. 
The paper analysis has been done in terms of a comparison 
between the four regions. 

TABLE II.I. THE LOCATIONS OF THE FOUR REGIONS (EAST, SOUTH, 

WESTEST, AND NORTH). 

 

Region 

 

Location 

 

 

  Area 

(mile) 

 

Included coastal sea areas 

 

  East  
[-4.422̊,51.226 ̊

: 3.399̊,58.500̊] 
72426 

Cromarty, Forth, Forties, Tyne, 

Dogger, Humber, Thames, 

 South  
[-10.809,̊47.435 ̊

: 1.932̊,51.226̊] 
30923 

Sole, Plymouth, Portland, 

Wight, Dover,  

West  
[-14.897,̊49.998 ̊
: 2.628̊,60.150̊] 

111055 
Malin, Hebrides, IRIS sea, 
Lundy, Fastnet, Bailey, Rockall 

North  
 [-8.470̊,58.448 ̊

: 2.076̊, 62.007̊] 
51136 Fair isle, Viking, Faeroes 

 

C. Wind Turbine Model 

    The output capacity for newly built wind turbines is 

expected to reach 17MW and 151m hub height by 2035 [15]. 

We used this closest estimation for the turbine model. The 

wind gust data used in this research is scaled to 151m hub 

height using empirical relationships [16]. 

 

III. METHODS 

    This section tests the best-fitting distribution to wind gust 

data using nonparametric tests and introduces the 𝑈50 

calculation in the context of future climate change. 

 

A. Hourly Wind Gust Best Fit 

Accurately estimating the frequency and magnitude of 

EWE is an essential part of energy development as it increases 

the stockholder's confidence in financial and risk analysis. Due 

to topographical and geographical differences, wind resources 

can vary from one location to another. Therefore, spatial 

assessment of EWE for the UK EEZ is necessary to site OWF 

accurately [17]. Using the baseline scenario, we use multiple 

probability density functions to assess wind gust variability 

and uncertainty; the main goal is to determine the best fit for 

the wind gust distribution. Four distributions have been used 

to spatially predict hourly wind gust statistics at a hub height 

of 151m. The distributions are Gamma [18], Beta [19], 

Exponential Weibull [20], and Generalized extreme value 

(GEV) [21]. The Kolmogorov-Smirnov (K-S) test and Cramér-

von Mises [22] have been used to test the goodness of fit for 

all data. Both tests use the P-value to indicate that the wind 

gust data conforms with the given distribution. If the P-value 

is lower than a threshold of 0.01 (99% confidence interval), we 

reject the null hypothesis and conclude the data 

are not distributed according to the tested distribution. In 



 

 

TABLE III.I, P-values are shown for baseline scenarios. The 

wide variety of shapes in beta distribution added flexibility to 

the distributions. The analysis reveals that the Beta distribution 

produces the highest P-value > 0.01 compared to the other 

three distributions, equal to 0.28 in the K-S test and 0.19 in the 

Cramér-von Mises test.  
 

TABLE III.I. CRAMER-VON MISES AND K-S TESTS WERE APPLIED TO 

DISTRIBUTIONS USING THE 1891-2000 SCENARIO. 

Tests Gamma GEV 
Exponentiated 

Weibull 
Beta 

Cramér-von 

Mises test 
1.43*10−9 6.02*10−9 3.49*10−7 0.19 

K-S test  4.07*10−63 7.62*10−74 0 0.28 

  

B. Calculate The 50-Year Return Period Considering 

Climate Change Signals. 

    We investigated the extreme wind loading risk on WT 

structures using 𝑈50 [3]. The corresponding value for 𝑈50 has 

been calculated spatially using Beta distribution. The 

calculation has been done on the historical and the two future 

scenarios. In Fig 1, a single-cell grid is used to show the wind 

gust threshold (m/s) corresponding to the 𝑈50 (black arrow 

pointing toward the north).  

 

 

 

 

 

 

 

 

    

 
Figure 1. Return period for wind gusts using beta distribution in a single cell 
grid for the 1981-2000, 2021-2040, and 2061-2080 scenarios. The bold black 

lines refer to the U50 (x-axis) and the corresponding wind gust (y-axis).  

    In this research, we consider the changing magnitude of the 

𝑈50 wind gusts event in the future (see Results, (A)), the RC of 

climate change signals is calculated as follows:  

RC = ((𝑉j - 𝑉i) / 𝑉i)                           (1) 

    Where RC is the relative change, 𝑉j is the final value, and 

𝑉i is the initial value. In addition, we are looking at how the 

probability of exceeding the baseline thresholds changes (see 

Results, (B)). The RR has been calculated as follows: 

                 𝑅𝑅 =   (𝐻/𝑡𝑜𝑡𝑎𝑙_𝐻)/(𝐹/𝑡𝑜𝑡𝑎𝑙_𝐹)                       (2)  

   Where 𝑅𝑅 is the risk ratio.  𝐻 and 𝐹 are the numbers of wind 

gust data exceedance the 𝑈50 thresholds in the historical and 

future scenarios, respectively. 𝑡𝑜𝑡𝑎𝑙_𝐻 and 𝑡𝑜𝑡𝑎𝑙_𝐹 are the 

total numbers of data available in the historical and future 

scenarios, respectively.   

IV. RESULTS 

A. Thresholds Corresponding To a 50-Year Return Period 

    A Beta fit is applied spatially to the three scenarios to 

determine the return period. We investigated the extreme gust 

loading on wind turbine structures in two future scenarios by 

calculating the wind gust corresponding to 𝑈50 in the three 

scenarios, we calculate the future change compared to the 

baseline scenario. Fig 2 shows a statistical comparison 

between the four regions, East, South, West, and North. 2061-

2080 has many locations with wind gusts equal to 36m/s 

compared to other scenarios. In the South region, the 2021-

2040 scenario has a high probability of 35m/s wind gust and a 

high median value compared to the other two scenarios. Both 

the West and North regions show the 𝑈50 wind gust threshold 

will decrease in two future climate scenarios. East region has 

a lower probability of occurring 𝑈50 in the 2021-2040 scenario 

compared to the other two scenarios, implying less exposure 

of assets built in these areas to high wind gusts in the future. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Violin plot for wind gust corresponding to U50, and the results are 
in (m/s). The four panels are regions East, South, West, and North. (1981-

2000 (blue), 2021-2040 (green), 2061-2080 (red)). 

The RC calculation gave a good indication for increasing/ 
decreasing changes in two future scenarios.  Three wind gust 
RC to 𝑈50 are shown in Fig 3 (a) 2021-2040 relative to 1981-
2000, Fig 3 (b) 2061-2080 relative to 1981-2000, and Fig 3 (c) 
2061-2080 relative to 2021-2040. In Fig 3, a positive relative 
difference indicates that the wind gust threshold corresponds 
to 𝑈50 has an increased risk in the future scenario compared to 
the baseline scenario (undesired site). At the same time, 
negative values show that the wind gust threshold in future 
scenarios is smaller than the baseline scenario, which indicates 
decreasing risk (desired site). Most locations in Fig 3 show 
marginal changes between scenarios. In 2021-2040 relative to 
1981-2000, Fig 3 shows a desirable area for siting OWF in the    



 

 

  TABLE IV.I. REGION RECOMMENDATIONS. 

 

 
 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

Figure 3. RC in wind gusts corresponds to U50. (a) 2021-2040 relative to 1981-2000, (b) 2061-2080 relative to 1981-2000, and (c) 2061- 

2080 relative to 2021-2040. Black outer boundaries represent the EEZ, and black internal boundaries are the four regions. The green lines represent the 

UK Round 1, 2, 3, and 4, and the floating wind farms locations.

East region above latitude 54 ̊N and in the north of the UK. 
2061-2080 relative to 1981-2000 and 2061-2080 relative to 
2021-2040 show more locations in the East region 
experiencing positive RC values. Most negative RC locations 
in 2061-2080 relative to 1981-2000 lay in the north of the West 
and North regions (above latitude 57̊ N), indicating a 
consistent trend to lower U50 values in these areas. In TABLE 
IV.I, the percentage of increasing the number of negative RC 
locations to positive RC locations for each region from Fig 3 
is shown. The most suitable region will have a large percentage 
value. For 2021-2040 relative to 1981-2000, the East region is 
the most favorable, with 71.4% of the cell grid having 
decreased in the magnitude of U50 (increased in the number of 
desired siting locations in the future). The South is the worst, 
with 99.4% of locations experiencing an increase in the 
magnitude of U50 (decreased number of desired siting locations 
in the future). West and North regions have increased desired 
locations by 52.8% and 48.2%, respectively. In 2061-2080 
relative to 1981-2000, the North region is the most desirable 
for siting OWF with 99.6%, and the South is the worse with a 
value equal to 1.4%. In 2061-2080 relative to 2021-2040, the 
North and South regions have the highest value, equivalent to 
78.4% and 99.4%, respectively. At the same time, the East and 
West regions have the smallest values, equal to 30% and 
38.8%, respectively.  

B. Risk Ratio Calculation     

    We are taking the 𝑈50 threshold from the baseline and 
working out the probability of meeting or exceeding that 
threshold in future scenarios. RR = 1 means that exceeding a 
certain threshold does not affect the specific scenario. RR < 1 
means that the risk of exceedance of a certain threshold is 
increased in the future scenario. RR > 1 means that exceeding 
a certain threshold has become less common in this future 
scenario. Fig 4 shows the RR between historical scenario 
thresholds and 2021-2040 (blue) and 2061-2080 (green). 
Higher RR values mean lower exceeding risk in the scenario. 
In 2021-2040, there is a pronounced increase in exceedance 
risk in the South region, with a median equal to 0.86, compared 
to the other three regions. In 2061-2080, the West region has 
the highest range of RR; a reason can be that it has the most 
significant area compared to other regions, see TABLE II.I. 
The north of the West region has a decreasing exceeding risk 
which explains the long tail toward values of RR > 1 in the 
plot. In the same scenario, the exceeding risk decreases in the 
North region with a median equal to 1.22, giving the best result 
compared to other regions. The RR results conform with the 
RC results. In 2061-2080, the North region has the highest 
recommended siting locations. In 2021-2040, most locations in 
the North and East regions have RR > 1. The South region has 
the least favorable sites for future OWF installation. 
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Figure 4. Box plot for RR of wind gust (m/s) corresponding to U50. The four 
panels are regions East, South, West, and North. (RR between 2021-2040 

and 1981-2000 (blue), RR between 2061-2080 and 1981-2000 (green). 

V. CONCLUSION 

    Mitigating possible future weather risks that OWF will be 

exposed to can lead to longer wind turbine lifetime and 

sustained investment in wind energy. In this research, we 

investigate the future change in climate change signals using 

the wind turbine manufacturer threshold for extreme loading. 

Analysis showed that Beta distribution most closely represents 

the hourly wind gust data within UK EEZ. We have 

demonstrated the RC in 𝑈50 over the four regions between the 

three different time points. RC in 𝑈50 has been used to 

establish recommended sites for future OWF installation. The 

East and North regions showed the most favorable indicators 

to install future OWF in 2021-2040, equal to 71.4% and 48.2% 

increase in desired future locations, respectively. For 2061-

2080, the North region has the most significant increase in 

desired future installations, equivalent to 99.6%. The South is 

the least favorable in both future scenarios. Exceeding the 𝑈50 

is considered by using RR calculations. The RR results 

conform with RC calculations for recommended OWF siting. 

Most RR > 1 in 2021-2040 lay in the North and East region. In 

2061-2080, The dominant RR > 1 lay in the North region. 
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