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Nomenclature 
Variable Abbreviation Unit 

Atmosphere   

Wind speed @ 10 m height U10mag m/s 

Wind direction @ 10 m height U10dir °N (clockwise from) 

Wind speed @ 150 m height U150mag m/s 

Wind direction @ 150 m height U150dir °N (clockwise from) 

Air pressure @ mean sea level P Pa 

Air temperature @ 2 m height T2m °C 

Relative humidity @ 2 m height RH - 

Surface solar radiation SSR J/m2 

Ocean   

Water level WL mMSL 

Current speed CS m/s 

Current direction CD °N (clockwise to) 

Seawater temperature Tsw °C 

Water Salinity Sal PSU (practical salinity unit) 

Waves   

Significant wave height Hm0 m 

Maximum wave height Hmax m 

Maximum wave crest height Cmax m 

Peak wave period Tp s 

Wave energy period Tmm10 s 

Mean wave period Tm01 s 

Zero-crossing wave period Tm02 s 

Wave period associated with 

the maximum wave height 

THmax s 

Peak wave direction PWD °N (clockwise from) 

Mean wave direction MWD °N (clockwise from) 

Direction standard deviation DSpr ° 

 

Definitions  

Coordinate System WGS84 EPSG 4326 (unless specified 

differently) 

Direction Clockwise from North 

Wind °N coming from 
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Current °N going to 

Waves °N coming from 

Time Times are relative to UTC 

Vertical Datum MSL (unless specified differently) 

 

Abbreviations  

2D 2-dimensional 

3D 3-dimensional 

DMI Danish Meteorological Institute 

DNV Det Norske Veritas 

ECMWF European Centre for Medium-Range Weather Forecasts 

EMODnet The European Marine Observation and Data Network 

ERA5 ECMWF Re-analysis v5 

ESS Extreme Sea State 

EVA Extreme Value Analysis 

FEED Front-End Engineering Design 

HS Hesselø South 

IEC International Electrotechnical Commission 

ISO International Organization for Standardization 

mMSL Metres above Mean Sea Level 

MSL Mean Sea Level 

NSS Normal Sea State 

OWF Offshore Wind Farm 

POT Peak Over Threshold 

SSS Severe Sea State 

UTC Coordinated Universal Time 

WGS84 World Geodetic System 1984 
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1 Summary 
This report presents the results of MetOcean site conditions assessment study 

focusing on analysis of design parameters for the Hesselø South OWF.  

The report analyses a hindcast modelling period covering 45 years, from 

January 1st 1979, to December 31st 2023. This hindcast data is used to estimate 

operational and extreme hydrographic conditions for the FEED design of the 

OWF. The selected period includes several extreme storm events with varying 

direction, duration, and extreme peak values of wind, water level, waves, and 

currents. Additionally, the report analyses other atmospheric and oceanographic 

conditions such as air temperature, pressure, humidity, solar radiation, lightning 

strikes, seawater temperature, salinity, and marine growth. Three reference 

locations within the OWF area are chosen to capture the variation across the 

site. 

Data is categorized by spatial, temporal, and spectral dimensions and is 

delivered in two packages: one for detailed analysis at reference locations and 

another for a fine-gridded overview across the entire data delivery area. The 

data is presented in various formats, such as time series, wind roses, scatter 

plots, and histograms. The document presents data for one point but with 

appendices with additional data for all points.  

Below are the most important extreme design parameters summarized. The 

report contains also design parameters for operational conditions. 

It is noted that all Extreme Value Analysis results presented in the relevant 

sections of this report (ie. sections 6.2, 7.2 and 9.3) are unscaled, in other 

words raw results from the EVA without scaling with regards to directionality. 

Scaled results according to DNV-RP-C205 where consistency between 

directional extremes and Omni for all return periods are ensured can be found 

in the appendices, see section 6.3 and 7.3 for details on the scaling. 

Table 1-1 Extreme design conditions for 50-year return period wave conditions at HS-1 (unscaled). 

  MWD [°N-from] 

Parameter 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

Hm0 [m] 3.9 3.3 3.3 3.2 3.3 3.1 2.6 2.7 3.0 3.7 5.0 4.7 4.5 4.6 3.9 3.5 5.1 

Tp [s] 7.4 7.0 6.7 6.7 6.8 6.6 6.1 6.1 6.5 7.2 8.3 7.9 7.5 7.7 7.5 7.1 8.1 

Hmax [m] 7.6 6.5 6.4 6.2 6.4 6.1 5.1 5.3 5.9 7.2 9.8 9.2 8.8 8.9 7.6 6.8 9.9 

THmax,ass,low [s] 7.0 6.5 6.4 6.3 6.4 6.3 5.7 5.8 6.2 6.8 7.9 7.7 7.5 7.6 7.0 6.6 8.0 

THmax,ass,high [s] 9.0 8.3 8.2 8.1 8.2 8.1 7.4 7.5 8.0 8.8 10.2 9.9 9.7 9.7 9.0 8.6 10.3 

Cmax [m] 4.5 3.8 3.7 3.6 3.7 3.6 2.9 3.1 3.5 4.2 6 5.6 5.4 5.4 4.5 4 6.1 
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Table 1-2 Extreme design conditions for 50-year return period current conditions at HS-1 

(unscaled). 

  CD [°N-going] 

Parameter 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

CSstot [m/s] 1.4 1.5 1.4 1.2 1 1 1 1.2 1.7 1.5 1.5 1.2 1.1 1.1 1.4 1.5 1.6 

CSmtot [m/s] 0.9 0.9 0.6 0.6 0.5 0.5 0.4 0.6 1 1.6 1.3 0.9 0.7 0.7 0.7 0.7 1.6 

CSbtot [m/s] 0.4 0.3 0.3 0.3 0.3 0.2 0.2 0.3 0.5 0.6 0.5 0.4 0.4 0.4 0.4 0.3 0.6 

 

Table 1-3 Extreme design conditions for 50-year return period water level conditions at HS-1. 

Parameter Omni 

WL [mMSL] 1.6 

WLr [mMSL] 1.5 

WLlow [mMSL] -0.9 

WLr,low [mMSL] -1.0 
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2 Introduction 
The Danish Energy Agency has tasked Energinet with undertaking site 

MetOcean conditions assessments for the development of the offshore wind 

farm areas Kattegat and Hesselø South. The offshore wind farms are to be in 

Kattegat east of the Danish peninsula Djursland. An overview map is shown on 

Figure 2-1. 

The site MetOcean conditions assessments will form part of the larger site 

conditions assessment work and will be a part of the technical basis for the 

public tender on the development of offshore wind farms within the areas. The 

site MetOcean conditions assessment is considered suitable for the Front-End 

Engineering and Design (FEED) of offshore WTG and other support structures 

for the offshore wind farms.  

  

 

Figure 2-1 Overview map of the windfarm areas Kattegat and Hesselø. The dashed line indicates 

the full data delivery area, and the full line indicate the OWFs. 

 

The full study of MetOcean conditions assessments consists of several 

deliverables in which this report, Part C, is one of several: 

• Part A: Measurements and Hindcast Data Basis (report). 

• Part B: Analyses and Design Parameters for Kattegat. 

• Part C: Analyses and Design Parameters for Hesselø South (this 

report). 

• Long-term hindcast data (digital time series). 

• Measurement data (digital time series). 

• Reverification of Hindcast Data (report). 
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The study refers to the following standards and guidelines (hierarchy): 

1) IEC 61400-3-1:2019 

2) DNV-ST-0437:2024-05 

3) DNV-RP-C205:2021-09 

4) ISO 19901-1:2015 
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3 Data basis 
The data basis for the analysis is based on Part A: Measurements and Hindcast 

Data Basis [1]. Along the report is hindcast data for the selected reference 

locations within the OWFs. For more information of this matter please consult 

Part A. 

The digital data deliveries are split into different parts due to their native 

dimensions. Their native dimensions are given based on spatial, temporal, and 

spectral discretization. Within the spatial dimension is latitude, longitude, and 

depth, within the temporal dimension is time and within the spectral dimension 

is frequency and direction. 

The wind and wave data is grouped into a single file due to their similarity in 

dimensions. The rest of the atmospheric data is grouped into a single file 

describing the OWF area. The wave spectrum is grouped into a single file due 

to its unique spectral dimensions. Likewise, the water level and current data is 

grouped into a single file due to their variation across the depth. 

The data is delivered in two different packages. One for the reference locations 

used for detailed analysis and one fine gridded across the full data delivery 

area. The reference locations are named based on this key: 

 

{area}_{reference location name}_{latitude}_{longitude}_{type}_{timespan}.nc 

 

The individual reference locations in the data delivery area are named based on 

this key: 

 

{area}_{latitude}_{longitude}_{type}_{timespan}.nc 

 

The main body of this report presents results at reference location HS-1, while 

results at all reference locations are given in the appendices which are attached 

to this report. The appendices contain all tables and figures presented below. 

3.1 Reference Locations 
For the HS offshore wind farm area three reference locations have been 

chosen. The reference locations are to capture the variation across the area. 

The reference locations are chosen based on variations in Hm0, Tp and CS with 

most attention towards their maximum value and the 95th percentile in the time 

domain. The three chosen reference are listed in Table 3-1, and showed in the 

overview map, Figure 3-1. 
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Table 3-1 List of the reference locations for the area for HS with name, location, and depth. 

  Reference location Latitude 
WGS84 

[°N] 

Longitude 
WGS84 

[°E] 

 Seabed level 

[mMSL] 

      

  HS-1 56.4251N 11.6797E  -27.61       

  HS-2 56.3795N 11.7997E  -27.79       

  HS-3 56.2905N 11.5111E  -18.56       
 

 

Figure 3-1 Overview of the reference locations within each OWF. The dashed line indicates the full 

data delivery area, and the full line indicate the OWFs. Contour lines are seabed levels in metres 

below MSL. 

3.2 Historical extreme events 
The hindcast modelling is elaborated and presented in Part A: Measurements 

and Hindcast Data Basis [1]. The data is based on a hydrodynamic simulation 

of relevant hydrographic variables covering the period 1 January 1979 – 1 

January 2024, ie. A period with a total duration of 45 years. 

The extreme hydrographic conditions as elaborated and presented in this Part 

C report, see Chapter 5, 6 and 7, have been estimated by carrying out EVA 

analyses of the relevant data in the 45-year period. 

The selected 45-year simulation period includes several extreme storm events, 

with varying direction, duration and extreme peak values of wind, water level, 

waves and currents. 

A hindcast period of 45-year duration will normally be considered sufficiently 

long for the elaboration of extreme design values, especially for the actual 
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project with a requirement of estimations of values with return periods up to 

maximum 50 years only, i.e. the required return period for estimation of extreme 

values is only a few years longer than the duration of the hindcast simulation. 

However, a review of historical records of storm events might potentially reveal 

that the selected 45-year hindcast period, forming the basis for the EVA 

analyses, is not fully statistically representative for long-term conditions. This is 

assessed in this section. 

3.2.1 Storm frequency in Denmark 

The Danish Meteorological Institute (DMI) currently assesses storms and storm 

patterns in Denmark, dividing storms into 4 categories: 

• Class 1 – Average wind speeds in the range, 20.8-24.5 m/s 

• Class 2 – Average wind speeds in the range, 24.5-26.5 m/s 

• Class 3 – Average wind speeds in the range, 26.6-28.5 m/s 

• Class 4 – Average wind speeds of 28.5 m/s or above 

 

Some storms are national (covering > 30% of coastal areas), while others are 

regional storms affecting only parts (10-30% of Danish coastal areas). A storm 

may not be classified as a storm by DMI, if it only affects less than 10% of the 

coastal areas. Figure 3-2 shows the timing of all Class 2, 3 and 4 storms 

occurred in Denmark in the period, 1891 – 2021 (130 years), as observed by 

DMI. The actual hindcast simulation period, 1979-2023, is also shown in Figure 

3-2.  

In [2] DMI presents a list of all storms observed in Denmark in the period, 1891 

– 2024, including Class 1 events also and the main wind direction for each 

storm. Table 3-2 presents the number of storms observed within each storm 

Class in the entire period, 1891-2023, however distinguished between the 

period, 1891-1978 (88 years) and 1979-2023 (45 years). 

It is noted that the required design return period is up to a 50 year return period 

event, therefore a 133-year record of storms is considered sufficient for this 

analysis. Furthermore, the older the events the larger the uncertainty on the 

event, particularly when evaluating extreme current and wave conditions. In [2] 

it is informed that the classification of storms has become more accurate the 

last 20 years. 

Going through the record of Class 2, 3 and 4 storm events illustrated in Figure 

3-2 and Table 3-2 covering the period 1891-2021, it appears that most of these 

storms are associated with winds from westerly directions, especially for Class 

3 and 4 storms with only one Class 3 and none Class 4 storms from easterly 

directions within the entire 130-year period. This is also illustrated by Figure 4-3 

and Figure 4-7 showing a scatter plot of simulated wind directions versus wind 

speeds for the 45-year hindcast period, with apparent relatively small wind 

speeds from easterly directions, see also below section 4.  

It shall be noted that while the illustration in Figure 3-2 is based on wind 

observations only, the occurrence of extreme waves, currents and water levels 

in Danish waters are normally well-correlated to extreme wind speeds. With 

respect to extreme water levels, current and waves it shall, however, also be 

noted that the actual path of the low pressure, wind direction, and storm 

duration do also play a significant role for the development of extreme 
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conditions.

 

Figure 3-2 Observed Class 2, 3 and 4 storms in Denmark, 1891 – 2021 (130 years), from [3]. 

 

Table 3-2 Number of storms observed by DMI between 1891 and 2024 [2]. 

             * By DMI listed as a snow storm without wind direction, the majority likely to be easterly. 

Storm 
Class 

Number of storms observed 

1891-1978 
(88 years) 

1979-2023 
(45 years) 

w/o 
direction 

Easterly Westerly Easterly Westerly 

1 (>20.8 
m/s) 

17* 7 46 2 39 

2 (>24.5 
m/s) 

2* 3 27 1 19 

3 (>26.5 
m/s) 

- 1 11 0 4 

4 (>28.5 
m/s) 

- 0 4 0 9 

 

3.2.2 Assessment of the 45-year hindcast period 

From Figure 3-2 and Table 3-2 it is clear that within the 45-year hindcast period, 

storms of Class 2 and 3 are in general represented well within the period, while 

it appears that Class 4 are over-represented within the hindcast period, 

compared to the full 130-year period considered in [3]. This may be a result of 

the random, stochastic nature of extreme storm events. However, this might 

potentially also be a result of climate change, but it is beyond the scope of this 

report to evaluate this further. 

The 45-year hindcast period includes two of the most prominent Class 4 

hurricanes ever recorded in the North Sea and Denmark, namely the storms on 

24 November 1981 and 3 December 1999. However, while the inner Danish 

waters were affected by extreme wind speeds during these two storms, the 

associated storm surges mainly hit the west coast of Denmark and not the 

Kattegat region. Extreme water levels in the Kattegat region were generated 

during the storms on 1 November 2006 and 5-6 December 2013 (Bodil), during 

which two storms, also within the 45-year hindcast period, the highest water 

levels ever observed in the Kattegat region have been recorded, see [4]. 

On 20 October 2023 an easterly storm generated storm surge levels in the 

western Baltic Sea region of a size not observed since 1904, ie. 120 years ago. 

In [4] the Danish Coastal Directorate (KDI) has for a large number of water level 

stations in Denmark presented a ranked list of the highest 40 high waters 

observed in the data recording period. A number of these stations have data 
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records going back to the 1880-es, ie. With an observation period longer than 

130 years, similar to the DMI storm observation period. Six stations in Kattegat 

and the adjacent parts of the belts all have records of a duration > 130 years: 

Aarhus, Hornbæk, Fredericia, Slipshavn, Korsør and København  Going 

through these lists, it appears that the hindcast period, 1979-2023 is well-

represented in the top 5 of all these, with the no. 1 event for all 6 stations within 

the hindcast period, and both Aarhus and Hornbæk have 4 events in Top 5 

within the hindcast period, 1979-2023. 

Generally, the strongest and most extreme currents in Kattegat and inner 

Danish waters occur in events with a high water level difference between 

Kattegat and the western part of the Baltic Sea. With respect to south-going 

currents these are associated with extreme high water in Kattegat, hence also 

included in the hindcast period. 

For the 133-year period, 1891 – 2023, DMI has observed a total number of 13 

Class 4 storms in Denmark, while 9 of these fall within the 45-year hindcast 

period, see Table 3-2, in which the number of storms in each Class is 

presented, distinguishing between the period 1891-1978 and the hindcast 

period, 1979-2023.  

The general assessment of the chosen 45-year hindcast period is therefore that 

the Class 4 storms appear to be over-represented compared to long-term 

conditions, and the most extreme water levels with return periods in the order of 

100 years are also observed within the hindcast period. 

Therefore, the use of the chosen 45-year period is considered conservative for 

derivation of MetOcean variables with a 50-year return period. 

3.2.3 Very extreme historical events 

The above assessments of historical events are based on data records going 

133 years back, starting in 1891. Going further back in history, observations of 

very extreme events are mainly based on storm surges, due to their very 

significant impact on coasts, damage on buildings and loss of lives. 

For the Kattegat region, the available observations of storm surges shows that 

the 45-year hindcast period includes the most extreme high water levels 

observed within a 130-year period, see above section 3.2.2. 

For the western Baltic Sea region there are observations of storm surges, which 

significantly exceed records within the 133-year period. Notably, the easterly 

storm event on 13 November 1872 and also one on 10 January 1694 can be 

mentioned. However, central estimates of their statistical return period are in the 

order of 1,000 and 250 years respectively, and for estimation of values with a 

50-year return period it is considered acceptable not to consider these very 

extreme historical events further. 

3.2.4 Easterly storms 

Easterly winds rarely exceed a wind speed of 24.5 m/s, to be classified as a 

Class 2 storm or above, which appears in Table 3-2. Of all Class 2 storms 

observed by DMI less than 10% are of easterly origin. Only one easterly Class 3 

storm has been observed, while no easterly Class 4 storms have been 

observed in the entire period, 1891 – 2024.  
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Even the easterly storm on 20 October 2023, generating 100-year storm surges 

in the western part of the Baltic Sea (along southern and southeastern Danish 

coasts), is only classified as a Class 1 storm by DMI, with an average wind 

speed of 20.8 m/s or above, in DMI’s list of Danish storms [2].  

Kattegat is less prone to the occurrence of strong easterly winds than the Baltic 

Sea, due to the long free fetches in open waters towards east in the Baltic Sea. 

However, the DMI list of storms does not provide any information on specific 

area(s) affected by each storm on the list. 

3.2.5 Extreme events 1979-2023 

For the reference location, HS-1, cf. Table 3-1, Figure 3-2 presents a scatter 

plot of the simultaneous simulated values of wind direction vs. wind speed, 

associated with the simulated values of Hm0 underlying the EVA analysis of Hm0 

for this reference location. It is clear that easterly storms have relatively low 

wind speeds, and their importance for the wave climate is relatively limited, as 

they are also associated with relatively short fetches at HS-1. 

 

 

Figure 3-3 Scatter plot of simulated wind direction versus the wind speed, associated with the 220 

highest Hm0 events underlying the EVA of Hm0 at HS-1. 

 

3.2.6 Conclusion 

The conclusion is that the 45-year hindcast period is assessed to have a 

sufficient number of storm events from westerly directions, to be used for 

reliable estimates of extreme values of hydrographic variables up to 50 years 

recurrency intervals for the HS offshore wind farms area. 

For easterly directions the period 1979-2023 seems to have an 

underrepresentation of easterly storms, in terms of wind speed, compared to 

1891-1978, see Table 3-2. Thus there is an indication that 50 year extreme 

current, water level and wave conditions during easterly storms may be slightly 

underestimated when only considering the wind speed as the driving parameter. 
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However extreme current, water level and wave conditions are also dependent 

on low pressure, wind direction, and storm duration, as well as bathymetry and 

potential climate effects. Keeping these uncertainties in mind and considering 

that both model hindcast and measurement data used for model calibration 

contains an extreme water level event generated by an easterly storm (20-21 

October 2023) with an estimated return period of 100 years, it is assessed to be 

reasonable to apply the 45 years hindcast modelling for reliable estimates of 

extreme values of hydrographic variables up to 50 years recurrency intervals for 

the HS offshore wind farms area. 
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4 Wind Conditions 
This section presents a summary of the modelled wind data, followed by a 

presentation of normal wind conditions. 

Note that wind data is included only to assess the misalignment relative to 

waves and for descriptions of sea states. Other wind conditions are addressed 

in a separate wind study assessing the wind conditions within the OWF area. 

This report only briefly describes the wind to give a general understanding of 

the site-specific conditions. 

The wind data is adopted from [1] and consists of ERA5 [5] data during the 

period 1979 – 2024 (45 years). The ERA5 data is available at a 0.25° grid and 

used to run the wave model. The wind is interpolated from the ERA5 data from 

its native resolution (0.25° and 1 hour) to the mesh and output time step of the 

wave model of this study (~300 m and 1 hour). The wind dataset is combined 

with the wave dataset due to their common dimensions. Table 3.1 summarises 

the metadata. 

Table 4-1 Metadata of the wind dataset 

Name Value 

Start Date [UTC]: 1979-01-01 00:00:00 

End Date [UTC]: 2023-12-31 23:00:00 

Time Step [s] 3600 

 

The data is calibrated with local measurements, details are available in [1]. The 

data set is considered representative of a 1-hour averaging period for both 

10mMSL and 150mMSL height. The 150mMSL height is referred to as hub 

height.  

The wind analyses cover the entire period and are presented in windspeed bins 

of 1.0 m/s and directional bins of 22.5° at both 10mMSL and 150mMSL height.   

Table 4-2 presents the variables of the dataset, including the bin sizes applied 

in the analyses of the normal conditions. 

Table 4-2 Wind variables of the data set 

Variable name Abbrev. Unit Bin size 

Wind speed at 10 mMSL U10mag m/s 1.0 

Wind speed at 150 mMSL U150mag m/s 1.0 

Wind direction at 10 mMSL U10dir °N-from 22.5 

Wind direction at 150 mMSL U150dir °N-from 22.5 

4.1 Normal wind conditions 
The normal wind conditions are presented both reference at 10mMSL and hub 

height at 150mMSL at the three reference locations in terms of:  

• Time series  
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• Windrose 

• Scatter plot 

• Statistics – monthly and directional 

• Histogram 

 

4.1.1 Wind speed at reference height 

The sections present the wind speed at reference height at 10mMSL.  

4.1.1.1 Timeseries 

Figure 4-1 shows a time series of wind speed at reference height at HS-1 during 

the 45-year hindcast period. The mean wind speed is 7.7 m/s, and the 

maximum wind speed is 26.2 m/s. 

 

Figure 4-1 Time series of U10mag at HS-1. 

4.1.1.2 Windrose 

The distribution of the 45-year wind time series (velocity and direction at 10 m 

reference level) is presented in Figure 4-2, Figure 4-3 and Table 4-3. 

Figure 4-2 shows a wind rose at HS-1, showing the dominant wind coming from 

the west.  Figure 4-3 shows the scatter plot of the wind speed and the wind 

direction at HS-1. This aligns with the wind rose that the most frequent and 

dominant direction is west. Table 4-3 presents the distribution of data as a 

scatter table. 
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Figure 4-2 Rose plot of U10mag, sorted by U10dir, at HS-1.  

 

Figure 4-3 Scatter of U10mag and U10dir at HS-1.  
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Table 4-3 Table of U10mag and U10dir in percentage, at HS-1. 

  U10dir [°N-from] 

U10mag 
[m/s] 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

0.0 – 2.0 0.24 0.24 0.21 0.23 0.22 0.22 0.23 0.22 0.24 0.23 0.24 0.26 0.25 0.26 0.26 0.24 3.8 

2.0 – 4.0 0.73 0.69 0.63 0.62 0.63 0.65 0.70 0.69 0.68 0.82 0.88 0.87 0.85 0.80 0.75 0.76 11.8 

4.0 – 6.0 0.99 0.80 0.77 0.82 0.88 1.06 1.12 1.06 1.03 1.20 1.36 1.45 1.43 1.27 0.99 1.04 17.3 

6.0 – 8.0 0.86 0.71 0.68 0.85 1.02 1.37 1.53 1.30 1.17 1.51 1.92 2.02 2.14 1.65 1.00 0.95 20.7 

8.0 – 10.0 0.65 0.57 0.56 0.73 1.05 1.44 1.43 1.21 1.15 1.58 2.23 2.56 2.54 1.76 0.81 0.68 20.9 
10.0 – 
12.0 0.34 0.33 0.31 0.46 0.74 0.98 0.96 0.72 0.75 1.35 2.03 2.11 2.22 1.48 0.49 0.36 15.6 

12.0 – 
14.0 0.16 0.13 0.13 0.14 0.24 0.29 0.35 0.26 0.33 0.69 0.94 0.89 1.17 0.80 0.21 0.12 6.8 

14.0 – 
16.0 0.07 0.03 0.04 0.04 0.05 0.12 0.09 0.08 0.11 0.23 0.30 0.26 0.43 0.34 0.09 0.06 2.3 

16.0 – 
18.0 0.02 0.01 0.00 0.01 0.01 0.02 0.00 0.01 0.02 0.07 0.07 0.08 0.14 0.08 0.03 0.02 0.6 

18.0 – 
20.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.03 0.03 0.01 0.00 0.1 

20.0 – 
22.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.0 

22.0 – 
24.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

24.0 – 
26.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

26.0 – 
28.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

All 4.1 3.5 3.3 3.9 4.8 6.2 6.4 5.5 5.5 7.7 10.0 10.5 11.2 8.5 4.6 4.3 100 

 

4.1.1.3 Histogram 

The histogram Figure 4-4 provides a visual representation of the binned wind 

speeds at the reference height at 10mMSL. The 30% quantile is 5.70 m/s, the 

50% quantile is 7.67 m/s, and the 70% quantile is 9.55 m/s. 

 

 

Figure 4-4 Probability plot of U10mag at HS-1.  
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The seasonal variation of U10mag is shown in Table 4-4. At HS-1 the largest wind 

speeds occur in late autumn and in the winter months.  

Table 4-4 Probability table of U10mag, at HS-1. 

Season U10mag [m/s] 

Month 30%-tile 50%-tile 70%-tile 

Jan 7.2 9.1 10.8 

Feb 6.7 8.5 10.3 

Mar 5.9 7.8 9.6 

Apr 4.9 6.6 8.4 

May 4.5 6.2 7.9 

Jun 4.5 6.3 8.1 

Jul 4.5 6.2 8.1 

Aug 4.9 6.7 8.6 

Sep 6.0 7.8 9.6 

Oct 7.0 8.8 10.4 

Nov 7.2 9.1 10.7 

Dec 7.2 9.1 10.8 

 

4.1.2 Wind speed at hub height 

The sections present the wind speed at hub height at 150mMSL.  

4.1.2.1 Timeseries 

Figure 4-5 shows a time series of wind speed at hub height at HS-1 during the 

45-year hindcast period. The mean wind speed is 9.2 m/s, and the maximum 

wind speed is 34.3 m/s. 

 

 

Figure 4-5 Time series of U150mag at HS-1. 
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4.1.2.2 Windrose 

The distribution of the 45-year wind time series (velocity and direction at 150 m 

reference level) is presented in Figure 4-6, Figure 4-7 and Table 4-5. 

Figure 4-6 shows a wind rose at HS-1, showing the dominant wind coming from 

the west.  Figure 4-7 shows the scatter plot of the wind speed and the wind 

direction at HS-1. This aligns with the wind rose that the most frequent and 

dominant direction is west. Table 4-5 presents the distribution of data as a 

scatter table. 

 

 

 

Figure 4-6 Rose plot of U150mag, sorted by U150dir, at HS-1.  

 

Figure 4-7 Scatter of U150mag and U150dir at HS-1.  
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Table 4-5 Table of U150mag and U150dir in percentage, at HS-1. 

  U150dir [°N-from] 

U150mag 
[m/s] 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

0.0 – 2.0 0.22 0.21 0.20 0.21 0.20 0.19 0.21 0.21 0.21 0.20 0.23 0.23 0.23 0.22 0.22 0.23 3.4 

2.0 – 4.0 0.59 0.56 0.51 0.51 0.49 0.52 0.52 0.55 0.52 0.59 0.71 0.73 0.70 0.72 0.66 0.62 9.5 

4.0 – 6.0 0.78 0.68 0.64 0.66 0.64 0.75 0.80 0.75 0.76 0.83 0.99 1.13 1.14 1.08 0.88 0.84 13.4 

6.0 – 8.0 0.77 0.68 0.61 0.69 0.78 0.90 1.02 0.91 0.86 0.99 1.20 1.34 1.55 1.36 0.90 0.84 15.4 

8.0 – 10.0 0.68 0.58 0.52 0.66 0.87 1.03 1.12 1.03 0.89 1.09 1.48 1.67 1.97 1.57 0.80 0.70 16.7 

10.0 – 12.0 0.46 0.38 0.37 0.56 0.77 1.00 1.13 0.92 0.82 1.05 1.47 1.78 2.05 1.42 0.60 0.50 15.3 

12.0 – 14.0 0.23 0.22 0.21 0.28 0.52 0.79 0.84 0.70 0.62 0.96 1.44 1.68 1.71 1.13 0.41 0.28 12.0 

14.0 – 16.0 0.12 0.09 0.09 0.11 0.24 0.40 0.50 0.36 0.37 0.67 1.10 1.13 1.21 0.82 0.25 0.14 7.6 

16.0 – 18.0 0.07 0.03 0.04 0.04 0.08 0.17 0.18 0.16 0.18 0.40 0.65 0.57 0.63 0.48 0.12 0.07 3.9 

18.0 – 20.0 0.03 0.01 0.01 0.01 0.02 0.05 0.04 0.06 0.09 0.22 0.32 0.24 0.33 0.29 0.06 0.04 1.8 

20.0 – 22.0 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.04 0.09 0.11 0.09 0.16 0.12 0.03 0.01 0.7 

22.0 – 24.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.03 0.07 0.05 0.01 0.00 0.2 

24.0 – 26.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.02 0.00 0.00 0.1 

26.0 – 28.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.0 

28.0 – 30.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.0 

30.0 – 32.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

32.0 – 34.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

34.0 – 36.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

All 4.0 3.4 3.2 3.7 4.6 5.8 6.4 5.7 5.4 7.1 9.7 10.7 11.8 9.3 4.9 4.3 100 

 

4.1.2.3 Histogram 

The histogram on Figure 4-8 provides a visual representation of the binned wind 

speeds at the hub height at 150mMSL. The 30% quantile is 6.50 m/s, the 50% 

quantile is 9.00 m/s, and the 70% quantile is 11.49 m/s. 

 

Figure 4-8 Probability plot of U150mag at HS-1.  
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The seasonal variation across U150mag is shown on Table 4-6. At HS-1 the 

largest wind speeds are expected during winter.  

 

Table 4-6 Probability table of U150mag, at HS-1.  

Season U150mag [m/s] 

Month 30%-tile 50%-tile 70%-tile 

Jan 8.1 10.8 13.5 

Feb 7.6 10.2 13.0 

Mar 7.2 9.7 12.2 

Apr 5.8 8.2 10.6 

May 5.4 7.5 9.8 

Jun 5.2 7.4 9.6 

Jul 5.1 7.2 9.4 

Aug 5.5 7.7 9.9 

Sep 6.6 9.0 11.3 

Oct 7.8 10.2 12.5 

Nov 7.9 10.4 12.8 

Dec 7.9 10.7 13.2 
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5 Water levels 
This section presents a summary of the water level data basis established 

in [1], followed by a presentation of normal and extreme water level 

conditions at the HS area. 

The total Water Level was separated by a decomposition done by harmonic 

analysis, into a tidal and a residual water level component [1]. Table 5-1 

summarises the metadata of the dataset. 

Table 5-1 Metadata of the water level dataset. 

Name Value 

Start Date [UTC]: 1979-01-01 00:00:00 

End Date [UTC]: 2023-12-31 23:00:00 

Time Step [s] 3600 

The water level data is relative to mean sea level (MSL). 

The water level analyses are presented in bins of 0.1 m. Table 4.2 presents the 

water level variables of the dataset, including the bin sizes applied in figures 

and tables throughout this report. For each variable a derived variable for the 

tidal component and the residual component exists, denoted with suffix t and r 

respectively. 

Table 5-2 Wave variables of the water level dataset 

Variable name Abbrev. Unit Bin size 

Water Level WL mMSL 0.1 

Water Level - Tide WLt mMSL 0.1 

Water Level - Residual WLr mMSL 0.1 

 

In this chapter mainly the Water Level (WL) is presented, In the appendices the 

full statistics of the tide and residual components can be found. 

5.1 Normal water level conditions 
The normal water level conditions are presented in terms of: 

• Time series 

• Tidal levels 

• Histograms 

• Monthly statistics 

5.1.1 Timeseries 

Figure 5-1 shows a time series of the water level at HS-1 during the 45-year 

period. The decomposition of water levels is explained in part A [1]. The tidal 

levels are given in section 5.1.2. 
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Figure 5-1 Time series of water level at HS-1. 

5.1.2 Tidal levels 

To quantify the tidal levels at HS the astronomical water levels (tidal levels) are 

provided below.  

Figure 5-1 shows the time series of the total, astronomical tidal and residual 

water level HS-1, while Table 5-3 summarises the astronomical water levels.  

The astronomical water levels are defined as (https://ntslf.org/tgi/definitions):   

• HAT: Maximum predicted tidal WL.  

• MHWS: Average of the two successive high waters reached during the 

24 hours when the tidal range is at its greatest (spring tide). 

• MHWN: Average of the two successive high waters reached during the 

24 hours when the tidal range is at its lowest (neap tide). 

• MLWN: Average of the two successive low waters reached during 

the24 hours when the tidal range is at its lowest (neap tide). 

• MLWS: Average of the two successive low waters reached during the 

24 hours when the tidal range is at its greatest (spring tide). 

• LAT: Minimum predicted tidal WL. 
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Table 5-3 Tidal levels at HS. 

Tidal 
level 

Abbrev. HS-1 HS-2 HS-3 Unit 

Highest 
astronom
ical tide 

HAT 
0.28 0.28 0.29 

mMSL 

Mean 
high 
water 
springs 

MHWS 

0.18 0.18 0.19 

mMSL 

Mean 
high 
water 
neaps 

MHWN 

0.16 0.15 0.16 

mMSL 

Mean sea 
level 

MSL 
0 0 0 

mMSL 

Mean low 
water 
neaps 

MLWN 
-0.16 -0.15 -0.16 

mMSL 

Mean low 
water 
springs 

MLWS 
-0.18 -0.17 -0.18 

mMSL 

Lowest 
astronom
ical tide 

LAT 
-0.35 -0.34 -0.35 

mMSL 

 

5.1.3 Histogram 

Figure 5-2 shows a histogram of total water level at HS-1. 

 

Figure 5-2 Histogram of the water level, WL, at HS-1. 
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5.1.4 Monthly statistics 

Figure 5-3 shows the monthly statistics of the water level at HS-1. The variation 

in the monthly mean water level is small, about 0.2 m during the year. The 

highest (+1.5 mMSL) as well as the lowest (-0.9m MSL) water levels occur 

during winter. 

 

Figure 5-3 Monthly statistics of the water level, WL, at HS-1. 

5.2 Extreme water level conditions 
Extreme water level conditions are established using Extreme Value Analysis. 

The analysis is based on its performance and sensitivity to selection of 

distribution, threshold selection method, -value evaluation, and fitting 

estimator. A description of the methodology and the selection of settings is 

available in Appendix B. 

For both the low- and high-water levels, the 3-parameter Weibull distribution 

was fitted by the least square method to 180 peak events (=4) separated by at 

least 72 hours. It is noted that the average relative error on the residual water 

level in the EVA does not stabilize until after 3 events per year, therefore 4 

events have been preferred.  It is noted, however, that the actual effect on the 

estimated quantiles is very low for the range of 1-4 events, thus using 1 or 4 

events will not significantly impact results. 

5.2.1 Extreme high-water levels 

The extreme total high water level fit for the 45-year hindcast period is shown 

on Figure 5-4. Values for selected return periods are additionally shown in 

Table 5-4. The Weibull distribution fitted with the least squares method in shown 

along the upper 97.5% and lower 2.5% confidence interval. The fitted 

distribution aligns well to the hindcast data points, also at the tail, and all events 

are within the confidence levels. The 50-year total high-water level is 1.6 mMSL. 
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Figure 5-4 Marginal EVA of total high-water level, WL, at HS-1. 

 

Table 5-4 Estimates of total water level, WL, at HS-1. 

   

WL [mMSL] 

Quantile Tr 1 Tr 5 Tr 10 Tr 25 Tr 50 

Omni 

2.5%-tile 1 1.1 1.2 1.2 1.3 

50%-tile 1 1.3 1.4 1.5 1.6 

97.5%-tile 1.1 1.4 1.6 1.8 2 

 

5.2.2 Extreme residual high-water levels 

The extreme residual high water level fit for the 45-year hindcast period is 

shown on Figure 5-5. Values for selected return periods are additionally shown 

in Table 5-5. The Weibull distribution fitted with the least squares method in 

shown along the upper 97.5% and lower 2.5% confidence interval. The fitted 

distribution aligns well to the hindcast data points, also at the tail, and all events 

are within the confidence levels. The 50-year residual high-water level is 1.5 

mMSL. 
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Figure 5-5 Marginal EVA of residual high-water level, WLr, at HS-1. 

 

Table 5-5 Estimates of residual high-water level, WLr, at HS-1. 

   

WLr [mMSL] 

Quantile Tr 1 Tr 5 Tr 10 Tr 25 Tr 50 

Omni 

2.5%-tile 0.8 1 1.1 1.1 1.2 

50%-tile 0.9 1.1 1.2 1.4 1.5 

97.5%-tile 1 1.3 1.5 1.8 1.9 

 

5.2.3 Extreme low-water levels 

The extreme low water level fit for the 45-year hindcast period is shown on 

Figure 5-6. Note that the low water levels are positive on the figure. Values for 

selected return periods are additionally shown in Table 5-6. The Weibull 

distribution fitted with the least squares method in shown along the upper 97.5% 

and lower 2.5% confidence interval. The fitted distribution aligns well to the 

hindcast data points, also at the tail, and all events are within the confidence 

levels. The 50-year total low-water level is -0.9 mMSL. 

 



 

 

39 / 143  

 

 

Figure 5-6 Marginal EVA of low-water level, WLlow, at HS-1. Note that the low water levels are 

positive on the figure. 

 

Table 5-6 Estimates of low water level, WLlow, at HS-1. 

   

WLlow [mMSL] 

Quantile Tr 1 Tr 5 Tr 10 Tr 25 Tr 50 

Omni 

2.5%-tile -0.6 -0.6 -0.7 -0.7 -0.8 

50%-tile -0.6 -0.7 -0.8 -0.8 -0.9 

97.5%-tile -0.6 -0.8 -0.9 -1.0 -1.1 

 

 

5.2.4 Extreme residual low-water levels 

The extreme residual low water level fit for the 45-year hindcast period is shown 

on Figure 5-7. Note that the low water levels are positive on the figure. Values 

for selected return periods are additionally shown in Table 5-6. The Weibull 

distribution fitted with the least squares method in shown along the upper 97.5% 

and lower 2.5% confidence interval. The fitted distribution aligns well to the 

hindcast data points, also at the tail, and all events are within the confidence 

levels. The 50-year residual low-water level is -1.0 mMSL. 
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Figure 5-7 Marginal EVA of residual low-water level, WLr,low, at HS-1. Note that the low water levels 

are positive on the figure. 

 

Table 5-7 Estimates of residual low water level, WLr,low, at HS-1. 

  WLr,low [mMSL] 

 Quantile Tr 1 Tr 5 Tr 10 Tr 25 Tr 50 

Omni 

2.5%-tile -0.6 -0.7 -0.7 -0.7 -0.8 

50%-tile -0.6 -0.8 -0.8 -0.9 -1 

97.5%-tile -0.6 -0.9 -1 -1.2 -1.3 

 

5.2.5 Maps of Extreme high-water levels 

From Figure 5-8 to Figure 5-12 is shown the spatial variation of the total high 

water levels across the data delivery area of HS for return periods of 1, 5, 10, 

25 and 50 years based on individual extreme value analysis at each model grid 

point.   
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Figure 5-8 Spatial variation across the data delivery area of HS of total water level, WL, for return 

periods of 1 years. The colour map shows the water level, and the contours show water depths. 

 

 

Figure 5-9 Spatial variation across the data delivery area of HS of total water level, WL, for return 

periods of 5 years. The colour map shows the water level, and the contours show water depths. 
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Figure 5-10 Spatial variation across the data delivery area of HS of total water level, WL, for return 

periods of 10 years. The colour map shows the water level, and the contours show water depths. 

 

 

Figure 5-11 Spatial variation across the data delivery area of HS of total water level, WL, for return 

periods of 25 years. The colour map shows the water level, and the contours show water depths. 
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Figure 5-12 Spatial variation across the data delivery area of HS of total water level, WL, for return 

periods of 50 years. The colour map shows the water level, and the contours show water depths. 

5.2.6 Maps of Extreme low-water levels 

From Figure 5-13 to Figure 5-17 is the spatial variation of the total low water 

levels across the data delivery area of HS for return periods of 1, 5, 10, 25 and 

50 years based on individual extreme value analysis on each model grid point.   
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Figure 5-13 Spatial variation across the data delivery area of HS of total water level, WLlow, for 

return periods of 1 years. The colour map shows the low water level, and the contours show water 

depths. 

 

 

Figure 5-14 Spatial variation across the data delivery area of HS of total water level, WLlow,for return 

periods of 5 years. The colour map shows the low water level, and the contours show water depths. 
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Figure 5-15 Spatial variation across the data delivery area of HS of total water level, WLlow,for return 

periods of 10 years. The colour map shows the low water level, and the contours show water 

depths. 

 

 

Figure 5-16 Spatial variation across the data delivery area of HS of total water level, WLlow,for return 

periods of 25 years. The colour map shows the low water level, and the contours show water 

depths. 
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Figure 5-17 Spatial variation across the data delivery area of HS of total water level, WLlow,for return 

periods of 50 years. The colour map shows the low water level, and the contours show water 

depths. 
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6 Current conditions 
This section presents a summary of the current data basis established in 

[1], followed by a presentation of normal and extreme current conditions 

at the HS area. 

The current consists of a tidal and a residual component. Table 6-1 summarises 

the metadata of the dataset. 

Table 6-1 Metadata of the wave dataset. 

Name Value 

Start Date [UTC]: 1979-01-01 00:00:00 

End Date [UTC]: 2023-12-31 23:00:00 

Time Step [s] 3600 

 

The current analyses are presented in bins of 0.1 m/s. Table 6-2 presents the 

current variables of the dataset, including the bin sizes applied in figures and 

tables throughout this report Each variable has a corresponding derived 

variable for the tidal (suffix "t") and residual (suffix "r") components. This chapter 

presents the total current only, tidal and residual components can be found in 

the appendices. 

The data is presented at 3 depths throughout the water column, near surface, 

mid depth, and near-bed.  

Table 6-2 Total current variables of the hydrodynamic dataset 

Variable name Abbrev. Unit Bin size 

Current speed – near surface CSstot m/s 0.1 

Current speed – mid depth CSmtot m/s 0.1 

Current speed – near bed CSbtot m/s 0.1 

Current direction – near surface CDstot °N-going 22.5 

Current direction – mid depth CDmtot °N-going 22.5 

Current direction – near bed CDbtot °N-going 22.5 

6.1 Normal current conditions 
The normal current conditions are presented in terms of: 

• Time series 

• Current roses 

• Scatter plots 

• Histograms 

• Monthly statistics 

• Directional statistics 
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6.1.1 Timeseries 

Figure 6-1, Figure 6-2 and Figure 6-3 shows the time series of the total current 

speed at 3 levels at HS-1 during the 45-year period. The lowest, mean, and 

highest current speed for each level is summarised in Table 6-3. 

Table 6-3 Summary of current speed at 3 depths at HS-1. 

Current speed [m/s] MIN MEAN MAX 

CSstot [m/s] 0.0 0.2 1.6 

CSmtot [m/s] 0.0 0.2 1.5 

CSbtot [m/s] 0.0 0.1 0.6 

 

 

Figure 6-1 Time series of CSstot at HS-1. 

 

Figure 6-2 Time series of CSmtot at HS-1. 
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Figure 6-3 Time series of CSbtot at HS-1. 

6.1.2 Current roses 

Figure 6-4, Figure 6-5 and Figure 6-6 shows roses of current speed at near-

surface, mid-depth, and near-seabed at HS-1. The near-surface and mid 

current shows currents predominantly going north-east and south-west. At near-

seabed, the current is predominantly going to westerly directions, it is noted that 

the near-seabed current speeds are low, and at lower levels the effect of 

stratification and tide plays a larger role than higher in the water column where  

the effect of wind dominates, thus the current rose at near-seabed differs from 

the current rose at mid depth and surface.. 
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Figure 6-4 Rose plot of CSstot at HS-1. 

 

 

Figure 6-5 Rose plot of CSmtot at HS-1. 
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Figure 6-6 Rose plot of CSbtot at HS-1. 

 

6.1.3 Histogram 

Figure 6-7, Figure 6-8 and Figure 6-9 show the histogram current speed at HS-

1, at near-surface, mid-depth, and near-seabed, respectively. 

 

Figure 6-7 Probability plot of CSstot at HS-1. 
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Figure 6-8 Probability plot of CSmtot at HS-1. 

 

 

Figure 6-9 Probability plot of CSbtot at HS-1. 

6.1.4 Monthly statistics 

Figure 6-10, Figure 6-11 and Figure 6-12 show the monthly statistics of current 

speed at HS-1, at near-surface, mid-depth, and near-seabed, respectively. 
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Figure 6-10 Monthly statistics of CSstot at HS-1. 

 

 

Figure 6-11 Monthly statistics of CSmtot at HS-1. 
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Figure 6-12 Monthly statistics of CSbtot at HS-1. 

6.1.5 Directional statistics 

Figure 6-13, Figure 6-14 and Figure 6-15 show the directional statistics of 

current speed at HS-1, at near-surface, mid-depth, and near-seabed, 

respectively. 

 

 

Figure 6-13 Directional statistics of CSstot, sorted by CDstot, at HS-1. 
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Figure 6-14 Directional statistics of CSmtot, sorted by CDmtot, at HS-1. 

 

 

Figure 6-15 Directional statistics of CSbtot, sorted by CDbtot, at HS-1. 

 

6.1.6 Vertical profiles of current speed, temperature, and salinity 

The hydrodynamic dataset also includes oceanographic variables, covering a 

10-year period from 2014 to 2023. These variables are detailed in Table 6-4 

and are available at all model levels throughout the water column. These levels 

are used for profiling.  
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Table 6-4 Oceanographic variables of the hydrodynamic dataset 

Variable name Abbrev. Unit Bin size 

Current speed  CS m/s 0.1 

Seawater temperature Tsw ºC 1 

Salinity Sal PSU 2 

 

In Figure 6-16 is the seasonal division of the vertical profile presented across 3-

month groups. Summer is Jun, Jul, Aug. Fall is Sep, Oct, Nov. Winter is Dec, 

Jan, Feb. Spring is Mar, Apr, May. Figure 6-17 includes each individual month. 

The current speeds are largest in the winter and smallest in the summer. The 

upper body of the water is hottest in the summer and coldest in the winter. The 

lower water bodies are coldest in spring and hottest in fall. The thermocline is 

not distinct during winter, spring and fall. In the summer period the thermocline 

is also not very pronounced but ranges from approximately -5 mMSL to -24 m 

MSL. The halocline is pronounced in all seasons and ranges from 

approximately -4 mMSL to -24 mMSL. 

 

 

Figure 6-16 Profiles of current speed, Sea water temperature and salinity for each season winter, 

spring, summer, and fall. 
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Figure 6-17 Profiles of current speed, Sea water temperature and salinity for each month. 

6.1.7 Maps of CS 

Figure 6-18 to Figure 6-29 present maps across the data delivery area of the 

normalised moment of the current speed, CS, calculated as follows. 

CS̅̅ ̅ = [
1

𝑁
∑𝐶𝑆𝑖

𝑚

𝑁

𝑖=1

]

1
𝑚

 

where 𝑚 = (1,2,4,5) is the power coefficient, and 𝑁 is the total number of 

hindcast data points. m = 1 is the mean Cs and m = 2 is the root-mean-square 

current speed. 
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Figure 6-18 Spatial variation of moments of Css across the data delivery area, m=1 

 

Figure 6-19 Spatial variation of moments of Css across the data delivery area, m=2 
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Figure 6-20 Spatial variation of moments of Css across the data delivery area, m=4 

 

Figure 6-21 Spatial variation of moments of Css across the data delivery area, m=5 
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Figure 6-22 Spatial variation of moments of Csm across the data delivery area, m=1. 

 

Figure 6-23 Spatial variation of moments of Csm across the data delivery area, m=2. 
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Figure 6-24 Spatial variation of moments of Csm across the data delivery area, m=4. 

 

Figure 6-25 Spatial variation of moments of Csm across the data delivery area, m=5. 
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Figure 6-26 Spatial variation of moments of Csb across the data delivery area, m=1. 

 

Figure 6-27 Spatial variation of moments of Csb across the data delivery area, m=2. 
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Figure 6-28 Spatial variation of moments of Csb across the data delivery area, m=4. 

 

Figure 6-29 Spatial variation of moments of Csb across the data delivery area, m=5. 

 

6.2 Extreme current conditions unscaled  
Extreme current conditions are established using Extreme Value analysis. The 

analysis is based on its performance and sensitivity to selection of distribution, 

threshold selection method, -value evaluation, and fitting estimator. A 
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description of the methodology and the selection of settings is available in 

Appendix B. 

For current speed, the 3-parameter Weibull distribution was fitted by the least 

square method to 45 peak events (=1) separated by at least 72 hours.  

It is noted that all Extreme Value Analysis results presented in this section are 

unscaled, in other words raw results from the EVA without scaling with regards 

to directionality. Scaled results according to DNV-RP-C205 where consistency 

between directional extremes and Omni for all return periods are ensured can 

be found in the appendices, see section 6.3 for details on the scaling. 

6.2.1 Extreme total current speed at near surface 

Figure 6-30 show the omni-directional EVA on current speed near surface. 

Figure 6-31 and Figure 6-32 shows the directional EVA on current speed near 

surface. Table 6-5 include the omni-directional EVA as well as the directional 

the directional extreme total near-surface current speed at HS-1. 

The fitted distribution aligns well to the hindcast data points, also at the tail, and 

all events are within the confidence levels.  

The 50-year total omni-directional near-surface current speed is 1.6 m/s. 

 

Figure 6-30 Marginal Omni-directional EVA estimates of CSstot at HS-1. 
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Table 6-5 Marginal directional EVA estimates of CSstot at HS-1. 

Sector CSstot [m/s] 

CDstot [°N-
going to] Quantile Tr 1 Tr 5 Tr 10 Tr 25 Tr 50 

0.0 

C
e
n
tr

a
l 
e
s
ti
m

a
te

 

1.1 1.3 1.3 1.4 1.4 

22.5 1.2 1.4 1.4 1.5 1.5 

45.0 0.8 1.1 1.2 1.3 1.4 

67.5 0.8 1 1.1 1.1 1.2 

90.0 0.6 0.8 0.9 1 1 

112.5 0.5 0.7 0.8 0.9 1 

135.0 0.5 0.7 0.8 0.9 1 

157.5 0.6 0.9 1 1.1 1.2 

180.0 0.9 1.2 1.4 1.6 1.7 

202.5 1.1 1.3 1.4 1.5 1.5 

225.0 0.8 1.2 1.3 1.4 1.5 

247.5 0.6 0.9 1 1.1 1.2 

270.0 0.6 0.8 0.9 1 1.1 

292.5 0.6 0.8 0.9 1 1.1 

315.0 0.6 1 1.1 1.3 1.4 

337.5 0.7 1 1.2 1.4 1.5 

Omni 1.3 1.4 1.5 1.5 1.6 
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Figure 6-31 Marginal directional EVA estimates of CSstot for CDstot [°N-going to] sectors every 22.5° 

for HS-1. Weibull LS, λ = 1. Confidence limits 2.5% -97.5%. 
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Figure 6-32 Marginal directional EVA estimates of CSstot for CDstot [°N-going to] sectors every 22.5° 

for HS-1. Weibull LS, λ = 1. Confidence limits 2.5% -97.5%. 
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6.2.2 Extreme total current speed at mid-depth 

Figure 6-33 show the omni-directional EVA on current speed mid-depth. Figure 

6-34 and Figure 6-35 shows the directional EVA on current speed mid-depth. 

Table 6-6 include the omni-directional EVA as well as the directional the 

directional extreme mid-depth current speed at HS-1 

The fitted distribution aligns very well to the hindcast data points for omni 

directional, also at the tail, and all events are within the confidence levels. For 

the directional fits for the easterly directions there are a number of extreme 

outliers at the tail and the fits are poorer typically for sectors with less extreme 

current speeds. For westerly directions the fitted distribution aligns well to the 

hindcast data points, also at the tail, and all events are within the confidence 

levels. 

The 50-year total omni-directional mid-depth current speed is 1.6 m/s. 

 

 

Figure 6-33 Marginal omni-directional EVA estimates of CSmtot at HS-1. 
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Table 6-6 Marginal directional EVA estimates of CSmtot at HS-1. 

Sector CSmtot [m/s] 

CDmtot [°N-
going to] Quantile Tr 1 Tr 5 Tr 10 Tr 25 Tr 50 

0.0 

C
e
n
tr

a
l 
e
s
ti
m

a
te

 

0.5 0.6 0.7 0.8 0.9 

22.5 0.4 0.6 0.7 0.8 0.9 

45.0 0.4 0.5 0.5 0.6 0.6 

67.5 0.3 0.4 0.5 0.5 0.6 

90.0 0.2 0.3 0.4 0.4 0.5 

112.5 0.2 0.3 0.4 0.4 0.5 

135.0 0.2 0.3 0.4 0.4 0.4 

157.5 0.3 0.4 0.5 0.5 0.6 

180.0 0.4 0.6 0.7 0.9 1 

202.5 0.6 1 1.2 1.4 1.6 

225.0 0.6 0.9 1 1.2 1.3 

247.5 0.5 0.6 0.7 0.8 0.9 

270.0 0.4 0.5 0.6 0.7 0.7 

292.5 0.4 0.5 0.6 0.6 0.7 

315.0 0.4 0.5 0.6 0.6 0.7 

337.5 0.4 0.5 0.6 0.7 0.7 

Omni 0.8 1.1 1.2 1.4 1.6 
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Figure 6-34 Marginal directional EVA estimates of CSmtot for CDmtot [°N-going to] sectors every 22.5° 

for HS-1. Weibull LS, λ = 1. Confidence limits 2.5% -97.5%. 
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Figure 6-35 Marginal directional EVA estimates of CSmtot for CDmtot [°N-going to] sectors every 22.5° 

for HS-1. Weibull LS, λ = 1. Confidence limits 2.5% -97.5%. 
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6.2.3 Extreme total current speed at near bed 

Figure 6-36 show the omni-directional EVA on current speed at near bed. 

Figure 6-37 and Figure 6-38 shows the directional EVA on current speed at 

near bed. Table 6-7 include the omni-directional EVA as well as the directional 

the directional extreme total near bed current speed at HS-1 

The fitted distribution aligns well to the hindcast data points, also at the tail, and 

all events are within the confidence levels.  

The 50-year total omni-directional near-surface current speed is 0.6 m/s.  

 

 

Figure 6-36 Marginal omni-directional EVA estimates of CSbtot at HS-1. 
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Table 6-7 Marginal directional EVA estimates of CSbtot at HS-1. 

Sector CSbtot [m/s] 

CDbtot [°N-
going to] Quantile Tr 1 Tr 5 Tr 10 Tr 25 Tr 50 

0.0 

C
e
n
tr

a
l 
e
s
ti
m

a
te

 

0.2 0.3 0.3 0.4 0.4 

22.5 0.2 0.2 0.2 0.3 0.3 

45.0 0.2 0.2 0.3 0.3 0.3 

67.5 0.1 0.2 0.2 0.3 0.3 

90.0 0.1 0.2 0.2 0.3 0.3 

112.5 0.1 0.2 0.2 0.2 0.2 

135.0 0.1 0.2 0.2 0.2 0.2 

157.5 0.2 0.2 0.3 0.3 0.3 

180.0 0.2 0.3 0.4 0.4 0.5 

202.5 0.3 0.4 0.5 0.6 0.6 

225.0 0.3 0.4 0.4 0.5 0.5 

247.5 0.3 0.3 0.4 0.4 0.4 

270.0 0.3 0.4 0.4 0.4 0.4 

292.5 0.3 0.3 0.4 0.4 0.4 

315.0 0.2 0.3 0.3 0.3 0.4 

337.5 0.2 0.3 0.3 0.3 0.3 

Omni 0.4 0.5 0.5 0.6 0.6 
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Figure 6-37 Marginal directional EVA estimates of CSbtot for CDbtot [°N-going to] sectors every 22.5° 

for HS-1. Weibull LS, λ = 1. Confidence limits 2.5% -97.5%. 
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Figure 6-38 Marginal directional EVA estimates of CSbtot for CDbtot [°N-going to] sectors every 22.5° 

for HS-1. Weibull LS, λ = 1. Confidence limits 2.5% -97.5%. 
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6.2.4 Maps of extreme current speed at 3 levels 

From Figure 6-39 to Figure 6-53 is the spatial variation of the omni-directional 

total current speed across the data delivery area of HS at 3 levels; near-surface, 

mid-depth and near-seabed, for return periods of 1, 5, 10, 25 and 50 years 

based on individual extreme value analysis on each model grid point.   

 

 

Figure 6-39 Spatial variation across the data delivery area of HS of CSstot for return periods of 1 

years. The colour map shows the current speed, and the contours show water depths. 
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Figure 6-40 Spatial variation across the data delivery area of HS of CSstot for return periods of 5 

years. The colour map shows the current speed, and the contours show water depths. 

 

 

Figure 6-41 Spatial variation across the data delivery area of HS of CSstot for return periods of 10 

years. The colour map shows the current speed, and the contours show water depths. 
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Figure 6-42 Spatial variation across the data delivery area of HS of CSstot for return periods of 25 

years. The colour map shows the current speed, and the contours show water depths. 

 

 

Figure 6-43 Spatial variation across the data delivery area of HS of CSstot for return periods of 50 

years. The colour map shows the current speed, and the contours show water depths. 
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Figure 6-44 Spatial variation across the data delivery area of HS of CSmtot for return periods of 1 

years. The colour map shows the current speed, and the contours show water depths. 

 

 

Figure 6-45 Spatial variation across the data delivery area of HS of CSmtot for return periods of 5 

years. The colour map shows the current speed, and the contours show water depths. 
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Figure 6-46 Spatial variation across the data delivery area of HS of CSmtot for return periods of 10 

years. The colour map shows the current speed, and the contours show water depths. 

 

 

Figure 6-47 Spatial variation across the data delivery area of HS of CSmtot for return periods of 25 

years. The colour map shows the current speed, and the contours show water depths. 
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Figure 6-48 Spatial variation across the data delivery area of HS of CSmtot for return periods of 50 

years. The colour map shows the current speed, and the contours show water depths. 

 

 

Figure 6-49 Spatial variation across the data delivery area of HS of CSbtot for return periods of 1 

years. The colour map shows the current speed, and the contours show water depths. 
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Figure 6-50 Spatial variation across the data delivery area of HS of CSbtot for return periods of 5 

years. The colour map shows the current speed, and the contours show water depths. 

 

Figure 6-51 Spatial variation across the data delivery area of HS of CSbtot for return periods of 10 

years. The colour map shows the current speed, and the contours show water depths. 
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Figure 6-52 Spatial variation across the data delivery area of HS of CSbtot for return periods of 25 

years. The colour map shows the current speed, and the contours show water depths. 

 

Figure 6-53 Spatial variation across the data delivery area of HS of CSbtot for return periods of 50 

years. The colour map shows the current speed, and the contours show water depths. 

 

6.3 Extreme current conditions scaled  
Section 6.2 presents the results of the EVA analysis of the extreme current 

conditions. DNV-RP-C205 section 3.6.5.6 presents a method for scaling the 
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results of the EVA analysis. The applicability of the scaling method will not be 

discussed further here, but due care is advised when applying the results of the 

scaling.  

Scaling according to DNV-RP-C205 section 3.6.5.6 has been performed for the 

extreme current conditions and is available in the Appendices.  
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7 Wave conditions 
This section presents a summary of the wave data basis established in [1], 

followed by a presentation of normal and extreme wave conditions at the 

HS area. 

The wave dataset includes only the total wave component [1], without 

distinguishing between windsea and swell components. Table 7-1 summarises 

the metadata of the dataset. 

Table 7-1 Metadata of the wave dataset. 

Name Value 

Start Date [UTC]: 1979-01-01 00:00:00 

End Date [UTC]: 2023-12-31 23:00:00 

Time Step [s] 3600 

 

The wave data is considered representative of 3-hour average sea state, 

assuming stationarity of the sea surface elevation for 3 hours, as is standard 

practice, and is given at 1-hour interval. The wave analyses are presented in 

height bins of 0.5 m, period bins of 0.5 s, and directional bins of 22.5°.Table 7-2 

presents the variables of the wave dataset, incl. the bin sizes applied in 

analyses throughout this report. 

Table 7-2 Wave variables of the wave dataset 

Variable name Abbrev. Unit Bin size 

Significant wave height Hm0 m 0.5 

Maximum wave height Hmax m 0.5 

Peak wave period Tp s 0.5 

Mean wave period Tm01 s 0.5 

Zero-crossing wave period Tm02 s 0.5 

Mean energy period Tmm10 s 0.5 

Peak wave direction PWD °N (coming from) 22.5 

Mean wave direction MWD °N (coming from) 22.5 

Direction standard deviation DSD ° 22.5 

Maximum wave crest height Cmax m 0.5 

 

The wave analyses cover the data period 1979-01-01 to 2023-12-31 (45 years).   

 

7.1 Normal wave conditions 
The normal wave conditions are presented in terms of:  

• Time series  
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• Wave roses  

• Histograms  

• Monthly statistics  

• Directional statistics  

• Scatter diagrams for correlation 

• Wind-wave misalignment  

• Wave spectra 

• Wave maps  

7.1.1 Timeseries 

Figure 7-1 and Figure 7-2 shows timeseries of Hm0, Tp, and Tm02, Tmm10 and Tm01 

at HS-1 during the 45-year hindcast period. An overview of simple statistics for 

the wave variables are given in Table 7-3. 

Table 7-3 Overview of simple statistics for wave variables data period 1979-01-01 to 2023-12-31. 

Variable  MIN MEAN MAX 

Hm0 [m] 0.0 0.9 5.0 

Tp [s] 1.1 4.0 8.0 

Tm02 [s] 0.7 2.9 6.1 

Tmm10 [s] 1.1 3.5 6.9 

Tm01 [s] 0.9 3.2 6.4 

 

Figure 7-1 Timeseries of Hm0 and Tp at HS-1.  
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Figure 7-2 Timeseries of Tm02, Tm10, Tm01 at HS-1.  

7.1.2 Wave roses 

Figure 7-3 and Figure 7-4 shows wave roses at HS-1 based on Hm0, TP and 

MWD for the total wave component. The wave rose shows the predominance of 

waves coming from westerly sectors: WNW, W, WSW and SW. 
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Figure 7-3 Rose plot of Hm0, sorted by MWD, at HS-1.  

 

Table 7-4 Table of Hm0 and MWD in percentage, at HS-1.  

  MWD [°N-from] 

Hm0 [m] 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

0.0 - 0.5 2.51 1.73 1.34 1.30 1.40 1.76 1.62 1.36 1.21 1.38 2.22 2.05 2.00 2.31 1.90 1.95 28.0 

0.5 - 1.0 1.75 1.06 0.96 1.24 1.60 2.50 2.17 1.59 1.52 2.13 4.25 3.15 3.01 3.25 1.63 1.62 33.4 

1.0 - 1.5 0.76 0.51 0.47 0.64 1.08 1.63 1.19 0.78 0.77 1.36 4.13 2.71 2.22 2.49 0.87 0.73 22.3 

1.5 - 2.0 0.29 0.20 0.16 0.21 0.41 0.49 0.39 0.21 0.25 0.72 2.77 1.52 1.31 1.63 0.39 0.25 11.2 

2.0 - 2.5 0.14 0.06 0.06 0.05 0.09 0.12 0.07 0.05 0.06 0.22 1.00 0.47 0.47 0.63 0.15 0.10 3.7 

2.5 - 3.0 0.04 0.01 0.01 0.01 0.02 0.02 0.00 0.00 0.01 0.05 0.27 0.14 0.16 0.18 0.05 0.04 1.0 

3.0 - 3.5 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.04 0.04 0.04 0.01 0.01 0.2 

3.5 - 4.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.0 

4.0 - 4.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

4.5 - 5.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

5.0 - 5.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

5.5 - 6.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

All 5.5 3.6 3.0 3.5 4.6 6.5 5.5 4.0 3.8 5.9 14.7 10.1 9.2 10.5 5.0 4.7 100.0 
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Figure 7-4 Rose plot of TP, sorted by MWD, at HS-1.  

 

Table 7-5 Table of Tp and MWD in percentage, at HS-1.  

  MWD [°N-from] 

Tp [s] 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

0.0 - 0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

0.5 - 1.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

1.0 - 1.5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.1 

1.5 - 2.0 0.14 0.12 0.12 0.12 0.12 0.14 0.12 0.11 0.09 0.08 0.07 0.08 0.07 0.07 0.07 0.09 1.6 

2.0 - 2.5 0.40 0.39 0.30 0.30 0.31 0.37 0.38 0.36 0.30 0.25 0.32 0.33 0.29 0.26 0.28 0.30 5.1 

2.5 - 3.0 0.77 0.61 0.51 0.53 0.55 0.71 0.70 0.59 0.50 0.51 0.74 0.68 0.64 0.63 0.56 0.61 9.9 

3.0 - 3.5 1.10 0.68 0.60 0.64 0.83 1.12 1.09 0.84 0.74 0.82 1.30 1.10 1.02 1.14 0.89 0.85 14.8 

3.5 - 4.0 0.96 0.55 0.51 0.62 0.75 1.16 0.99 0.79 0.73 0.94 1.64 1.36 1.45 1.49 0.82 0.86 15.6 

4.0 - 4.5 0.79 0.46 0.37 0.52 0.73 1.19 0.95 0.61 0.63 1.02 2.12 1.67 1.69 1.79 0.77 0.74 16.0 

4.5 - 5.0 0.59 0.36 0.31 0.41 0.70 1.10 0.76 0.46 0.50 0.96 2.68 1.89 1.68 1.88 0.66 0.58 15.5 

5.0 - 5.5 0.36 0.23 0.16 0.21 0.40 0.51 0.36 0.18 0.23 0.75 2.72 1.64 1.38 1.66 0.50 0.38 11.7 

5.5 - 6.0 0.20 0.11 0.06 0.06 0.15 0.17 0.09 0.05 0.07 0.36 1.87 0.84 0.65 1.04 0.27 0.17 6.2 

6.0 - 6.5 0.13 0.03 0.02 0.03 0.04 0.04 0.01 0.00 0.01 0.13 0.92 0.35 0.26 0.43 0.13 0.09 2.6 

6.5 - 7.0 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.29 0.11 0.07 0.11 0.05 0.03 0.7 

7.0 - 7.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.01 0.02 0.02 0.00 0.1 

7.5 - 8.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.0 

8.0 - 8.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

8.5 - 9.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

All 5.5 3.6 3.0 3.5 4.6 6.5 5.5 4.0 3.8 5.9 14.7 10.1 9.2 10.5 5.0 4.7 100.0 
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7.1.3 Histogram  

The histogram on Figure 7-5 shows the significant wave height distribution with 

bins of 0.5 m. Additionally the cumulative probability distribution is also shown 

with the 30%, 50% and 70% quantile.  The histogram for Tp is presented on 

Figure 7-6. 

 

Figure 7-5 Probability plot of Hm0 at HS-1. 

 

 

Figure 7-6 Probability plot of Tp at HS-1.  
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7.1.4 Monthly statistics 

Figure 7-7 shows monthly statistics for the significant wave height, Hm0, at HS-1. 

The mean varies from 0.7m during summer to 1.2m during winter, and the 

highest waves occur in January. Tp is shown on Figure 7-8. 

 

Figure 7-7 Monthly statistics of Hm0 at HS-1.  

 

 

Figure 7-8 Monthly statistics of Tp at HS-1.  
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7.1.5 Directional statistics 

Figure 7-9 shows directional statistics for the significant wave height, Hm0, at 

HS-1. The mean and maximum significant wave height is highest from 

southwest. Tp is shown on Figure 7-10. 

 

 

Figure 7-9 Directional statistics of Hm0 sorted by MWD at HS-1.  

 

 

Figure 7-10 Directional statistics of Tp sorted by MWD at HS-1.  
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7.1.6 Correlation between wave height and period 

On Figure 7-11 the omni-directional correlation between Hm0 and Tp at HS-1 is 

presented, similar plots are presented in the Appendices for all directions. The 

2.5%, mean and 97.5% quantiles are shown in the figure. A power fit curve is 

fitted to the mean of Hm0.  

 

Figure 7-11 Tp based on the mean of Hm0 at HS-1 for omni.  

7.1.7 Maps of Hm0 

Figure 7-12 and Figure 7-13 present maps across the data delivery area of the 

normalised moment of significant wave height, Hm0, calculated as follows. 

𝐻𝑚0
̅̅ ̅̅ ̅̅ = [

1

𝑁
∑𝐻𝑚0𝑖

𝑚

𝑁

𝑖=1

]

1
𝑚
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where 𝑚 = (1,2) is the power coefficient, and 𝑁 is the total number of hindcast 

data points. m = 1 is the mean Hm0 and m = 2 is the root-mean-square wave 

energy. 

 

Figure 7-12 Spatial variation of moments of Hm0 across the data delivery area, m=1. 

 

Figure 7-13 Spatial variation of moments of Hm0 across the data delivery area, m=2. 
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Figure 7-14 Spatial variation of moments of Hm0 across the data delivery area, m=4. 

 

Figure 7-15 Spatial variation of moments of Hm0 across the data delivery area, m=5. 

 

7.2 Extreme wave conditions unscaled  
It is noted that all Extreme Value Analysis results presented in this section are 

unscaled, in other words raw results from the EVA without scaling with regards 

to directionality. Scaled results according to DNV-RP-C205 where consistency 
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between directional extremes and Omni for all return periods are ensured can 

be found in the appendices, see section 7.3 for details on the scaling. 

7.2.1 Extreme Hm0  

Extreme wave conditions are established using Extreme Value analysis. The 

analysis is based on its performance and sensitivity to selection of distribution, 

threshold selection method, -value evaluation and fitting estimator. A 

description of the methodology and the selection of settings is available in 

Appendix B. 

For waves, the 3-parameter Weibull distribution was fitted by the least square 

method to 45 peak events (=1) separated by at least 72 hours.  

The omnidirectional extreme wave height, Hm0, fit for the 45-year hindcast 

period is shown on Figure 7-16. The Weibull distribution fitted with the least 

squares method in shown along the upper 97.5% and lower 2.5% confidence 

interval. 

 

Figure 7-16 Extreme Hm0 for omni at HS-1 

 

The extreme wave fit for each direction is included in Table 7-6 (Hm0) and Table 

7-7 (associated value of Tp) as well as shown for each directional sector on 

Figure 7-17 (0°-157.5°) and Figure 7-18 (180°-337.5°). 
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Table 7-6 Marginal directional EVA estimates of Hm0, at HS-1 

Sector Hm0 [m] 

MWD [°N-
from] Quantile Tᵣ 1 Tᵣ 5 Tᵣ 10 Tᵣ 25 Tᵣ 50 

0.0 

C
e
n
tr

a
l 
e
s
ti
m

a
te

 

2.4 3 3.3 3.6 3.9 

22.5 1.9 2.5 2.8 3.1 3.3 

45.0 1.7 2.4 2.7 3 3.3 

67.5 1.7 2.5 2.7 3 3.2 

90.0 2 2.5 2.8 3 3.3 

112.5 2.1 2.5 2.7 2.9 3.1 

135.0 1.9 2.3 2.4 2.5 2.6 

157.5 2 2.3 2.4 2.6 2.7 

180.0 2.2 2.6 2.7 2.9 3 

202.5 2.6 3.1 3.3 3.5 3.7 

225.0 3 3.8 4.2 4.7 5 

247.5 3 3.8 4.1 4.4 4.7 

270.0 3 3.9 4.1 4.3 4.5 

292.5 3 3.7 4 4.3 4.6 

315.0 2.6 3.2 3.4 3.7 3.9 

337.5 2.4 3 3.2 3.4 3.5 

Omni 3.4 4.1 4.4 4.8 5 

 

Table 7-7 Peak wave period associated with the extreme Hm0 at HS-1 based on mean correlation 

between Hm0 and Tp. 

Sector Tp [s] 

MWD [°N-
from] Quantile Tᵣ 1 Tᵣ 5 Tᵣ 10 Tᵣ 25 Tᵣ 50 

0.0 

M
e

a
n
 e

s
ti
m

a
te

 

6.2 6.8 7 7.2 7.4 

22.5 5.6 6.3 6.5 6.8 7 

45.0 5.3 6 6.3 6.6 6.7 

67.5 5.3 6.1 6.3 6.5 6.7 

90.0 5.6 6.1 6.3 6.6 6.8 

112.5 5.7 6.1 6.3 6.5 6.6 

135.0 5.4 5.8 5.9 6 6.1 

157.5 5.4 5.7 5.8 6 6.1 

180.0 5.7 6.1 6.2 6.4 6.5 

202.5 6.4 6.7 6.9 7.1 7.2 

225.0 6.8 7.5 7.7 8.1 8.3 

247.5 6.7 7.3 7.5 7.7 7.9 

270.0 6.5 7.1 7.2 7.4 7.5 

292.5 6.7 7.2 7.4 7.6 7.7 

315.0 6.5 7 7.1 7.4 7.5 

337.5 6.2 6.7 6.9 7 7.1 

Omni 7 7.5 7.7 7.9 8.1 
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Figure 7-17 Extreme Hm0 for MWD directional sectors at HS-1 (56.4251°E, 11.6797°N, Seabed 

level=-27.61mMSL, 1979-01-01 to 2023-12-31; Δt=1h). Weibull LS, λ = 1. Confidence limits 2.5% -

97.5%. 
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Figure 7-18 Extreme Hm0 for MWD directional sectors at HS-1 (56.4251°E, 11.6797°N, Seabed 

level=-27.61mMSL, 1979-01-01 to 2023-12-31; Δt=1h). Weibull LS, λ = 1. Confidence limits 2.5% -

97.5%. 
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7.2.1.1 Maps of extreme Hm0 

Figure 7-19 presents the spatial variation of Hm0 across the full data delivery 

area for return periods of 50-years. The wave height is based on extreme value 

analysis at each grid point in the data delivery area. The similar figures for 

return periods of 1, 5, 10 and 25 years return period can be found in Figure 

7-20, Figure 7-21, Figure 7-22 and Figure 7-23 respectively. 

 

 

Figure 7-19 Spatial variation across the data delivery area of HS of Hm0 for return periods of 50 

years. The colour map shows the wave height, and the contours show water depths. 
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Figure 7-20 Spatial variation across the data delivery area of HS of Hm0 for return periods of 25 

years. The colour map shows the wave height, and the contours show water depths. 

 

 

Figure 7-21 Spatial variation across the data delivery area of HS of Hm0 for return periods of 10 

years. The colour map shows the wave height, and the contours show water depths. 
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Figure 7-22 Spatial variation across the data delivery area of HS of Hm0 for return periods of 5 years. 

The colour map shows the wave height, and the contours show water depths. 

 

 

Figure 7-23 Spatial variation across the data delivery area of HS of Hm0 for return periods of 1 year. 

The colour map shows the wave height, and the contours show water depths. 
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7.2.1.2 Depth-limited significant wave height 

A common approach to access the validity of the extreme wave conditions is to 

consider the relationship between the wave height and the water depth. Waves 

are considered depth-limited when their height is constrained by the water 

depth. This usually occurs in shallow waters as waves approach the shore. 

Waves start to break when their height reaches a certain fraction of the water 

depth. For significant wave heights this fraction is typically around 0.5-0.6 for 

mildly sloping seabed, for steep sloping seabed this fraction can be higher. 

When inspecting the area plot of the relationship between 50-year return period 

Hm0 and water depth at MSL on Figure 7-24, the largest values are in the order 

of ≈ 0.57 in the full data delivery area, indicating that the extreme Hm0 is realistic 

for the entire area. 

 

 

Figure 7-24 Relationship between the extreme wave height with a return period of 50 years and the 

depth at MSL at each model grid point in HS. 

 

7.2.2 Extreme Hmax 

The derivation of Hmax for long return periods (long-term distribution) is based on 

a constant factor of Hmax/Hm0 = 1.95. This factor is higher than for example the 

short-term Rayleigh or Forristall distribution Hmax/Hm0, which by themselves only 

accounts for Hmax of the individual seastate and therefor underestimates Hmax. 

Hmax/Hm0 = 1.95 is a common factor to assume to account for the long-term 

uncertainty and short-term uncertainty combined.  

The maximum wave height, Hmax, for each direction is included in Table 7-8 and 

the mode wave period associated with the maximum wave height, THmax is 

presented in Table 7-9. THmax is based on THmax = 0.9 x Tp as suggested in DNV-

RP-C205:2021-09. The range of the wave period associated with Hmax (THmax,ass) 



 

 

104 / 143  

is based on equation (11) in IEC 61400-3-1:2019. The wave periods are 

presented in Table 7-9, Table 7-10 and Table 7-11. 

It is noted that the 50 year omni Hmax = 9.8m is far below the shallow water 

breaking limit (H/d=0.78, where H is the wave height and d is the water depth), 

indicating that the extreme maximum wave heights are realistic and the 

approach is reasonable as the waves are not exposed to water depth induced 

wave breaking. Furthermore the associated crest maximum of Hmax is calculated 

by Stream Function theory in section 7.2.3 based on the range of THmax,ass, 

which verifies the wave steepness criteria for breaking waves have not been 

exceeded. 

Current induced wave breaking has not been accounted for in the model and is 

also not relevant in the area given the low current speeds. 

Table 7-8 Marginal directional estimates of Hmax, at HS-1 

Sector Hmax [m] 

MWD [°N-
from] Quantile Tᵣ 1 Tᵣ 5 Tᵣ 10 Tᵣ 25 Tᵣ 50 

0.0 

M
e

a
n
 e

s
ti
m

a
te

 

4.6 5.8 6.4 7 7.6 

22.5 3.7 4.9 5.4 6 6.5 

45.0 3.4 4.7 5.2 5.9 6.4 

67.5 3.4 4.9 5.3 5.8 6.2 

90.0 3.8 4.9 5.4 5.9 6.4 

112.5 4 4.9 5.2 5.7 6.1 

135.0 3.8 4.6 4.7 4.9 5 

157.5 3.9 4.5 4.7 5 5.3 

180.0 4.2 5 5.3 5.7 5.9 

202.5 5.2 6 6.4 6.8 7.2 

225.0 5.8 7.4 8.2 9.1 9.8 

247.5 5.9 7.5 8 8.7 9.2 

270.0 5.9 7.5 8 8.5 8.8 

292.5 6 7.2 7.7 8.4 8.9 

315.0 5.1 6.2 6.6 7.2 7.6 

337.5 4.6 5.9 6.2 6.6 6.8 

Omni 6.7 8 8.6 9.3 9.8 
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Table 7-9 Mode wave period associated with the maximum wave height at HS-1. 

Sector Thmax 

MWD [°N-
from] Quantile Tᵣ 1 Tᵣ 5 Tᵣ 10 Tᵣ 25 Tᵣ 50 

0.0 

M
e

a
n
 e

s
ti
m

a
te

 

5.6 6.1 6.3 6.5 6.7 

22.5 5.1 5.7 5.9 6.1 6.3 

45.0 4.8 5.4 5.6 5.9 6.1 

67.5 4.8 5.5 5.7 5.9 6 

90.0 5 5.5 5.7 5.9 6.1 

112.5 5.1 5.5 5.6 5.8 6 

135.0 4.9 5.3 5.3 5.4 5.5 

157.5 4.9 5.1 5.2 5.4 5.5 

180.0 5.1 5.5 5.6 5.7 5.8 

202.5 5.7 6.1 6.2 6.4 6.5 

225.0 6.1 6.7 7 7.2 7.4 

247.5 6 6.6 6.8 7 7.1 

270.0 5.9 6.4 6.5 6.7 6.8 

292.5 6.1 6.5 6.6 6.8 7 

315.0 5.9 6.3 6.4 6.6 6.7 

337.5 5.6 6.1 6.2 6.3 6.4 

Omni 6.3 6.8 6.9 7.2 7.3 

 

Table 7-10 Wave period (low) associated with the maximum wave height at HS-1. 

Sector THmax,ass,low [s] 

MWD [°N-
from] Quantile Tᵣ 1 Tᵣ 5 Tᵣ 10 Tᵣ 25 Tᵣ 50 

0.0 

M
e

a
n
 e

s
ti
m

a
te

 

5.5 6.1 6.4 6.7 7 

22.5 4.9 5.6 5.9 6.2 6.5 

45.0 4.7 5.5 5.8 6.2 6.4 

67.5 4.6 5.6 5.9 6.1 6.3 

90.0 5 5.6 5.9 6.2 6.4 

112.5 5.1 5.6 5.8 6.1 6.3 

135.0 4.9 5.4 5.5 5.6 5.7 

157.5 5 5.4 5.5 5.7 5.8 

180.0 5.2 5.7 5.9 6 6.2 

202.5 5.8 6.2 6.4 6.6 6.8 

225.0 6.1 6.9 7.2 7.7 7.9 

247.5 6.2 6.9 7.2 7.5 7.7 

270.0 6.2 7 7.2 7.4 7.5 

292.5 6.2 6.8 7.1 7.3 7.6 

315.0 5.7 6.3 6.5 6.8 7 

337.5 5.5 6.1 6.3 6.5 6.6 

Omni 6.6 7.2 7.4 7.7 8 
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Table 7-11 Wave period (high) associated with the maximum wave height at HS-1. 

Sector THmax,ass,high [s] 

MWD [°N-
from] Quantile Tᵣ 1 Tᵣ 5 Tᵣ 10 Tᵣ 25 Tᵣ 50 

0.0 

M
e

a
n
 e

s
ti
m

a
te

 

7 7.9 8.2 8.7 9 

22.5 6.3 7.2 7.6 8 8.3 

45.0 6 7.1 7.5 7.9 8.2 

67.5 6 7.2 7.5 7.9 8.1 

90.0 6.4 7.3 7.6 8 8.2 

112.5 6.6 7.2 7.5 7.8 8.1 

135.0 6.4 7 7.1 7.3 7.3 

157.5 6.4 6.9 7.1 7.3 7.5 

180.0 6.7 7.3 7.5 7.8 8 

202.5 7.4 8 8.2 8.6 8.8 

225.0 7.9 8.9 9.3 9.9 10.2 

247.5 7.9 8.9 9.3 9.6 9.9 

270.0 8 9 9.2 9.5 9.7 

292.5 8 8.8 9.1 9.5 9.7 

315.0 7.4 8.1 8.4 8.8 9 

337.5 7 7.9 8.1 8.4 8.6 

Omni 8.4 9.3 9.6 10 10.3 

 

 

7.2.3 Extreme Cmax 

For Cmax, the Stream Function theory is used based on the derived Hmax and 

THmax,ass in section 7.2.2 and the water depth at MSL. This is a slightly 

conservative approach. Cmax is based on MSL and does not include contribution 

from high/low water level. 

The maximum wave crest height, Cmax, for each direction is included in Table 

7-12.  
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Table 7-12 Marginal directional extreme estimates of Cmax, at HS-1 

Sector Cmax [mMSL] 

MWD [°N-
from] Quantile Tᵣ 1 Tᵣ 5 Tᵣ 10 Tᵣ 25 Tᵣ 50 

0.0 

M
e

a
n
 e

s
ti
m

a
te

 

2.6 3.4 3.7 4.1 4.5 

22.5 2.1 2.8 3.1 3.5 3.8 

45.0 1.9 2.7 3 3.4 3.7 

67.5 1.9 2.8 3.1 3.4 3.6 

90.0 2.2 2.8 3.1 3.4 3.7 

112.5 2.3 2.8 3 3.3 3.6 

135.0 2.2 2.6 2.7 2.8 2.9 

157.5 2.2 2.6 2.7 2.9 3.1 

180.0 2.4 2.9 3.1 3.3 3.5 

202.5 3 3.5 3.7 4 4.2 

225.0 3.3 4.4 4.8 5.5 6 

247.5 3.4 4.4 4.8 5.2 5.6 

270.0 3.4 4.5 4.8 5.1 5.4 

292.5 3.4 4.2 4.6 5 5.4 

315.0 2.9 3.6 3.9 4.2 4.5 

337.5 2.6 3.4 3.6 3.8 4 

Omni 3.9 4.8 5.2 5.7 6.1 

 

7.3 Extreme wave conditions scaled  
Section 7.2 presents the results of the EVA analysis of the extreme wave 

conditions. DNV-RP-C205 section 3.6.5.6 presents a method for scaling the 

results of the EVA analysis. The applicability of the scaling method will not be 

discussed further here, but due care is advised when applying the results of the 

scaling.  

Scaling according to DNV-RP-C205 section 3.6.5.6 has been performed for the 

extreme wave conditions and is available in the Appendices.  

 

7.4 Wave Spectrum 
Full directional spectra are available in hindcast format, and a comparison with 

measured wave spectra has been performed in [1]. 

A comparison between hindcast wave spectra and JONSWAP spectra (as 

defined in DNV-RP-C205:2021-09) has been performed for a number of Hm0 

ranges. The comparison for several Hm0 bins is presented in the appendices, and 

in Figure 7-25 an example is presented. 
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Figure 7-25 Comparison of hindcast (mean wave spectrum) and JONSWAP spectra for Hm0 = 3.5-

4.0 m at HS-1. 

 

The analysis shows that the hindcast spectra cannot be represented precisely by 

the JONSWAP spectrum at the peak by the recommendations in DNV-RP-

C205:2021-09, but that the overall fit is good. It is noted that in [1] the comparison 

between the hindcast spectrum and the measured spectrum is good, but the 

hindcast spectrum tends to undershoot the measured peak, thus the JONSWAP 

fit is closer to the measured spectrum. Therefor the JONSWAP wave spectrum 

is recommended for all stochastic wave series based on the recommendations in 

DNV-RP-C205:2021-09. The peak enhancement factor () can be determined 

using the following relationship: 
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7.4.1 Directional Spreading 

The directional spreading factor is used to modify uni-directional regular wave 

theories. The directional spreading factor can be applied if no significant 

refraction is present.  
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Figure 7-26 shows the wave directional standard deviation as a function of the 

significant wave height. 

  

 

Figure 7-26 Wave directional standard deviation as a function Hm0 at Hs-1. 

 

Based on Figure 7-26 a conservative estimate of the wave directional standard 

deviation for extreme conditions is found to be 25°.  

In Figure 7-27 the spreading factor as a function of the directional standard 

deviation can be seen.  

 

Figure 7-27 Relationship between directional standard deviation and Spreading factor applied in 

ISO 19901-1:2015.  
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In Figure 7-27 it is seen that the conservative estimate of a wave directional 

standard deviation of 25° yields a spreading factor of 0.92. 
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8 Scatter Distributions 
This section presents scatter distributions and figures between various 

other variables. 

8.1.1 Wind-wave misalignment 

The scatter of MWD and U150dir is presented on Figure 8-1 and Table 8-1 . The 

scatter shows a clear trend along the 1:1 line with some scatter evenly spread 

across the range. The higher density areas opposite to the 1:1 line is due to the 

wrap around 0°/360°. 

   

 

Figure 8-1 Scatter of MWD and U150dir at HS-1 
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Table 8-1 Table of U150dir and MWD in percentage, at HS-1. Total number of events=394464. 

  MWD [°N-from] 
U150dir 
[°N-

from] 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

0.0 2.18 1.36 0.37 0.15 0.09 0.06 0.05 0.05 0.04 0.04 0.05 0.05 0.05 0.07 0.15 0.72 5.5 

22.5 0.28 1.28 1.13 0.31 0.12 0.08 0.05 0.04 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.09 3.6 

45.0 0.06 0.19 1.15 1.03 0.23 0.11 0.06 0.04 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.03 3.0 

67.5 0.03 0.06 0.23 1.69 1.03 0.19 0.08 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.02 3.5 

90.0 0.02 0.03 0.05 0.31 2.56 1.28 0.18 0.06 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 4.6 

112.5 0.01 0.01 0.02 0.04 0.34 3.58 2.10 0.22 0.07 0.04 0.02 0.02 0.02 0.01 0.01 0.01 6.5 

135.0 0.01 0.01 0.01 0.02 0.03 0.27 3.05 1.59 0.25 0.08 0.04 0.02 0.02 0.02 0.01 0.01 5.5 

157.5 0.01 0.01 0.01 0.01 0.02 0.05 0.45 2.23 0.84 0.22 0.07 0.04 0.02 0.02 0.01 0.01 4.0 

180.0 0.01 0.01 0.01 0.01 0.01 0.03 0.11 0.92 1.86 0.56 0.16 0.06 0.03 0.02 0.01 0.01 3.8 

202.5 0.01 0.01 0.01 0.01 0.01 0.02 0.05 0.20 1.73 2.87 0.67 0.17 0.05 0.02 0.01 0.01 5.9 

225.0 0.02 0.02 0.02 0.01 0.02 0.02 0.04 0.09 0.22 2.77 7.17 3.73 0.42 0.09 0.04 0.02 14.7 

247.5 0.04 0.02 0.02 0.02 0.02 0.02 0.03 0.05 0.09 0.23 0.96 4.97 3.08 0.37 0.10 0.05 10.1 

270.0 0.05 0.03 0.02 0.02 0.02 0.03 0.03 0.04 0.06 0.10 0.27 1.06 5.70 1.46 0.25 0.09 9.2 

292.5 0.10 0.04 0.03 0.02 0.02 0.03 0.04 0.04 0.06 0.08 0.14 0.30 2.06 5.94 1.35 0.27 10.5 

315.0 0.24 0.09 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.05 0.06 0.09 0.20 1.00 2.14 0.90 5.0 

337.5 0.91 0.26 0.08 0.06 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.06 0.09 0.21 0.76 2.01 4.7 

Omni 4.0 3.4 3.2 3.7 4.6 5.8 6.4 5.7 5.4 7.1 9.7 10.7 11.8 9.3 4.9 4.3 100 

 

The wind-wave misalignment is calculated as U10mag minus MWD. Figure 8-2 

and Table 8-2 presents the misalignment vs. U150mag at HS-1. The misalignment 

shows a high scatter for wind speeds less than ~5 m/s, while the scatter 

(misalignment) is relatively low for higher wind speeds. 

 

Figure 8-2 Scatter of U150mag and U150dir – MWD, at HS-1. 
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Table 8-2 Table of U150mag and U150dir–MWD in percentage, at HS-1. 

  U150dir  -  MWD [°N-from] 

U150mag [m/s] 

-
180.0 

- -
157.5 

-
157.5 

- -
135.0 

-
135.0 

- -
112.5 

-
112.5 

- -
90.0 

-90.0 
- -

67.5 

-67.5 
- -

45.0 

-45.0 
- -

22.5 
-22.5 
- 0.0 

0.0 - 
22.5 

22.5 
- 

45.0 

45.0 
- 

67.5 

67.5 
- 

90.0 

90.0 
- 

112.5 

112.5 
- 

135.0 

135.0 
- 

157.5 

157.5 
- 

180.0 Sum 

0.0 - 2.0 0.14 0.14 0.15 0.16 0.21 0.25 0.30 0.36 0.35 0.30 0.27 0.20 0.18 0.15 0.14 0.13 3.4 

2.0 - 4.0 0.14 0.14 0.17 0.22 0.36 0.64 1.22 1.99 1.86 1.18 0.61 0.34 0.21 0.16 0.15 0.14 9.5 

4.0 - 6.0 0.04 0.04 0.06 0.10 0.23 0.57 1.75 4.56 4.21 1.23 0.31 0.10 0.05 0.04 0.03 0.03 13.4 

6.0 - 8.0 0.01 0.01 0.02 0.05 0.10 0.34 1.59 6.94 5.54 0.67 0.09 0.02 0.01 0.01 0.01 0.01 15.4 

8.0 - 10.0 0.00 0.00 0.01 0.02 0.05 0.19 1.20 8.79 6.00 0.37 0.02 0.00 0.00 0.00 0.00 0.00 16.7 

10.0 - 12.0 0.00 0.00 0.00 0.01 0.03 0.09 0.75 8.73 5.46 0.20 0.01 0.00 0.00 0.00 0.00 0.00 15.3 

12.0 - 14.0 0.00 0.00 0.00 0.00 0.00 0.04 0.40 7.22 4.27 0.09 0.00 0.00 0.00 0.00 0.00 0.00 12.0 

14.0 - 16.0 0.00 0.00 0.00 0.00 0.00 0.02 0.20 4.60 2.73 0.04 0.00 0.00 0.00 0.00 0.00 0.00 7.6 

16.0 - 18.0 0.00 0.00 0.00 0.00 0.00 0.00 0.08 2.33 1.44 0.03 0.00 0.00 0.00 0.00 0.00 0.00 3.9 

18.0 - 20.0 0.00 0.00 0.00 0.00 0.00 0.00 0.04 1.01 0.75 0.01 0.00 0.00 0.00 0.00 0.00 0.00 1.8 

20.0 - 22.0 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.41 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.7 

22.0 - 24.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.2 

24.0 - 26.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.1 

26.0 - 28.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

28.0 - 30.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

30.0 - 32.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

32.0 - 34.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

34.0 - 36.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

Sum 0.3 0.3 0.4 0.6 1.0 2.1 7.5 47.2 33.0 4.1 1.3 0.7 0.4 0.4 0.3 0.3 100 

 

8.1.2 Scatter distribution of wave height and water level 

The scatter of Hm0 and WL is presented on Figure 8-3 and in Table 8-3. The 

scatter distribution shows a weak correlation between high water and high wave 

height. In the appendices figures for all directions of MWD can be found. 

 

Figure 8-3 Scatter of Hm0 and WL at HS-1. Plots for all directions of MWD are in the appendices. 
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Table 8-3 Table of Hm0 and WL in percentage, at HS-1. 

  Hm0 [m] 

WL [mMSL] 
0.0 - 
0.5 

0.5 - 
1.0 

1.0 - 
1.5 

1.5 - 
2.0 

2.0 - 
2.5 

2.5 - 
3.0 

3.0 - 
3.5 

3.5 - 
4.0 

4.0 - 
4.5 

4.5 - 
5.0 

5.0 - 
5.5 Sum 

-0.9 - -0.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

-0.8 - -0.7 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

-0.7 - -0.6 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

-0.6 - -0.5 0.01 0.02 0.02 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.1 

-0.5 - -0.4 0.09 0.12 0.12 0.09 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.5 

-0.4 - -0.3 0.47 0.49 0.36 0.21 0.08 0.01 0.00 0.00 0.00 0.00 0.00 1.6 

-0.3 - -0.2 1.69 1.49 0.90 0.37 0.11 0.02 0.00 0.00 0.00 0.00 0.00 4.6 

-0.2 - -0.1 4.13 3.49 1.80 0.61 0.14 0.02 0.00 0.00 0.00 0.00 0.00 10.2 

-0.1 - -0.0 6.56 6.20 2.98 0.89 0.17 0.03 0.00 0.00 0.00 0.00 0.00 16.8 

-0.0 - 0.1 6.78 7.52 4.08 1.39 0.29 0.05 0.01 0.00 0.00 0.00 0.00 20.1 

0.1 - 0.2 5.01 6.73 4.30 1.82 0.40 0.08 0.01 0.00 0.00 0.00 0.00 18.4 

0.2 - 0.3 2.36 4.36 3.61 1.97 0.55 0.11 0.02 0.00 0.00 0.00 0.00 13.0 

0.3 - 0.4 0.72 1.98 2.27 1.67 0.60 0.13 0.02 0.00 0.00 0.00 0.00 7.4 

0.4 - 0.5 0.18 0.70 1.12 1.07 0.51 0.13 0.02 0.00 0.00 0.00 0.00 3.7 

0.5 - 0.6 0.04 0.23 0.49 0.55 0.36 0.14 0.02 0.01 0.00 0.00 0.00 1.8 

0.6 - 0.7 0.01 0.07 0.18 0.28 0.21 0.11 0.02 0.00 0.00 0.00 0.00 0.9 

0.7 - 0.8 0.00 0.01 0.06 0.13 0.13 0.07 0.02 0.01 0.00 0.00 0.00 0.4 

0.8 - 0.9 0.00 0.00 0.02 0.06 0.07 0.05 0.02 0.00 0.00 0.00 0.00 0.2 

0.9 - 1.0 0.00 0.00 0.01 0.03 0.03 0.02 0.01 0.00 0.00 0.00 0.00 0.1 

1.0 - 1.1 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.0 

1.1 - 1.2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

1.2 - 1.3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

1.3 - 1.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

1.4 - 1.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 

Sum 28.0 33.4 22.3 11.2 3.7 1.0 0.2 0.0 0.0 0.0 0.0 100.0 
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9 Reference Sea States 
This section presents the reference seastates; Normal Sea State, Severe 

Sea State and Extreme Sea State in line with IEC 61400-3-1:2019. 

The NSS and SSS are conditioned on the 10-minute average wind speed at 

hub height as required by the client. The conversion from 1 hour averaging to 

10-minute averaging has been obtained by the conversion factor in IEC 61400-

3-1:2019 of 1/0.95. 

The wave hindcast data has a resolution of 1 hour but is considered 

representative of a 3-hour reference period as is standard practice.  

9.1 Normal Sea State 
NSS, characterized by a significant wave height and peak wave period, is 

defined as the expected significant wave height conditioned on the average 

wind speed at hub height. 

NSS is given as a table with significant wave height and peak wave periods for 

different ranges of wind speeds and different directional sectors of MWD in the 

Appendices, Figure 9-1 NSS for omni with fit. Fits and coefficients for all 

directional sectors are presented in the appendices.Figure 9-1 presents an 

example for the omnidirectional description. Note that Hm0 is capped with the 

50-year return period value of Hm0 from section 7.2.1 and the peak period is 

derived from the analysis in 7.1.6. 

 

 

 

Figure 9-1 NSS for omni with fit. Fits and coefficients for all directional sectors are presented in the 

appendices. 
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9.2 Severe Sea State 
SSS is a modelled as a sea state described by a combination of normal wind 

conditions and the significant wave height used for calculation of the ultimate 

loading of an offshore wind turbine during power production. SSS associates a 

severe sea state with each mean wind speed in the range corresponding to 

power production from cut-in to cut-out. The combination of wind speed and 

height is used to determine the 50-year return period contour to derive the 

individual significant wave height for each wind speed. The IFORM (IEC 61400-

3-1:2019) and joint distribution is described by a global hierarchical model. In 

this model, one variable is taken as independent, and the other variables are 

modelled to be conditional on this variable using dependence functions. The 

wind speed is here taken as the independent variable and the wave height is 

used the dependent variable. The method revolves around the description of 

the two variables in their joint distribution. Both variables are described by and 

fitted to the Exponentiated Weibull Distribution (EWD). The EWD is a 

generalization of the Weibull distribution. The fitted and observed data in the 

separate bins are shown on Figure 9-3 and Figure 9-4 and show a good 

approximation of the Weibull distribution to the data. 

The result is shown on Figure 9-2. Both the scatter data colored by the density 

and the IFORM contour with a 50-year return period are shown in the figure. 

The contour follows along the density of the data.  

 

 

Figure 9-2 IFORM contour for SSS with a 50-year return period for Hm0 and U150mag,10min at HS-1. 

Blue line shows the marginal 50 year return Hm0. 

 

Associated parameters for the sea state is presented in Table 9-1. Tp is based 

on section 7.1.6, Hmax  is 7.2.2,  THmax is 0.9xTp and THmax,ass is based on 

equation (11) in IEC 61400-3-1:2019. 
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Table 9-1 SSS from the 50-year return period environmental contour for Hm0 and U150mag,10min. 

U150mag,10min  

[m/s] 
Hm0 [m] Tp [s] Hmax [m] THmax,ass,low [s] THmax,ass,high [s] THmax [s] 

0-2.5 0.6 3.8 1.2 2.8 3.7 3.4 

2.5-3.5 1.0 4.5 1.9 3.5 4.5 4.0 

3.5-4.5 1.2 4.8 2.2 3.9 4.9 4.3 

4.5-5.5 1.4 5.0 2.6 4.1 5.2 4.5 

5.5-6.5 1.5 5.2 2.9 4.4 5.5 4.7 

6.5-7.5 1.7 5.4 3.2 4.6 5.8 4.9 

7.5-8.5 1.8 5.6 3.4 4.8 6.1 5.0 

8.5-9.5 2.0 5.7 3.7 5.0 6.3 5.2 

9.5-10.5 2.1 5.9 4.0 5.2 6.5 5.3 

10.5-11.5 2.3 6.0 4.2 5.3 6.7 5.4 

11.5-12.5 2.4 6.2 4.5 5.5 6.9 5.5 

12.5-13.5 2.5 6.3 4.7 5.6 7.1 5.7 

13.5-14.5 2.7 6.4 5.0 5.8 7.3 5.8 

14.5-15.5 2.8 6.5 5.3 5.9 7.5 5.9 

15.5-16.5 2.9 6.6 5.5 6.1 7.7 6.0 

16.5-17.5 3.1 6.8 5.8 6.2 7.9 6.1 

17.5-18.5 3.2 6.9 6.0 6.4 8.0 6.2 

18.5-19.5 3.4 7.0 6.3 6.5 8.2 6.3 

19.5-20.5 3.5 7.1 6.5 6.6 8.4 6.4 

20.5-21.5 3.7 7.2 6.8 6.8 8.5 6.5 

21.5-22.5 3.8 7.3 7.1 6.9 8.7 6.6 

22.5-23.5 4.0 7.4 7.4 7.1 8.9 6.7 

23.5-24.5 4.1 7.5 7.6 7.2 9.0 6.8 

24.5-25.5 4.3 7.6 7.9 7.3 9.2 6.9 

25.5-26.5 4.4 7.7 8.2 7.5 9.4 7.0 

26.5-27.5 4.6 7.8 8.5 7.6 9.5 7.0 

27.5-28.5 4.7 7.9 8.7 7.7 9.7 7.1 

28.5-29.5 4.9 8.0 9.0 7.8 9.8 7.2 

29.5-30.5 5.0 8.1 9.3 7.9 10.0 7.3 

30.5-31.5 5.0 8.1 9.5 7.9 10.1 7.3 

31.5-32.5 5.0 8.1 9.7 7.9 10.2 7.3 

32.5-33.5 5.0 8.1 9.8 7.9 10.3 7.3 
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Figure 9-3 Exponentiated Weibull fit for sections of Hm0 data binned by 2 m/s intervals of 

U150mag,10min. 
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Figure 9-4 Exponentiated Weibull fit for sections of Hm0 data binned by 2 m/s intervals of U150mag,10min. 
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9.3 Extreme Sea State 
ESS characterised by a significant wave height, a peak wave period and a wave 

direction, is given by the unconditional significant wave height with estimated 

average recurrence periods of 1 year and 50 years.  

ESS, based on section 7.2, is given as tables with significant wave height for 

different directional sectors of MWD in Table 9-2 and Table 9-3. Associated 

parameters for the sea state are also presented. Results presented below are 

unscaled. Results scaled according to DNV-RP-C205 can be found in the 

appendices, i.e. section 7.3. 

 

Table 9-2 ESS for 50-year return period at HS-1 (unscaled). 

  MWD [°N-from] 

Parameter 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

Hm0 [m] 3.9 3.3 3.3 3.2 3.3 3.1 2.6 2.7 3.0 3.7 5.0 4.7 4.5 4.6 3.9 3.5 5.1 

Tp [s] 7.4 7.0 6.7 6.7 6.8 6.6 6.1 6.1 6.5 7.2 8.3 7.9 7.5 7.7 7.5 7.1 8.1 

Hmax [m] 7.6 6.5 6.4 6.2 6.4 6.1 5.1 5.3 5.9 7.2 9.8 9.2 8.8 8.9 7.6 6.8 9.9 

THmax,ass,low [s] 7.0 6.5 6.4 6.3 6.4 6.3 5.7 5.8 6.2 6.8 7.9 7.7 7.5 7.6 7.0 6.6 8.0 

THmax,ass,high [s] 9.0 8.3 8.2 8.1 8.2 8.1 7.4 7.5 8.0 8.8 10.2 9.9 9.7 9.7 9.0 8.6 10.3 

Cmax [m] 4.5 3.8 3.7 3.6 3.7 3.6 2.9 3.1 3.5 4.2 6 5.6 5.4 5.4 4.5 4 6.1 

 

Table 9-3 ESS for 1-year return period at HS-1 (unscaled). 

  MWD [°N-from] 

Parameter 0.0 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5 225.0 247.5 270.0 292.5 315.0 337.5 Omni 

Hm0 [m] 2.4 1.9 1.7 1.7 2.0 2.1 1.9 2.0 2.2 2.6 3.0 3.0 3.0 3.1 2.6 2.4 3.4 

Tp [s] 6.2 5.6 5.3 5.3 5.6 5.7 5.4 5.4 5.7 6.4 6.8 6.7 6.5 6.7 6.5 6.2 7.0 

Hmax [m] 4.6 3.7 3.4 3.4 3.8 4.0 3.8 3.9 4.2 5.2 5.8 5.9 5.9 6.0 5.1 4.6 6.7 

THmax,ass,low [s] 5.5 4.9 4.7 4.7 5.0 5.1 4.9 5.0 5.2 5.8 6.1 6.2 6.2 6.2 5.8 5.5 6.6 

THmax,ass,high [s] 7.0 6.3 6.0 6.0 6.4 6.6 6.4 6.4 6.7 7.4 7.9 7.9 8.0 8.0 7.4 7.0 8.4 

Cmax [m] 2.6 2.1 1.9 1.9 2.2 2.3 2.2 2.2 2.4 3 3.3 3.4 3.4 3.4 2.9 2.6 3.9 
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10 Other atmospheric and 
oceanographic conditions 

This section presents analyses of other atmospheric- and oceanographic 

conditions. The atmospheric conditions are air temperature, humidity, solar 

radiation and lightning and the oceanographic conditions are seawater 

temperature and salinity as well as the marine growth. 

10.1 Air temperature, pressure, humidity, 
and solar radiation  

Modelled air temperature at 2 m above sea level, air pressure at 2 m above sea 

level, relative humidity and solar radiation are based on ERA5 (1979-01-15 to 

2023-12-31), The results are presented in Figure 10-1, Figure 10-2, Figure 

10-3, and Figure 10-4, and summarised on Table 10-1, Table 10-2, Table 10-3 

and Table 10-4. 

There is a clear seasonal variation for all four variables. Air temperature, 

relative humidity and solar radiation are larger during the summer months and 

lower during the winter months.   

 

 

Figure 10-1 Monthly statistics of air temperature at 2 m above sea level 
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Figure 10-2 Monthly statistics of pressure at 2 m above sea level 

  

 

Figure 10-3 Monthly statistics of relative humidity at 2 m above sea level 
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Figure 10-4 Monthly statistics of downward solar radiation 

 

Table 10-1 Monthly statistics for air temperature at 2 m above sea level at HS-1 

Season T2m [ºC] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 33,480.0 2.1 3.3 -13.7 -3.7 2.4 6.6 9.7 

Feb 30,504.0 1.5 3.2 -12.6 -4.1 1.8 6.1 9.9 

Mar 33,480.0 2.9 2.8 -13.3 -1.7 3.3 6.6 10.7 

Apr 32,400.0 6.4 2.4 -1.6 2.6 6.3 10.5 17.3 

May 33,480.0 11.0 2.6 1.5 6.9 11.0 15.3 22.0 

Jun 32,400.0 14.8 2.3 8.1 11.2 14.7 18.7 24.0 

Jul 33,480.0 17.1 2.2 11.2 13.8 16.9 21.0 26.5 

Aug 33,480.0 17.3 2.1 11.5 14.1 17.1 21.3 25.4 

Sept 32,400.0 14.6 2.1 7.7 11.2 14.5 18.0 22.3 

Oct 33,480.0 10.7 2.4 1.5 6.4 10.9 14.3 17.6 

Nov 32,400.0 6.7 2.7 -4.3 2.0 6.9 10.7 15.2 

Dec 33,480.0 3.7 2.9 -7.4 -1.6 4.1 7.9 11.7 
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Table 10-2 Monthly statistics for pressure at HS-1 at 2 m above sea level at HS-1 

Season P [Pa] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 33,480 101,230 1,463 96,168 98,740 101,312 103,462 104,701 

Feb 30,504 101,394 1,502 95,562 98,835 101,522 103,679 104,881 

Mar 33,480 101,323 1,329 96,549 99,079 101,373 103,340 105,063 

Apr 32,400 101,405 962 97,088 99,762 101,458 102,874 103,825 

May 33,480 101,498 839 98,334 100,099 101,498 102,842 103,980 

Jun 32,400 101,360 699 98,210 100,181 101,388 102,460 103,385 

Jul 33,480 101,298 681 98,944 100,087 101,343 102,313 103,371 

Aug 33,480 101,299 682 98,636 100,084 101,347 102,309 102,993 

Sept 32,400 101,390 918 97,397 99,721 101,475 102,754 104,146 

Oct 33,480 101,290 1,149 97,141 99,275 101,363 103,065 104,281 

Nov 32,400 101,166 1,215 96,495 99,125 101,209 103,071 104,939 

Dec 33,480 101,126 1,441 95,892 98,665 101,180 103,494 104,669 

 

Table 10-3 Monthly statistics for relative humidity at HS-1 

Season RH [%] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 33,480 85 11 4 65 87 99 105 

Feb 30,504 83 12 15 61 85 99 121 

Mar 33,480 78 15 18 49 81 97 105 

Apr 32,400 71 17 7 38 73 94 104 

May 33,480 70 17 7 38 72 93 103 

Jun 32,400 73 14 18 45 75 92 102 

Jul 33,480 74 14 20 47 76 91 102 

Aug 33,480 75 12 21 52 77 92 102 

Sept 32,400 78 11 17 58 79 93 104 

Oct 33,480 81 11 28 61 82 95 103 

Nov 32,400 83 10 32 62 85 97 103 

Dec 33,480 85 10 20 65 87 99 104 

 

Table 10-4 Annual and monthly statistics for downward solar radiation at HS-1 

Season SSR [J/m^2] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 33,480 68,756 138,839 0 0 0 403,656 849,384 

Feb 30,504 163,075 282,748 0 0 0 824,814 1,427,016 

Mar 33,480 342,015 507,140 0 0 6,004 1,480,297 2,189,097 

Apr 32,400 612,503 758,356 0 0 187,924 2,138,638 2,686,106 

May 33,480 795,996 878,839 0 0 420,268 2,473,850 2,896,646 

Jun 32,400 847,155 890,210 0 0 514,750 2,519,199 2,951,087 

Jul 33,480 805,485 862,140 0 0 471,955 2,420,317 2,929,329 

Aug 33,480 641,029 753,672 0 0 261,776 2,105,043 2,740,547 

Sept 32,400 413,588 563,660 0 0 46,090 1,593,065 2,236,766 

Oct 33,480 211,839 344,195 0 0 0 999,990 1,628,980 

Nov 32,400 89,420 172,411 0 0 0 503,157 990,136 

Dec 33,480 47,787 100,125 0 0 0 300,923 537,366 
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10.2 Lightning 
This section presents the occurrence and frequency of lightning in the HS area 

(data delivery area). By using measurement data from the Danish 

Meteorological Institute (DMI) [6], a comprehensive time series for lightning 

strikes is established. The frequency and the intensity of lightning strikes over 

time is analysed by aggregating the data into hourly values. The timeseries 

consist of both cloud to ground (positive and negative) and cloud to cloud 

lightning. Lightning strikes are registered with an accuracy of 500-2000 meters. 

 
Figure 10-5 Monthly statistics of lightning counts at the data delivery area. 

 

During the full 22-year period a total amount of 10,977 lightning strikes was 

observed within the data delivery area. This amounts to an average during that 

full period of 0.51 LTG/km2/year. This average provides a baseline 

understanding of lightning activity in the HS, illustrating that while intense 

thunderstorms can occur, the overall frequency of lightning strikes is relatively 

low. 

The HS-1 values correspond well with the general rule that in Denmark with a 

value of 1 LTG/km2/year across landmasses and less across water bodies. The 

expected seasonal variation expects ~75% of lightning strikes observed from 

June to August and this area agrees with those findings. 
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 Table 10-5 Seasonal variation of lightning strike across the data delivery area. 

Season Lightning counts [no. of events / year / km^2] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Feb 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Mar 46.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 

Apr 81.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 

May 1,003.0 0.1 0.1 0.0 0.0 0.0 0.2 0.2 

Jun 2,337.0 0.1 0.2 0.0 0.0 0.1 0.4 0.9 

Jul 2,291.0 0.1 0.1 0.0 0.0 0.1 0.4 0.5 

Aug 4,264.0 0.2 0.2 0.0 0.0 0.1 0.7 0.8 

Sept 862.0 0.1 0.1 0.0 0.0 0.0 0.1 0.2 

Oct 58.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Nov 17.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Dec 16.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 

10.3 Salinity, seawater temperature and 
density 

The oceanographic properties were derived from the hydrodynamic dataset. 

Time series data for density, seawater temperature and salinity were extracted 

at three depth levels: near-surface, mid-depth, and near-seabed. This part of 

the dataset spans a 10-year period (2014 to 2023) with a temporal resolution of 

one hour. The analysis presents the monthly variations in seawater 

temperature, density, and salinity across the three levels. Oceanographic 

variables of the hydrodynamic dataset presented in this section is listed in Table 

10-6. The following sections are split into variables name and levels. 

Table 10-6 Oceanographic variables of the hydrodynamic dataset 

Variable name Abbrev. Unit Bin size 

Seawater temperature Tsw ºC 1 

Salinity Sal PSU 2 

Water density Dsw kg/m³ 2 

10.3.1 Salinity 

Figure 10-6, Figure 10-7, Figure 10-8, Table 10-7, Table 10-8 and Table 10-9 

show the monthly salinity at HS-1, at near-surface, mid-depth, and near-

seabed, respectively. 
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Figure 10-6 Plot of monthly statistics of Sals, at HS-1. 

 

Table 10-7 Table with monthly statistics of Sals, at HS-1. 

Season Sals [PSU] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,435.0 27.2 3.2 15.6 19.4 28.5 29.9 30.2 

Feb 6,767.0 26.2 3.2 14.9 19.5 26.9 30.0 30.4 

Mar 7,436.0 25.7 3.2 14.9 19.3 26.7 29.3 30.2 

Apr 7,200.0 25.6 2.6 17.1 20.4 26.1 29.3 29.9 

May 7,439.0 25.4 2.0 17.2 20.7 25.7 28.0 28.8 

Jun 7,196.0 26.7 1.8 19.9 23.5 26.8 29.1 30.1 

Jul 7,440.0 28.2 1.8 19.4 24.3 28.7 30.1 30.5 

Aug 7,440.0 27.9 2.4 15.1 23.2 28.7 30.4 30.8 

Sept 7,198.0 27.6 2.0 18.1 24.0 27.7 30.5 31.0 

Oct 7,439.0 28.0 2.4 16.1 22.4 28.3 30.8 31.3 

Nov 7,191.0 27.6 2.7 18.0 21.8 28.5 30.3 31.0 

Dec 7,425.0 27.3 3.1 16.2 20.2 28.2 30.8 30.9 
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Figure 10-7 Plot of monthly statistics of Salm, at HS-1. 

 

Table 10-8 Table with monthly statistics of Salm, at HS-1. 

Season Salm [PSU] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,437.0 28.0 2.1 19.2 23.5 28.8 30.0 30.3 

Feb 6,767.0 27.5 2.1 19.4 23.8 28.1 30.1 30.4 

Mar 7,438.0 27.4 1.7 21.2 23.8 27.8 29.6 30.2 

Apr 7,200.0 27.6 1.3 23.5 25.2 27.7 29.5 29.9 

May 7,439.0 27.8 1.0 23.3 25.8 28.0 29.0 29.9 

Jun 7,196.0 28.5 0.7 26.3 27.2 28.5 29.6 30.1 

Jul 7,440.0 29.4 0.7 26.6 28.1 29.6 30.4 30.8 

Aug 7,440.0 29.4 1.0 24.1 27.5 29.6 30.5 30.8 

Sept 7,200.0 29.2 0.9 24.7 27.3 29.4 30.5 31.0 

Oct 7,439.0 28.9 1.3 22.9 26.6 28.9 30.8 31.3 

Nov 7,195.0 28.7 1.4 24.1 25.8 29.2 30.3 31.0 

Dec 7,428.0 28.5 1.6 22.9 25.5 28.7 30.8 30.9 
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Figure 10-8 Plot of monthly statistics of Salb, at HS-1. 

 

Table 10-9 Table with monthly statistics of Salb, at HS-1. 

Season Salb [PSU] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,437.0 29.4 0.9 25.0 27.6 29.6 30.3 30.7 

Feb 6,767.0 29.0 1.2 25.2 26.7 29.5 30.3 30.9 

Mar 7,438.0 29.2 0.9 24.5 27.8 29.5 30.3 30.9 

Apr 7,200.0 29.4 0.6 27.2 28.3 29.4 30.1 30.9 

May 7,439.0 29.7 0.4 28.8 29.1 29.7 30.4 30.7 

Jun 7,196.0 30.1 0.4 29.0 29.4 30.2 30.9 31.2 

Jul 7,439.0 30.6 0.5 29.3 29.8 30.6 31.4 31.6 

Aug 7,440.0 30.8 0.3 29.6 30.2 30.8 31.2 31.3 

Sept 7,200.0 30.6 0.5 28.7 29.6 30.7 31.4 31.6 

Oct 7,438.0 30.2 0.8 26.8 28.7 30.2 31.3 31.7 

Nov 7,195.0 30.0 0.5 28.3 29.3 30.1 30.8 31.2 

Dec 7,428.0 29.7 0.6 28.0 28.8 29.7 30.8 31.2 

 

10.3.2 Seawater temperature 

Figure 10-9, Figure 10-10, Figure 10-11, Table 10-10, Table 10-11 and Table 

10-12 show the monthly seawater temperature at HS-1, at near-surface, mid-

depth, and near-seabed, respectively. 
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Figure 10-9 Plot of monthly statistics of Tsw,s, at HS-1. 

 

Table 10-10 Table with monthly statistics of Tsw,s, at HS-1. 

Season Tsw,s [ºC] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,435.0 4.3 1.2 0.2 2.1 4.4 5.9 6.7 

Feb 6,767.0 3.1 1.2 0.0 1.2 3.0 5.2 5.6 

Mar 7,436.0 3.7 1.0 0.2 1.6 3.8 5.0 5.8 

Apr 7,200.0 6.3 1.4 1.7 4.4 6.2 9.0 11.2 

May 7,439.0 10.8 2.2 6.7 7.9 10.4 15.0 17.4 

Jun 7,196.0 15.2 2.0 10.1 11.8 15.3 18.3 20.0 

Jul 7,440.0 17.1 1.9 13.4 14.5 16.8 20.8 22.5 

Aug 7,440.0 17.9 1.3 15.4 15.9 17.7 20.4 22.5 

Sept 7,198.0 16.3 1.1 13.6 14.7 16.3 18.1 19.2 

Oct 7,439.0 13.1 1.3 8.9 10.8 13.0 15.3 16.4 

Nov 7,191.0 9.7 1.5 3.9 7.0 10.0 11.8 12.4 

Dec 7,425.0 6.4 1.2 2.9 4.3 6.3 8.2 9.5 
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Figure 10-10 Plot of monthly statistics of Tsw,m, at HS-1. 

 

Table 10-11 Table with monthly statistics of Tsw,m, at HS-1. 

Season Tsw,m [ºC] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,437.0 4.7 0.9 1.6 3.2 4.8 6.0 7.0 

Feb 6,767.0 3.4 0.9 0.7 1.9 3.4 5.2 5.6 

Mar 7,438.0 3.7 0.9 0.8 1.7 3.7 5.0 5.2 

Apr 7,200.0 5.4 0.9 2.3 4.0 5.4 6.7 8.2 

May 7,439.0 8.2 1.3 5.2 6.3 8.2 10.3 12.9 

Jun 7,196.0 12.0 1.4 8.3 9.7 12.1 14.1 16.7 

Jul 7,440.0 15.0 1.0 11.3 13.5 15.0 16.5 18.8 

Aug 7,440.0 16.8 0.8 14.7 15.6 16.7 18.4 19.7 

Sept 7,200.0 16.3 0.8 14.3 14.9 16.4 17.5 17.9 

Oct 7,439.0 13.5 1.2 10.4 11.6 13.4 15.6 16.6 

Nov 7,195.0 10.2 1.2 6.3 7.8 10.4 11.8 12.5 

Dec 7,428.0 6.9 1.1 4.5 5.3 6.9 8.9 10.2 
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Figure 10-11 Plot of monthly statistics of Tsw,b, at HS-1. 

 

Table 10-12 Table with monthly statistics of Tsw,b, at HS-1. 

Season Tsw,b [ºC] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,437.0 5.4 0.9 2.9 4.0 5.4 6.9 7.5 

Feb 6,767.0 4.0 0.8 1.3 2.8 3.9 5.3 5.8 

Mar 7,438.0 3.9 0.6 1.6 2.9 3.9 5.0 5.0 

Apr 7,200.0 4.8 0.6 3.4 3.8 4.8 5.9 6.3 

May 7,439.0 6.6 0.9 4.6 5.4 6.6 8.3 8.8 

Jun 7,196.0 9.4 1.2 6.6 7.4 9.2 11.4 12.8 

Jul 7,439.0 12.9 1.2 9.8 11.0 12.7 14.8 15.9 

Aug 7,440.0 15.3 0.8 13.5 13.9 15.5 16.4 17.0 

Sept 7,200.0 16.0 0.5 14.4 15.1 16.1 16.7 17.0 

Oct 7,438.0 13.9 1.2 10.7 12.0 13.7 16.1 16.5 

Nov 7,195.0 10.9 1.2 7.1 8.7 11.0 12.4 12.8 

Dec 7,428.0 7.7 1.2 5.3 5.8 7.5 9.8 10.9 

 

10.3.3 Density 

Figure 10-12, Figure 10-13, Figure 10-14, Table 10-13, Table 10-14 and Table 

10-15 show the monthly seawater density at HS-1, at near-surface, mid-depth, 

and near-seabed, respectively. 
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Figure 10-12 Plot of monthly statistics of Dsw,s, at HS-1. 

 

Table 10-13 Table with monthly statistics of Dsw,s, at HS-1. 

Season Dsw,s [kg/m³] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,435.0 1,021.5 2.5 1,012.4 1,015.5 1,022.5 1,023.7 1,023.9 

Feb 6,767.0 1,020.8 2.5 1,011.9 1,015.6 1,021.4 1,023.8 1,024.1 

Mar 7,436.0 1,020.4 2.5 1,011.8 1,015.3 1,021.2 1,023.2 1,023.9 

Apr 7,200.0 1,020.1 2.1 1,013.4 1,016.0 1,020.4 1,023.1 1,023.6 

May 7,439.0 1,019.3 1.7 1,013.2 1,015.7 1,019.5 1,021.6 1,022.1 

Jun 7,196.0 1,019.5 1.6 1,013.8 1,016.7 1,019.7 1,021.9 1,022.4 

Jul 7,440.0 1,020.2 1.7 1,013.2 1,016.6 1,020.8 1,022.0 1,022.4 

Aug 7,440.0 1,019.9 2.0 1,010.1 1,016.1 1,020.4 1,022.0 1,022.7 

Sept 7,198.0 1,020.0 1.6 1,012.7 1,017.1 1,020.1 1,022.2 1,022.8 

Oct 7,439.0 1,020.9 1.8 1,012.0 1,016.9 1,021.1 1,023.1 1,023.7 

Nov 7,191.0 1,021.2 2.0 1,013.9 1,016.8 1,021.8 1,023.3 1,023.9 

Dec 7,425.0 1,021.4 2.4 1,012.8 1,015.9 1,022.2 1,024.0 1,024.1 
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Figure 10-13 Plot of monthly statistics of Dsw,m, at HS-1. 

 

Table 10-14 Table with monthly statistics of Dsw,m, at HS-1. 

Season Dsw,m [kg/m³] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,437.0 1,022.2 1.7 1,015.4 1,018.7 1,022.7 1,023.8 1,024.0 

Feb 6,767.0 1,021.9 1.6 1,015.5 1,019.0 1,022.4 1,023.8 1,024.1 

Mar 7,438.0 1,021.8 1.3 1,016.8 1,019.0 1,022.1 1,023.5 1,023.9 

Apr 7,200.0 1,021.8 1.0 1,018.6 1,019.8 1,021.8 1,023.2 1,023.7 

May 7,439.0 1,021.6 0.8 1,018.0 1,020.0 1,021.7 1,022.6 1,023.2 

Jun 7,196.0 1,021.5 0.6 1,019.3 1,020.5 1,021.6 1,022.4 1,023.0 

Jul 7,440.0 1,021.7 0.6 1,019.1 1,020.6 1,021.7 1,022.4 1,023.0 

Aug 7,440.0 1,021.3 0.9 1,017.0 1,019.5 1,021.4 1,022.3 1,022.7 

Sept 7,200.0 1,021.2 0.8 1,017.6 1,019.8 1,021.3 1,022.3 1,022.8 

Oct 7,439.0 1,021.6 1.1 1,017.1 1,019.7 1,021.6 1,023.1 1,023.7 

Nov 7,195.0 1,022.0 1.0 1,018.4 1,019.8 1,022.3 1,023.3 1,023.9 

Dec 7,428.0 1,022.3 1.3 1,017.9 1,019.8 1,022.5 1,024.0 1,024.1 
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Figure 10-14 Plot of monthly statistics of Dsw,b, at HS-1. 

 

Table 10-15 Table with monthly statistics of Dsw,b, at HS-1. 

Season Dsw,b [kg/m³] 

Month N [-] MEAN STD MIN P05 P50 P95 MAX 

Jan 7,437.0 1,023.2 0.7 1,019.9 1,021.8 1,023.3 1,024.0 1,024.2 

Feb 6,767.0 1,023.0 0.9 1,020.1 1,021.3 1,023.4 1,024.0 1,024.5 

Mar 7,438.0 1,023.2 0.7 1,019.6 1,022.1 1,023.4 1,024.0 1,024.5 

Apr 7,200.0 1,023.3 0.5 1,021.6 1,022.3 1,023.3 1,023.9 1,024.5 

May 7,439.0 1,023.3 0.3 1,022.5 1,022.8 1,023.3 1,023.9 1,024.0 

Jun 7,196.0 1,023.3 0.4 1,022.2 1,022.5 1,023.3 1,023.9 1,024.1 

Jul 7,439.0 1,023.0 0.4 1,022.0 1,022.4 1,022.9 1,023.9 1,024.0 

Aug 7,440.0 1,022.6 0.3 1,021.5 1,022.0 1,022.7 1,023.1 1,023.4 

Sept 7,200.0 1,022.4 0.4 1,021.0 1,021.7 1,022.4 1,023.0 1,023.3 

Oct 7,438.0 1,022.5 0.7 1,019.8 1,021.1 1,022.6 1,023.5 1,023.7 

Nov 7,195.0 1,022.9 0.4 1,021.7 1,022.2 1,022.9 1,023.6 1,023.9 

Dec 7,428.0 1,023.2 0.6 1,021.5 1,022.2 1,023.2 1,024.1 1,024.6 

 

10.4 Marine growth 
Marine growth or biofouling refers to the growth or establishment of marine 

organisms, such as algae, marine animals, and bacteria, on submerged 

surfaces like piers, buoys, ship hulls, and offshore structures. For offshore 

structures, like wind farms, it is important to consider marine growth to minimize 

its effects, as it can affect the hydrodynamic efficiency and structural integrity of 

the structures [7]. 

The structure and composition of marine growth depend on various physical 

and environmental factors, including temperature, salinity, currents, wave 

exposure and food availability [8]. The community and abundance of species 
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inhabiting such structures therefore varies depending on geographical areas. 

For example, seaweed and kelp are often more prevalent on structures that are 

protected from waves and currents, while mussels are more successful in turbid 

environments. The colonization of marine structures generally occurs over a 

period of 2 to 3 years [9], during which there is a succession of species, with 

those abundant during the early colonization phase changing over time [10].  

Limited data is available regarding the composition and density of marine 

growth in the southern part of Kattegat, including Hesselø South. However, 

investigations in nearby areas in the Baltic Sea and the North Sea have shown 

that mussels, barnacles, other crustacean species, large seaweed, and kelp are 

the dominant groups colonizing these structures [11, 12]. For example, after the 

establishment of a wind park in Fehmarn Belt (Nysted, Denmark), mussels and 

barnacles dominated the structures, with a few other crustacean species 

(including barnacles) and algae documented at depths of 1 to 5 meters on the 

vertical structures [11]. Mytilus edulis and Balanus spp., in which case the latter 

mainly covered the upper layer of the structure, were the dominant species in 

terms of abundance and biomass on the vertical structures. The composition of 

marine growth also showed vertical differentiation in biomass, with a decline in 

these parameters observed in deeper layers.  

Similar results have been documented at Darss Sill, where mussels (mainly 

Mytilus edulis) and crustaceans (mainly Balanus spp.) dominated the 

established test structures in terms of abundance and biomass at depths 

between 4 and 20 meters [12]. It was documented that 143 days after exposure 

Mytilus edulis and Balanus spp. had obtained biomass of 1,7-22,3 and 8,8-146 

g afdw/m², respectively, with biomass further increasing by day 246 and 470, 

especially higher in the water column. The results also indicated vertical 

differentiation, with a decrease in abundance and biomass of marine growth in 

deeper layers. Colonization of these structures was characterized by a 

succession, where barnacles, which originally dominated the structures, were 

subsequently taken over by mussels.  

The data and results from the investigations from the Baltic and North Sea 

cannot be directly applied to Hesselø South in Kattegat. However, considering 

the salinity, temperature regime, and the direction and intensity of prevalent 

currents in this area, a similar composition of species as documented in the 

North and Baltic Sea would be expected, with mussels, barnacles, other 

species of crustaceans and algae being the dominant species inhabiting the 

OFW structures and making up most of the biomass. Particularly, Mytilus edulis 

and Balanus spp. are prevalent in this area. Given their life-history patterns and 

colonization ability [13, 14], especially in high current velocity areas, they are 

expected to be the main colonizers on new structures established in Hesselø 

South, making up the majority of the biomass.  

The thickness of marine growth also depends on project specific conditions 

such as the position of the structural component relative to the sea level, the 

orientation of the component relative to the sea level and relative to the 

dominant current, the age of the component, and the maintenance strategy for 

the component, apart from salinity, oxygen content, pH value, current and 

temperature (DNV-ST-0437:2024-05). 

For design purposes a marine growth density of 1325 kg/m3 and a marine 

growth thickness of 100 mm from the seafloor to -2 mMSL are recommended in 

DNV-ST-0437:2024-05 for the central North Sea and the Baltic Sea. 
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Since project specific conditions, and composition and biomass data for the 

Hesselø South area, are not available, and since data from the North Sea and 

Baltic Sea does not indicate otherwise, it is recommended to use a standard 

(DNV-ST-0437:2024-05) density of 1325 kg/m3 and a marine growth thickness 

of 100 mm from the seafloor to -2 mMSL. 
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Appendix A 
A number of excel workbooks (and PDF versions of the workbooks) accompany 

this report. A list of these Data Reports and a brief description of their content is 

provided below. X in the list below denotes the reference location number 1-3. 

 

• Normal_HS-X  

o Contains presentation of data for individual parameters of wind, 

waves, current and water level in the form figures and tables of 

timeseries, roses, statistics (monthly and directional) and 

probabilities for operational conditions. 

 

• Spectra_HS-X 

o Contains a comparison between hindcast wave spectra and 

JONSWAP spectra (as defined in DNV-RP-C205:2021-09) a 

number of Hm0 ranges. 

 

• Sensitivity_HS-X 

o Contains presentation of sensitivity analyses of marginal EVA 

to determine the suitable distribution, threshold (POT), and 

fitting methods for individual parameters of waves, current and 

water level. 

 

• EVA_HS-X 

o Contains presentation of marginal EVA results for individual 

parameters of waves, current and water level. 

 

• EVA_Scaled_HS-X 

o Contains presentation of marginal EVA results for individual 

parameters of waves and current scaled according to DNV-RP-

C205. 

 

• Scatter_HS 

o Contains presentation of scatter diagrams and figures between 

various parameters such as: wind-waves (incl. misalignment 

and water level-waves. 

 

• Sea_State_HS-X  

o Contains a presentation of NSS, SSS, ESS and ESS_Scaled 

(scaled according to DNV-RP-C205). 

 

• Atmospheric_HS 

o Contains a presentation of air temperature, humidity, solar 

radiation, and lightning. 

 

• Oceanographic_HS 

o Contains a presentation of seawater temperature, salinity and 

density. 

 

• Oceanographic_profile_HS-X 
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o Contains a presentation of current speed, seawater 

temperature, and salinity profiles across the water depth. 
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Appendix B 
This section presents a sensitivity analysis of marginal EVA to determine the 

suitable distribution, threshold (POT), and fitting methods for the setup of EVA. 

Statistical independence is ensured by the inter-event time, and identical 

distribution is ensured as only windsea components are present for waves, for 

water level and current these are completely dominated by the residual 

component thereby ensuring identical distribution. 

The figures below show the sensitivity of the 50-year return period for the 

respective parameters against different events per year. On each figure, 

different common fitting methods (Maximum likelihood (MLE), Least-Squares 

(LS) and Method of Moments (MM)) have been used to fit different common 

long-term extreme value distributions (Weibull, Gumbel, Generalized Pareto 

and Frechet). More details on average relative error and the actual fits are 

presented in the appendices. The data and fits have been evaluated 

considering the visual fit, the average relative error and stability for the various 

distributions, thresholds (POT), and fitting methods.  

Based on the approach outlined above, the selected EVA settings are as 

follows:  

• Waves:  3-parameter Weibull distribution fitted with Least-Squares to 

the 45 peak events with an inter-event time of 72 hours. 

• Water level: 3-parameter Weibull distribution fitted with Least-Squares 

to the 180 peak events with an inter-event time of 72 hours. 

• Current speed: 3-parameter Weibull distribution fitted with Least-

Squares to the 45 peak events with an inter-event time of 72 hours. 

 

 

Figure 11-1 Sensitivity of 50 year marginal Hm0 EVA to distribution, threshold, and fitting. Inter-event 

time 72h. 
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