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NOMENCLATURE 

 
Abbreviations   

CREA6 COSMO Re-Analysis 6km wind fields 

CFSR Climate Forecast System Reanalysis 

DWD Deutscher Wetterdienst 

HD Hydrodynamic 

mMSL Meters above MSL 

MSL Mean Sea Level 

DVR90 Dansk Vertikal Reference 1990 

SW Spectral Wave 

 

Definitions   

Time Times are relative to UTC 

Level Levels are relative to MSL (positive numbers are above MSL) 

Direction 

Wind: °N coming from and positive clockwise 

Waves: °N coming from and positive clockwise 

Currents: °N going to and positive clockwise 

 

Symbols   

CD Current Direction 

CS Current Speed 

WDx Wind Direction @ x mMSL 

Hm0 Spectral Significant Wave Height 

MWD Mean Wave Direction 

PWD Peak Wave Direction 

T01 Spectral equivalent of mean wave period 

T02 Spectral equivalent of mean zero-down-crossing wave period 

T2m Air Temperature @ 2 mMSL 

Tp Peak Wave Period 

Tz Mean zero-crossing wave period 

WSx Wind Speed @ x mMSL 

WL Water Level 

SST Sea Surface Temperature 

DSD Direction standard deviation 
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Executive Summary 

This report provides detailed information about the general (normal/operational) and extreme 

metocean conditions, (incl. wind, water level, current and waves) to serve as input for the 

design, installation and maintenance of Aflandshage wind farm located in Øresund just outside 

of Bay of Køge, DK.  

The study was based on 24 years (1995-2018) of in-house hindcast model data that was locally 

validated against public measurements, supplemented by long-term historical records of high 

water levels (dating back to year 1044) and (wind) storms (dating back to 1891). Table 0.1 

provides a summary of the omni extreme values at AH-South (the location of maximum wind 

speed and wave height). Maximum depth-averaged current speeds occurred at AH-East, while 

largest water levels occurred at AH-West (based on the model data). 
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Table 0.1 Summary of omni extreme values at AH-South (the location of maximum wind speed and wave height) 

Wind speed Acronym Unit 
Return period [Year] 

1 10 50 100 104 

Wind speed at 10m height WS10,2h m 20.7 25.8 30.0 32.0 - 

Water level Acronym Unit 1 10 50 100 104 

Water level, High (adopted from AH-West) WLHigh mMSL 1.2 1.7 2.0 2.2 - 

Water level, Low WLLow mMSL -1.1 -1.8 -2.2 -2.4 - 

Current speed Acronym Unit 1 10 50 100 104 

Current speed, Depth-Averaged CS1h m/s 0.4 0.6 0.7 0.7 - 

Current speed, Surface CS1h,Surface m/s 0.8 1.1 1.2 1.2 - 

Current speed, Seabed CS1h,Seabed m/s 0.3 0.5 0.5 0.5 - 

Significant wave height Acronym Unit 1 10 50 100 104 

Significant wave height Hm0,3h m 2.2 2.7 3.3 3.6 - 

Peak wave period conditioned on Hm0 Tp,Hm0 s 6.0 6.6 7.1 7.4 - 

Zero-crossing wave period conditioned on Hm0 T02,Hm0 s 4.4 4.8 5.2 5.3 - 

Joint probability Acronym Unit 1 10 50 100 104 

Wind speed conditioned on Hm0 WS10,Hm0 m/s 18.7 23.0 27.3 29.4 - 

Water level conditioned on Hm0 WLHm0 mMSL 0.1 0.2 0.2 0.2 - 

Current speed conditioned on Hm0 CSHm0 m/s 0.2 0.2 0.2 0.3 - 

Maximum wave and crest Acronym Unit 1 10 50 100 104 

Maximum wave height Hmax m 4.3 5.2 6.3 6.9 - 

Wave period conditioned on Hmax 

5% THmax,5% s 4.5 4.9 5.3 5.5 - 

50% THmax,50% s 5.2 5.7 6.2 6.5 - 

95% THmax,95% s 6.1 6.7 7.3 7.6 - 

Maximum crest height above SWL Cmax,SWL mSWL 2.7 3.3 4.0 4.4 6.8 

Maximum crest height above MSL Cmax,MSL mMSL 3.2 3.7 4.3 4.6 6.2 
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1 Introduction 

NIRAS A/S (NIRAS) commissioned DHI A/S (DHI) to provide metocean studies for each of 

Aflandshage (AH) and Nordre Flint (NF) wind farms1, see Figure 1.1, to be developed by 

HOFOR, cf. the contract between NIRAS and DHI dated 29th April 2020.  

The study is to serve as input for the design, installation, and maintenance of the wind farms. It 

contains general (normal/operational) and extreme metocean conditions of wind, water levels, 

currents, and waves based on DHI in-house hindcast model data and public measurements 

supplemented by historical records. This work was performed according to the scope in the 

proposal by DHI dated 23rd April, 2020, [1]. It is understood that NIRAS will be assessing sea ice 

conditions.  

Aflandshage (AH) wind farm covers an area of about 8x8 km located 10-18 km south of Amager, 

just outside Bay of Køge, with water depths ranging gently within 12-17 mDVR90.  

Nordre Flint (NF) wind farm covers an area of about 2x10 km located 3-4 km east of Saltholmen, 

just north of the Øresund Bridge, with water depths mainly within 6-12 mDVR90, but with steep 

gradients and much shallower areas nearby. 

 

Figure 1.1 Location of Aflandshage (AH) and Nordre Flint (NF) wind farms ® HOFOR 

 

1 The acronyms ‘AH’ and ‘NF’ corresponds to ’AHA’ and ’NFL’ used at HOFOR. 
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1.1 Deliverables 

The deliverables include time series of hindcast metocean parameters and three (3) reports: 

1. Metocean Study, Part A: Data Basis,  Aflandshage & Nordre Flint, [2] 

2. Metocean Study, Part B: Data Analytics,  Aflandshage (This report) 

3. Metocean Study, Part B: Data Analytics, Nordre Flint 

The data basis report concerns the collection and establishment of bathymetry, measurements 

and hindcast data, while the data analytics reports concern the detailed assessment of general 

and extreme metocean conditions for each site. This report is organised as follows: 

 Section 2: Locations (for detailed analytics) 

 Section 3: Wind 

 Section 4: Water level 

 Section 5: Current 

 Section 6: Waves (incl. joint probability) 

• Section 7: Salinity and sea temperature 

1.2 Data basis (summary) 

The Metocean Study, Part A: Data Basis, [2], concerned the establishment of wind, water level, 

current and wave data as basis for assessing the metocean conditions at the AH wind farm. 

Wind data was adopted from the CREA6 (COSMO Re-Analysis 6km wind fields) model of DWD 

(Deutscher Wetterdienst) covering the 24-year period 1995 – 2018 (incl.) with a 6km spatial 

resolution and a 1-hourly temporal resolution. This was considered the best source of long-term 

wind data (compared to other freely available data such as ERA5 or CFSR). for the region of 

Øresund. Water level, current and wave data was adopted from hindcast 2D hydrodynamic and 

spectral wave models covering Øresund and forced by CREA6, denoted HDØS,CREA6 and 

SWØS,CREA6. These models had a spatial resolution of 250m at the wind farm and 1-hourly output 

interval. The models were thoroughly validated against in-situ measurements in the region and 

found to represent the respective metocean conditions well. The 2D hydrodynamic model data 

was also compared against data from a 3D hydrodynamic model of Øresund, which indicated 

that the depth-averaged currents during extreme conditions may be approximated by a depth-

averaged (2D) model. 

1.3 General guidelines 

References are made to the following general guidelines relevant for metocean conditions of 

wind farms:  

 IEC, »61400-3-1, Wind energy generation systems – Part 3-1: Design requirements for fixed 

offshore wind turbines,« 2019, [3]. 

 DNV-GL, "DNVGL-ST-0437, Loads and site conditions for wind turbines, Edition November 

2016," 2016, [4]. 

• DNV-GL, »RP-C205, Environmental conditions and environmental loads, September 2019,« 

2019, [5]. 
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2 Locations of analytics 

The detailed results are reported at locations representing the wind farm site, as follows, [1]: 

 General (normal/operational) conditions: One (1) location within the site 

• Extreme conditions:  Two (2) locations within the site 

The locations were selected from the following principles, as agreed with NIRAS and HOFOR.  

General and extreme conditions are assessed at the location where the respective metocean 

parameter has the largest values within the site based on the modelled data. The extreme wind, 

water level and current are also assessed at the location where the waves are largest, while the 

extreme waves are also assessed where the wind and/or current is strongest.  

The location of strongest wind was assessed from a traditional extreme value analysis of each 

of the grid cells in the wind model (CREA6) covering the site (see Figure 2.2), yielding AH-South 

(grid cell AH4) as the most severe. 

The location of largest waves was selected as the grid cell in the wave model with maximum 

Hm0,50yr based on the spatial variation assessed from a traditional extreme value analysis 

conducted on each grid cell in the model. Figure 2.3 depicts the indicative Hm0,50yr across the site 

from this analysis showing the max Hm0,50yr to occur at AH-South. 

Figure 2.4 shows a map of the 100-yr depth-average current speed, CS,100yr [m], across AH 

based on a Gumbel distribution fitted by least-squares (LS) to the annual maxima of CS at each 

grid element of the CREA6 forced hydrodynamic model of Øresund, HDØS,CREA6. 

The locations of highest water level were assessed from the statistical max across the site for 

one year. The location of highest water level is AH-W (due to high water building up from (south-

)west in Køge Bugt). The variation of high water level across the site is rather small. The 

location of strongest current speed is at AH-East (being closest to the narrowest and shallowest 

passage of Øresund).  

Hence, together these three locations reflect the max values of each metocean parameter 

across the site. The above findings are summarised in Table 2.1. Wave spectra for these 

locations were adopted from the nearest wave spectra location available (being within 1km).  

Table 2.1 Evaluation of metocean parameters at locations of analytics. Extreme conditions were 

assessed at both locations, while general conditions were assessed at the max location only.  

Name 
Bathy 

(depth HDøs) 

Wind 

(grid cell) 

Current 

(in year) 

Water level 

(direction) 

Waves & Joint 

(indicative Hm0) 

AH-East 
Shallow 

(12 mDVR90) 

Moderate 

(AH3) 

Max 

(CS100yr=1.0m/s) 

Minimum 

(from South) 

Moderate 

(Hm0,50yr ~3.1m) 

AH-South 
Deep 

(16 mDVR90) 

Max 

(AH4) 

Moderate 

(CS100yr=0.7m/s) 

~Max 

(from South) 

Max 

(Hm0,50yr ~3.3m) 

AH-West 
Deep 

(16 mDVR90) 
- - 

Max 

(from South) 
- 
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Table 2.2 presents the coordinates and water depth of the analytics locations (shown on map in 

Figure 2.1). At these locations the water depths of the models are 40-110cm (2-7%) shallower 

than the survey as assessed in [2]. However, this is considered to have an insignificant effect on 

the waves due to the small magnitude of the waves (Hm0 < 3.5m) relative to the water depth. 

The water depths of the two models differ slightly due to interpolation to the respective mesh’s. 

Table 2.2 Coordinates and water depths of analyses locations (shown on map in Figure 2.1) 

Name 
Longitude  

[°E] 

Latitude 

[°N] 

Depth  

Survey  

[mDVR90] 

Depth  

HD model 

[mDVR90] 

Depth  

SW model 

[mDVR90] 

AH-East 12.6327720 55.4562672 13.2 12.4 12.4 

AH-South 12.6082820 55.3950316 16.9 15.8 15.8 

AH-West 12.5124757 55.4187807 16.7 16.3 16.3 

 

 

Figure 2.1 Map of existing and planned wind farms (incl. cable corridors) in Øresund, ©4cOffshore. The 
black circles show the locations of analytics (coordinates are given in Table 2.2).  

 

AH-South: 

• Wind, AH4 (max) 

• Water level 

• Current 

• Waves (max) & Joint 

 

Seafloor elevation [mMSL] 

Lillgrundet 

Middelgrunden 

Nordre Flint 

Aflandshage AH-East: 

• Wind, AH3 

• Current (max) 

• Waves & Joint 

AH-West: 

• Water level (max) 
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Figure 2.2 Location of wind measurements and grid cells (x- and y-axes) of CREA6 (adopted from [2]).  

 

 

Figure 2.3 Map of indicative (not to be used in design) Hm0,50yr [m] across AH based on a Gumbel 
distribution fitted by maximum likelihood to the annual maxima of Hm0 at each grid element of 
the CREA6 forced wave model of Øresund, SWØS,CREA6. The black circles show the locations 
for detailed analytics (coordinates are given in Table 2.2). X- and y-axes are UTM33 
coordinates.  

AH-East 

AH-South 

AH-West 
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Figure 2.4 Map of 100-yr depth-average current speed, CS,100yr [m], across AH based on a Gumbel 
distribution fitted by least-squares (LS) to the annual maxima of CS at each grid element of 
the CREA6 forced hydrodynamic model of Øresund, HDØS,CREA6. The black circles show the 
locations for detailed analytics (coordinates are given in Table 2.2). X- and y-axes are 

UTM33 coordinates.  

  

AH-East 

AH-South 

AH-West 
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3 Wind 

The wind conditions are analysed based on the 24 years of CREA6 data (at 10 and 100 m) 

validated against long-term records of wind measurements in Øresund, supplemented by 

assessment of historic storms (wind speed) reported in literature for extreme conditions. 

All analyses are conducted at AH-South (the location of maximum wind speed and wave height), 

while extreme conditions are analysed also at AH-East (the location of maximum current speed).  

The CREA6 data were extracted at the discrete grid cell of each location. Hence, at AH-South 

data stems from grid cell 835;462 (denoted AH4), and at AH-East data stems from grid cell 

835;463 (denoted AH3), see Figure 2.2.  

3.1 General conditions 

Figure 3.1 and Figure 3.2 presents time series and rose plots of the CREA6 data at AH-East 

(top) and AH-South (bottom). The wind differs marginally between the two locations, both 

showing mean wind speed of about 6.6m/s and maximum wind speed of about 29m/s. The wind 

roses show a dominating occurrence from westerly sectors and secondarily from ESE. 

 

 

Figure 3.1 Time series of WS10 from CREA6 at AH-East (top) and AH-South (bottom) 
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Figure 3.2 Rose plot of 10m wind from CREA6 at AH-East (top) and AH-South (bottom) 

3.2 Weather windows 

Monthly workability (weather windows) tables of wind speed, wave height and joint conditions at 

AH-South, incl. a description of the methodology are given in Appendix C: Weather Windows. 
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3.3 Extreme conditions 

Extreme values of wind speed are reported for omni, directional (30° sectors) and monthly 

conditions for return periods (TR’s) of 1, 10, 50 and 100 years based on the validated CREA6 

data at 10m height. Recommendations for converting to other heights (e.g. 100m or hub height) 

and to various averaging intervals (e.g. 1-hour or 10-min) are given based on general 

guidelines. 

Long-term records of wind measurements could be another source of data basis for assessing 

extreme conditions since wind has been recorded for many decades at several in-situ stations 

within Øresund (e.g. Drogden or Falsterbo). However, a common challenge in considering in-

situ measurements is that they suffer from gaps, outliers/dubious data points, lee-effects (e.g. 

from mast or land) and/or are contain trends (e.g. due to change of sensor). Some of these 

challenges were met when considering the Falsterbo measurements and therefore such an 

approach was not pursued further. 

Historical observations 
In [6], the storms in Denmark are listed for the period from 1891- 2019 (129 years). For each 

storm, the classification is given along with the direction. The classifications, based on 10 

minutes average wind speed, are reproduced in Table 3.1.  

Table 3.1 Classification of storms, based on 10 minutes average wind speed, from [6] 

Class 4 Class 3 Class 2 Class 1 

Strong storm to 
hurricane, 
> 28,5 m/s 

Strong storm, 
(hurricanelike) 

> 26,5 m/s 

Storm, 
> 24,5 m/s 

Stormy, 
> 21 m/s 

 

Table 3.2 shows the occurrence of storms for eight directional sectors for the period 1891-2019. 

Snowstorms and storms that are listed as local in other parts of Denmark, for instance northern 

Jutland, are omitted herein, which reduces the total number of reported storms from 188 to 140.  

Table 3.3 shows the same only for the period 1995-2018, corresponding to the period 

overlapping period with CREA6 data. From Table 3.2, it is noticed that the westerly direction is 

clearly dominating, while storms from other directions are rare, but they do occur.  

As seen from Table 3.3 no storms from east were observed during the 24 years of CREA6 data, 

and the occurrence from north and south is low. This implies that extreme estimates based 

solely on the 24 years of CREA6 data could lead to under-estimation and/or high uncertainty of 

the extreme wind speeds (and thereby waves) from those directions. 

In addition to the storm data available in [6], records of other historical events can provide 

valuable information. The extreme flooding event that occurred on 12-14th November 1872 was 

associated with strong wind from east. This flooding event was estimated to have a return period 

of 700 - 1,000 years2. This cannot be translated directly into a return period for the wind speed, 

but it indicates that the event has a very low probability of occurrence. On 13th October 1760, 

Køge Bay were exposed to an extreme flooding with water levels possibly exceeding those of 

1872. This event was also associated with wind from east. 

Consequently, the extreme values of wind speeds (and thereby waves, see Section 6.9) were 

estimated based on two approaches depending on the return period: 

 Approach for TR ≤ 10 years (based on CREA6 model data covering 24 years) 

 

2 https://www.dmi.dk/hav-og-is/temaforside-stormflod/historiske-stormfloder-i-nordsoeen-og-danmark/ 

https://www.dmi.dk/hav-og-is/temaforside-stormflod/historiske-stormfloder-i-nordsoeen-og-danmark/
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• Approach for TR ≥ 50 years (based on historical observations covering 129 years) 

Table 3.2 Occurrence of storms during 1891-2019 (129 years), from [6] 

Sector > 21 m/s > 24.5 m/s > 26.5 m/s > 28.5 m/s Total 

N 2   1 3 

NE 1    1 

E 3 3   6 

SE 3    3 

S  1   1 

SW 6 3 1 2 12 

W 50 30 10 8 98 

NW 12 2 1 1 16 

    Total 140 

Table 3.3 Occurrence of storms during 1995-2018 (24 years), from [6] 

Sector > 21 m/s > 24.5 m/s > 26.5 m/s > 28.5 m/s Total 

N 2    2 

NE     0 

E     0 

SE     0 

S     0 

SW 3   1 4 

W 12 3 1 1 17 

NW 4   1 5 

    Total 28 

Approach for TR ≤ 10 years 
The extreme wind speeds for TR ≤ 10 years were established following the traditional EVA 

methodology which is detailed in Appendix A: Traditional Extreme Value Analysis, since 10 

years is well below the length of the 24 years of CREA6 data and thus well represented herein.  

Following a sensitivity study of the extreme value distributions (see bottom right plots in Figure 

3.3 and Figure 3.4), it was decided to conduct the extreme values estimates based on the 2-

parameter Weibull distribution fitted with least-squares (LS) to the 1 largest average annual max 

peaks (AAP). The resulting extreme values are in the central to high end of the range, in line 

with the LS – Gumbel (annual max) estimate, and the distribution fits the data well (see the 

central plot in figures below).  

Figure 3.5 to Figure 3.8 presents the directional (applicable for 1 & 10 year return periods 

directionally and all return periods for omni) and monthly (applicable for all return periods) 

values of extreme 2-hour wind speed at 10 m, WS10,2h. The CREA6 data was assumed 

representative of 2-hourly averages cf. Section 3.2 (Averaging period) in [2]. The omni 10- and 

50-year values at both locations are 26 and 30 m/s.   
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Figure 3.3 Omni extreme WS10,2h – applicable for all return periods – at AH-East.  
The top plot presents the time series data and extracted events. The middle plot presents 
the fitted extreme distribution. The bottom left plot presents the directionality of the omni 
events and bottom right plot show the sensitivity of the 100 year estimate to other 
combinations of extreme distributions, thresholds, and fitting methods. 
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Figure 3.4 Omni extreme WS10,2h – applicable for all return periods – at AH-South.  
The top plot presents the time series data and extracted events. The middle plot presents 
the fitted extreme distribution. The bottom left plot presents the directionality of the omni 
events and bottom right plot show the sensitivity of the 100 year estimate to other 

combinations of extreme distributions, thresholds, and fitting methods. 
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Figure 3.5 Directional extreme WS10,2h – applicable for 1 & 10 year return periods – at AH-East 
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Figure 3.6 Directional extreme WS10,2h – applicable for 1 & 10 year return periods – at AH-South 
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Figure 3.7 Monthly extreme WS10,2h – applicable for all return periods – at AH-East 

  



  

18 11825044_aflandshage_wind_farm_-_metocean_study_part_b_-_data_analytics.docx / PDG-amra / 2020-09 

 

Figure 3.8 Monthly extreme WS10,2h – applicable for all return periods – at AH-South 
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Approach for TR ≥ 50 years 
Table 3.4 and Table 3.5 shows the occurrence of storms in the CREA6 data at AH-East and AH-

South (converted from 2h to 10-min average values by a factor 1.075, as recommended in IEC 

[3], Section 6.4.3.1, see also section 3.4 of this report). Comparing those tables to Table 3.3, 

shows a reasonable agreement between data from [6] and the CREA6 data, i.e. that the two 

datasets are aligned.  

Using historical data as in [6] obviously come with some limitations and uncertainties: 

 Firstly, the data is national, and it is unlikely that the storms would be equal in severity and 

directionality across DK. Hence, less occurrences of storms would be expected locally. 

 On the other hand, the reported values are likely representative of conditions over land and 

not over sea, where wind would be stronger. This would give more occurrences.  

• Lastly, one may question the reliability of the values being representative of 10-min 

averages.  

For these reasons, it is stressed that the approach herein aims at upscaling the wind speed of 

the non-dominant directional sectors only. This is achieved by using the ratios of the directional 

occurrence to the omni occurrences (i.e. the absolute values of wind speed not applied directly). 

Table 3.4 Occurrence of storms during 1995-2018 (24 years), from CREA6 at AH-East (AH3) 

Sector > 21 m/s > 24.5 m/s > 26.5 m/s > 28.5 m/s Total 

N     0 

NE     0 

E     0 

SE     0 

S 4    4 

SW 8  1 1 10 

W 12 3 2 1 18 

NW 6  1 0 7 

    Total 39 

Table 3.5 Occurrence of storms during 1995-2018 (24 years), from CREA6 at AH-South (AH4) 

Sector > 21 m/s > 24.5 m/s > 26.5 m/s > 28.5 m/s Total 

N 1    1 

NE     0 

E     0 

SE 1    1 

S 4    4 

SW 10 1  2 13 

W 10 2 1 0 13 

NW 9  1 0 10 

    Total 42 

 

However, the directions in [6] are mainly reported within the four main directions N, E, S and W, 

though some (few) storms are listed in sub-sectors (e.g. NW). Therefore, the CREA6 data was 

used to inform about how the data in [6] from the four main directions would distribute among 
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the sub-sectors at AH-East and AH-South respectively. This was done by identifying the 

strongest 24 events of the CREA6 data from each 90° directional sector and evaluate how they 

were distributed within the relevant 45° directional sectors, see Table 3.6 and Table 3.7. For 

example, out the 24 strongest events at AH-East from N (±45°), 4 occurred from N (±22.5°), 1 

from NE and 19 from NW. 

Additionally, to account for the uncertainty related to the still rather sparse occurrence in the 

weak N, E and S sectors, the occurrences were smoothed by a Gaussian-weighted moving 

average across the directional sectors. Table 3.6 and Table 3.7 present the distributed number 

of occurrences and then smoothed number of occurrences of storms from [6]. 

Table 3.6 Occurrence of storms during 1891-2019 (129 years), from [6], at AH-East (AH3) 

 Distribution within main sectors based on CREA6 
data 

Number of occurrences from [6] 

Sector N E S W Distributed Smoothed 

N 4    0.5 5.7 

NE 1 2   1.6 1.5 

E  7   1.8 2.6 

SE  15 0  6.8 4.9 

S   8  0.3 7.5 

SW   16 6 37.2 35.1 

W    15 61.3 52.2 

NW 19   3 30.6 30.7 

Total 24 24 24 24 140 140.0 

Table 3.7 Occurrence of storms during 1891-2019 (129 years), from [6], at AH-South (AH4) 

 Distribution within main sectors based on CREA6 
data 

Number of occurrences from [6] 

Sector N E S W Distributed Smoothed 

N 5    0.6 8.4 

NE 1 2   1.6 1.5 

E  8   2.0 2.7 

SE  14 0  6.5 4.7 

S   6  0.3 8.1 

SW   18 7 41.3 34.5 

W    10 40.8 41.9 

NW 18   7 46.8 38.2 

Total 24 24 24 24 140 140.0 

 

To apply such historical information to the extreme value analysis, the following assumptions 

were made: 

1. The distribution of 10-min wind speed events above 21m/s for each directional sector was 

assumed the same as the omni – when accounting for the frequency of occurrence 

2. The frequency of occurrence of the national data from [6] applies for the Øresund area. 

This assumption is supported by comparing Table 3.4 and Table 3.5 to Table 3.3. 



  

11825044_aflandshage_wind_farm_-_metocean_study_part_b_-_data_analytics.docx / PDG-amra / 2020-09 21 

From the 24 years of CREA6 data, the events with 10-min wind speed above 21m/s (= the 

threshold of Class 1 storms in [6]) were extracted; resulting in a total of 39 (AH-East) and 42 

(AH-South) events. A 2-parameter Weibull distribution was fitted by least-squares to the data, 

see Figure 3.9, and used to estimate the omni extreme wind speed.  

 

Figure 3.9 Omni extreme value distribution of WS10 at AH-East (top) and AH-South (bottom) 

Data is required on 12 directional sectors of 30°, which was obtained by expanding the 45° 

sectors to 30° sectors assuming a uniform distribution of occurrences, see Table 3.8 and Table 

3.9. The rate (number of occurrences per year) relative to omni in these tables describes the 
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probability of a storm being associated with a given sector, for instance 2% of the storms are 

associated with wind from 120°. Based on the rate relative to omni from [6], and the omni rate of 

39 and 42 events from the 24 years of CREA6 data (1.625 and 1,750 occurrences per year), the 

rate of events per year is calculated for each sector. Then the corresponding omni return period, 

of each directional sector, TR,Omni,50yr and TR,Omni,100yr, were found as the rate times the respective 

TR (i.e. 50 and 100 years).  

Table 3.8 Occurrences expanded to 12 directions and their rate relative to omni at AH-East (AH3) 

Direction  

[°N] 

Occurrences 
(Expanded) 

[6] 

Rate 
[#/year] 

[6] 

Rate relative 
to omni [-] 

[6] 

Rate 
[#/year] 
CREA6 

Corresponding 
TR,Omni,50yr 

[Years] 

Corresponding 
TR,Omni,100yr 

[Years] 

0 3.8 0.029 0.027 0.044 2.2 4.4 

30 1.7 0.013 0.012 0.019 1.0 1.9 

60 1.2 0.009 0.008 0.013 0.7 1.3 

90 1.7 0.013 0.012 0.020 1.0 2.0 

120 2.9 0.022 0.020 0.033 1.7 3.3 

150 3.7 0.029 0.026 0.043 2.1 4.3 

180 5.0 0.039 0.036 0.058 2.9 5.8 

210 18.8 0.146 0.134 0.218 10.9 21.8 

240 26.2 0.203 0.187 0.305 15.2 30.5 

270 34.8 0.270 0.249 0.404 20.2 40.4 

300 24.1 0.186 0.172 0.279 14.0 27.9 

330 16.3 0.126 0.116 0.189 9.5 18.9 

Total 140.0 1.085 1.000 1.625 - - 

Table 3.9 Occurrences expanded to 12 directions and their rate relative to omni at AH-South (AH4) 

Direction  
[°N] 

Occurrences 
(Expanded) 

[6] 

Rate 
[#/year] 

[6] 

Rate relative 
to omni [-] 

[6] 

Rate 
[#/year] 
CREA6 

Corresponding 
TR,Omni,50yr 

[Years] 

Corresponding 
TR,Omni,100yr 

[Years] 

0 5.6 0.043 0.040 0.070 3.5 7.0 

30 2.2 0.017 0.015 0.027 1.4 2.7 

60 1.2 0.009 0.009 0.015 0.8 1.5 

90 1.8 0.014 0.013 0.022 1.1 2.2 

120 2.8 0.022 0.020 0.035 1.8 3.5 

150 3.7 0.029 0.026 0.046 2.3 4.6 

180 5.4 0.042 0.038 0.067 3.4 6.7 

210 18.6 0.144 0.133 0.232 11.6 23.2 

240 24.2 0.188 0.173 0.303 15.1 30.3 

270 27.9 0.217 0.200 0.349 17.5 34.9 

300 26.1 0.202 0.186 0.326 16.3 32.6 

330 20.5 0.159 0.147 0.256 12.8 25.6 

Sum 140.0 1.085 1.000 1.750 - - 
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Wind speed at 10m height (WS10,2h) 
Based on the corresponding TR,Omni and the assumption of the same (omni) distribution for all 

directions given in Figure 3.9, the directional extreme wind speeds for TR ≥ 50 years were 

established for all directions (except the dominating direction 240°, which was adopted directly 

from the traditional EVA distribution, in order to comply with the omni estimates). The outcome is 

a general upscaling of the non-dominating sectors, while the dominating sector (240°) (and 

omni) remains unchanged as this sector is well represented in the 24-year period of CREA6 

data. 

Table 3.10 present the omni and directional extreme estimates of the wind speed at 10m height 

representative of 2-hour average, WS10,2h. The estimates are a combination of estimates based 

on a traditional EVA approach for the return periods up to 10 years, and the estimates 

established with the combined use of historical data from [6] and the CREA6 data, as described 

above. Table 3.11 presents the monthly extreme values, based on the traditional EVA.  

The directional and monthly values are marginal sector extremes and have not been scaled, 

meaning that they represent the return periods from each sector individually; that is, the return 

value of each sector is exceeded once per TR years, and hence one of the directional return 

values is exceeded once every TR/12 years, see Section A.4. Design to individual sector 

extremes may therefore not meet targeted reliability. See e.g. [7] or [8] for strategies on scaling 

of directional design criteria. 

Concluding remarks 
It is shown that the fact that no easterly extreme storms (WS10,10min > 21m/s) are present in the 

CREA6 data is due to the relatively short period and not because such events are not occurring. 

In fact, the average return rate is around 1 event per 30-60 years based on [6], thus indicating 

that a record of even 100 years would be rather short for estimating wind speeds of extreme 

easterly storms.  

Hence, the methodology presented above, based on the assumption that extreme wind speeds 

above 21m/s follow the same distribution independently of direction – though obviously with a 

direction-dependent rate of occurrence – is introduced. It is, however, difficult to verify this 

based on the limited amount of data from the easterly directions. Nevertheless, the fact that the 

adopted methodology can predict extremes at low levels of probability (high return period) that 

would be expected during reported historical extreme events, adds reasonable confidence in the 

applied method.  

It is also noted that even though there are no observations of very extreme south-easterly winds 

in the historical archives; this does not imply that such events have not occurred. The events of 

1760 and 1872 are probably only well-known because of the extreme high water levels they 

caused. Extreme south-easterly wind is not likely to induce high water levels of the same 

magnitude as north-easterly winds due to the configuration of the Baltic Sea and Kattegat, but 

extreme wind speed from such directions would cause high waves at Aflandshage. 
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Table 3.10 Extreme values of WS10,2h – Directional (dominant 50-year sector highlighted in green) 

Direction [°N] 
AH-East, 

WS10,2h [m/s] 
AH-South, 

WS10,2h [m/s] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 20.6 26.1 29.8 31.4 20.7 25.8 30.0 32.0 

0 13.9 16.6 22.5 24.1 14.3 17.3 23.3 25.0 

30 13.3 16.6 20.6 22.2 13.7 16.9 21.2 22.7 

60 13.6 17.0 19.7 21.3 13.5 17.1 20.0 21.4 

90 14.4 17.1 20.6 22.2 15.0 17.7 20.8 22.3 

120 15.5 18.3 21.8 23.5 15.4 18.8 21.7 23.3 

150 15.7 17.3 22.4 24.1 15.5 17.2 22.4 24.0 

180 16.2 19.7 23.1 24.8 16.4 19.6 23.2 24.9 

210 18.1 22.5 26.3 27.9 18.3 22.6 26.2 28.0 

240 18.7 24.1 28.6 30.7 18.8 24.2 29.0 31.2 

270 18.8 24.3 27.7 29.4 18.9 24.0 27.3 29.0 

300 18.6 23.3 26.9 28.5 18.5 22.9 27.1 28.9 

330 15.5 18.8 25.9 27.6 16.1 19.2 26.5 28.2 

 

Table 3.11 Extreme values of WS10,2h – Monthly (dominant 50-year sector highlighted in green) 

Month 
AH-East, 

WS10,2h [m/s] 

AH-South, 

WS10,2h [m/s] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 20.6 26.1 29.8 31.4 20.7 25.8 30.0 32.0 

Jan. 17.5 23.2 27.0 28.7 17.7 22.6 26.4 28.2 

Feb. 16.8 20.8 23.2 24.2 16.9 20.8 22.6 23.3 

Mar. 16.2 19.4 21.0 21.7 16.0 19.7 21.7 22.5 

Apr. 14.1 18.9 21.9 23.1 14.3 19.2 22.1 23.3 

May 13.1 16.0 17.8 18.6 13.4 16.2 18.1 18.9 

Jun. 13.5 17.0 18.7 19.4 13.8 17.2 19.4 20.2 

Jul. 13.0 16.0 18.0 18.9 12.8 16.2 17.9 18.6 

Aug. 13.8 16.7 18.9 19.8 13.7 16.7 18.7 19.6 

Sep. 14.9 18.4 20.0 20.7 15.2 18.3 19.7 20.2 

Oct. 16.9 21.0 24.1 25.5 17.2 20.9 23.9 25.3 

Nov. 16.7 22.4 26.4 28.1 16.7 22.5 26.3 28.0 

Dec. 17.7 23.3 28.0 30.1 18.0 23.4 28.5 30.9 
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3.4 Height and time conversion 

For specific design purposes, various elevations above sea level and/or various averaging 

periods of wind speeds may be required. The information provided below details conversion 

factors that can be applied to convert extreme wind speeds to represent various elevations 

above sea level and/or time averaging periods. 

Vertical profile (height conversion) 
The literature provides several guidelines for describing the vertical wind speed profile. The 

most common ones include the Frøya, power and log profiles, which are defined as follows. 

The Frøya profile 

Assuming neutrally stable atmospheric conditions, the vertical and temporal distribution of wind 

speed during storm conditions can be described by the Frøya profile. The Frøya profile is 

described as follows, in [5] and [9]: 

𝑈(T, z) = 𝑈0 (1 + C  ln
𝑧

𝐻
) . [1 − 0.41 ∙ 𝐼𝑢(𝑧) ∙ ln (𝑇

𝑇0
⁄ )] 

(3.1) 

 where  

 𝑈(T, z) is the mean wind speed (m/s) with averaging period 𝑇<𝑇0 = 3600s at height z(mMSL) 

 𝑈0 the 1-hour mean wind speed (m/s) at the reference elevation 𝐻 = 10m above sea level 

 C a dimensionally-dependent coefficient equal to 0.0573 ∙  (1 + 0.148𝑈0)1/2 for 𝐻 = 10m 

 𝐼𝑢 a dimensionally dependent value for the turbulence intensity of wind speed, given by 

𝐼𝑢 = 0.06 ∙ (1 + 0.043 ∙ 𝑈0) ∙ (𝑧
𝐻⁄ )

−0.22
 

• 𝑇0 is the reference time averaging interval of 3600s 

The log profile 

The wind profile of the atmospheric boundary layer (surface to around 2000m) is generally 

logarithmic in nature and is often approximated using the log wind profile equation that accounts 

for surface roughness and atmospheric stability.  However, for neutral conditions, the 

atmospheric stability term drops out and the profile simplifies to: 

𝑈𝑧 = 𝑈𝑟 ∙ 𝑙𝑜𝑔(𝑧/𝑧0)/𝑙𝑜𝑔(𝑟/𝑧0) (3.2) 

where, Uz is the wind speed at height z, Ur is the wind speed at height r, and z0 is the surface 

roughness length (in meters) (often in the range of 0.001 – 0.004m at (rough) sea). 

The power profile 

The power law relationship is often used as a substitute for the log wind profile when surface 

roughness (and/or stability information) is not available.  The power profile is defined as: 

𝑈𝑧 = 𝑈𝑟 ∙ (𝑧/𝑟)𝛼 (3.3) 

where, Uz is the wind speed at height z, Ur is the wind speed at height r, and α is the power law 

exponent (typically 1/7 ~ 0.146). 

Recommended profile 

No local wind measurements at multiple heights were available to this study. Hence, it was not 

possible to compare the theoretical profiles to site-specific conditions during extremes. 

Figure 3.10 shows a comparison of the theoretical wind profiles up to a height of 120m. The 

figure shows that the log and power profiles agree reasonably well for α = 0.108 and  

Z0 = 0.004m, while the Frøya profile gives much higher ratios when considering very extreme 
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wind speeds (>40-50m/s). This might be since the Frøya was developed and validated for wind 

conditions of the Norwegian coast (without occurrence of such high wind speed). 

Hence, for this study, it is recommended to use a power profile with exponent of α = 0.108 

representative of moderate wave-age (or alternatively, for similar results, the log profile with Z0 = 

0.004m, representative of conditions over (rough) sea). 

 

Figure 3.10 Comparison of theoretical vertical wind speed profiles up to a height of 120m 

Figure 3.11 shows a scatter plot of the CREA6 wind speed at 100m vs. 10m. For strong wind 

speed, WS10 > 20m/s, the ratio of the 100m to the 10m wind speed is 1.25 on average, which 

corresponds to an alpha exponent of 0.10 in the power profile (i.e. resulting in slightly lower 

values at 100m when converting from 10m). Hence, it supports the above recommendation of α 

= 0.108 (corresponding to a ratio of 1.28 between 10m and 100m) as a safe and reasonable 

choice. 

 

Figure 3.11 scatter plot of the CREA6 wind speed at 100m vs. 10m 
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Temporal average (time conversion) 
Table 3.12 lists the most common guidelines of factors to convert between various averaging 

periods of extreme wind speed. All of the referenced conversion factors are developed for storm 

conditions, while the factors given in [10] are recommended specifically for tropical cyclones 

(typhoons). The factors have 1-hourly averaging period as reference, except , IEC [3], which 

were based on the 10-min value and converted to 1-hour reference for easy comparison. 

Most of the factors are independent of speed (surface roughness) and height, except Frøya, that 

considers variation in turbulence intensity as function of speed and height. Therefore, three 

examples using 20 and 50m/s wind speed at 10 and 100m height respectively, are included for 

Frøya. 

The table shows that for 1-h to 10-min conversion factors of 20m/s @10m then Frøya gives 

higher compared to [10] in particular for the very extreme wind speeds (note that Frøya is 

dependent on the wind speed and height above sea). 

 

Table 3.12 Common factors for converting between various averaging periods of extreme wind speed. 
Frøya is recommended in [5] and [9]. 

Specifications Reference 3-h 1-h 10 min 1 min 3 s 

No indication of height (but presented 

in a section concerning hub height).* 

IEC, [3] 0.95 1.00 1.05 - - 

Frøya, for 20m/s @10m height DNV-GL, [5] - 1.00 1.08 1.19 1.32 

Frøya, for 50m/s @10m height DNV-GL, [5] - 1.00 1.14 1.32 1.55 

Frøya, for 50m/s @100m height DNV-GL, [5] - 1.00 1.08 1.19 1.33 

No indication of height. CEM, [11] - 1.00 1.05 1.24 1.51 

10m height, at-sea 

Recommended for cyclones/typhoons 

WMO, [10] - 1.00 1.03 1.11 1.30 

* Converted from being relative to the 10-min value to being relative to the 1-h value. 

Frøya, DNV-GL, [5], was developed and validated for wind conditions off the Norwegian coast 

and WMO, [10] , is defined specifically for tropical cyclones. Thus, it is recommended to adopt 

the IEC, [3], guideline (which is in line with CEM, [11]) for converting between various averaging 

times of extreme wind speed. 

These factors are recommended for 10m winds (or without indication of height), however, when 

using a sea-sate-independent vertical profile (such as the power law) as discussed above, then 

the factors become independent of height, and hence may be used at hub height. A more 

cautious approach may be to adopt the Frøya, DNV-GL, [5], approach for temporal conversion 

of hub height wind speeds. 
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4 Water level 

The water level conditions are analysed based on the 24 years of HDØS,CREA6 data validated 

against long-term records of measurements in Øresund, supplemented by information on 

historic storms (reported high water levels in Køge) for extreme conditions. 

All analyses (incl. tide) are conducted at AH-West (the location of maximum water level), while 

extreme conditions are analysed also at AH-South (the location of maximum wind speed and 

wave height). 

MSL relative to DVR90 

Vertical levels in this report are referred to MSL. The MSL is ~5cm above DVR90 in Øresund in 

year 2020, based on recordings in Port of Køge and Drogden Lighthouse, cf. Danish Coastal 

Authority (Højvandstatistikker, 2017) [12]. Hence, vertical levels relative to MSL in this report, 

such as high and low water level and crest elevations, can be converted to DVR90 by adding 

5cm. 

4.1 General conditions 

Figure 4.1 presents time series of the total, tide and residual water level (de-tided as described 

in Section 4.2) from HDØS,CREA6 at AH-South (top) and AH-West (bottom). The water level differs 

marginally between the two locations, with both locations showing min to max ranges of total 

and residual water level within -2.2 to +1.5mMSL (and a tidal range of ±15cm), which agrees 

with reporting’s e.g. by DMI3.  

The tides are very weak in Øresund, and thus not considered further in this report (i.e. only total 

water level is reported forwardly).  

 

 

Figure 4.1 Time series of water level from HDØS,CREA6 at AH-West (bottom) and AH-South (top) 

  

 

3 https://www.dmi.dk/hav-og-is/temaforside-tidevand/tidevandet-i-danske-farvande/. “For eksempel er forskellen ved 

springflod ved København 0,15 meter og ved Gedser 0,10 meter.” 

https://www.dmi.dk/hav-og-is/temaforside-tidevand/tidevandet-i-danske-farvande/
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4.2 Astronomical tide 

The tides are rather weak in Øresund, however, to quantify this, astronomical water levels (tidal 

levels) are provided below. The levels were calculated using harmonic analysis to separate the 

tidal and non-tidal (residual) components of the total water level time series from the 

hydrodynamic model (after subtracting the mean of the data). Only the period of data 

assimilation (1994-2017) was considered for this purpose for temporal consistency.  

The harmonic analysis was conducted using the U-tide toolbox, see [13], which is based on the 

IOS tidal analysis method defined by the Institute of Oceanographic Sciences as described by 

[14], and integrates the approaches defined in [15] and [16]. The residual water level was 

deducted by subtracting the predicted tidal level from the total water level. The astronomical 

water levels were defined as follows:  

 HAT: Maximum predicted 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 the 24 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 WL 

Figure 4.2 presents time series of the total, astronomical and residual water level at AH-South 

(1994-2017), while Table 4.1 summarises the astronomical water levels at all locations. The 

HAT is +13cm and LAT -14cm MSL, giving a total tidal envelope of 27 cm.  

 

Figure 4.2 Time series of total, astronomical and residual water level (1994-2017) at AH-South  

Table 4.1 Astronomical water levels at all locations 

Location 
HAT 

[mMSL] 

MHWS 

[mMSL] 

MHWN 

[mMSL] 

MLWN 

[mMSL] 

MLWS 

[mMSL] 

LAT 

[mMSL] 

AH-East 0.13 0.05 0.03 -0.03 -0.04 -0.14 

AH-South 0.13 0.05 0.03 -0.02 -0.03 -0.14 

AH-West 0.13 0.05 0.02 -0.02 -0.03 -0.14 
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4.3 Extreme conditions 

Extreme values of high and low water levels are reported for return periods (TR’s) of 1, 10, 50 

and 100 years based on the validated 2D HDØS,CREA6 data. As noted above, separation of the 

water level into tide and residual is not considered due to the low magnitude of the tide and the 

dominance of residual during extremes. As opposed to most other metocean parameters, water 

level benefits from long-term records of measurement as well as significant historical 

observations to form a robust basis for extreme water levels even at long return periods. 

Effect of sea level rise is not included in the estimates of extreme water level, see Section 4.4.  

Conditions in Øresund 
There is a big difference in whether the high water level comes from the north or from the south. 

High water levels from the north are the lowest as they are limited by the passage in between 

Helsingør and Helsingborg, which dampens the high water level from Kattegat. High water level 

from the south are the highest, as there is a free flow from the Baltic Sea and into Øresund, from 

where the water must pass the Drogden threshold between Copenhagen and Malmö.  

Extreme water levels from North typically occur in connection with storm surges from the North 

Sea with a center north of Denmark moving to the east and thereby pushing water into the North 

Sea and further into the Kattegat, as happened, for example, during the Bodil storm in 

December 2015. 

The extreme (as well as the normal) water levels in Øresund are thus due to an interplay of 

many factors, such as the duration of the storm, the strength of the low pressure, the low 

pressure path (wind speed and direction), stagnation in the North Sea, Baltic Sea and Inner 

Danish and the water exchange between these waters.  

The most reliable way to estimate extreme water levels with a given exceedance probability is to 

make a statistical analysis of long-term historical observations of independent extreme water 

events. Such analysis has been conducted several times earlier by various authors, including 

DHI, and is therefore not repeated herein, but instead adopted from a recent study by COWI 

(2016), [17] which includes comparison with earlier statistics. 

Total water level 
Hence, the extreme water levels were assessed via two approaches: 

 Traditional EVA of the 24 years of 2D HDØS,CREA6 data, and subsequently compared to: 

• Adopting reported extreme values at Køge and transferring them to the site 

Traditional EVA of the 24 years of 2D HDØS,CREA6 data 

The extreme water levels were established following the traditional EVA methodology which is 

detailed in Appendix A: Traditional Extreme Value Analysis. 

Following a sensitivity study of the extreme value distributions for water level (see central plots 

in Figure 4.4 and Figure 4.5), it was decided to conduct all extreme values estimates of water 

levels (high and low) based on the Gumbel distribution fitted with least-squares (LS) to the 

annual max peaks (AMP). The resulting extreme values are in the central to high end of the 

range and the distributions fits the data well (see the central plots in Figure 4.4 and Figure 4.5).  

Table 4.2 presents the extreme values of high and low total water level. The 100-yr values vary 

between -2.4 and +1.6 mMSL at both locations, i.e. demonstrating minor variations in extreme 

water levels across the site. 
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Table 4.2 Extreme values of high and low total water level – see also Table 4.3! 

Name 
AH-South  

WLtotal [mMSL] 
AH-West  

WLtotal [mMSL] 

TR [year] 1 10 50 100 1 10 50 100 

High 0.9 1.3 1.5 1.6 0.9 1.2 1.5 1.6 

Low -1.1 -1.8 -2.2 -2.4 -1.1 -1.7 -2.2 -2.4 

 

Transferring extreme values from Køge 

Table 4.3 presents the extreme values of high water level at Køge from [17]4. Those estimates 

are based on long-term (dating back more than 1000 years) historical observations of high water 

levels in Køge (and vicinity) reported by DMI.  

Figure 4.3 presents a scatter plot of WL at AH-West vs. WL at Køge, showing an almost 1:1 

agreement. A linear function is fitted to the top 0.3% data points, i.e. WL > 0.75 mMSL (which is 

a little less than the 1 year value at AH-West of around 0.9mMSL). Those fitting parameters 

were used to transform the reported extreme values at Køge to AH-West, which are given in the 

right-hand side of Table 4.3.  

Comparing with the values in Table 4.2 shows that the values derived from the 24 years model 

data are well in line with the values by KD2012 (The Danish Coastal Authority) based on long-

term recordings. However, when considering 50+ year return periods, then both sets of values 

are much less than those of DHI2006 and COWI2016 due to the consideration of historical 

observations in those studies. The values of Metro1997 are even higher, likely due to the 

considerable cost of structures5. 

In conclusion, it is recommended to apply the values of high water level by COWI2016, given in 

Table 4.3, to account for the rare historical observations not present during the 24 years of 

model data applied above nor in the 50+ years of recordings applied by KD2012. 

As also discussed in [17, 18], there are considerable uncertainties related to historical 

observations, such as recent changes in the lagoon area at Køge, and ancient reporting not 

considering still water level, but perhaps some wave height on top. Hence, extrapolation of such 

recordings for long return periods (say >100yr) may lead to conservative results. 

Table 4.3 Extreme values of water level at Køge from [17] (left-hand side) transferred to AH-West 
(right-hand side) using the model based relation given in Figure 5.9. As shown above AH-
West is representative also for AH-South (i.e. all Aflandshage). 

Name 
Køge, [17]  

High WLtotal [mMSL] 
AH-West  

High WLtotal [mMSL] 

TR [year] 1 10 50 100 1 10 50 100 

Metro1997 1.26 1.7 2.01 2.14 1.2 1.7 2.0 2.2 

DHI2006, [18] - - 1.84 2.21 - - 1.8 2.2 

KD2012 1.05 1.35 1.47 1.51 1.0 1.3 1.5 1.5 

COWI2016 1.05 1.33 1.74 2.09 1.0 1.3 1.7 2.1 

 

4 https://kk.sites.itera.dk/apps/kk_pub2/pdf/1575_hpDsf1uaA2.pdf  

5 https://www.kk.dk/sites/default/files/edoc/6afbdf07-dd5e-4a53-a25b-f1bd2ae9832a/95a86ab5-3b16-4154-95cf- 

fd0f43330a71/Attachments/16227464-20094431-1.PDF 

https://kk.sites.itera.dk/apps/kk_pub2/pdf/1575_hpDsf1uaA2.pdf
https://www.kk.dk/sites/default/files/edoc/6afbdf07-dd5e-4a53-a25b-f1bd2ae9832a/95a86ab5-3b16-4154-95cf-%20fd0f43330a71/Attachments/16227464-20094431-1.PDF
https://www.kk.dk/sites/default/files/edoc/6afbdf07-dd5e-4a53-a25b-f1bd2ae9832a/95a86ab5-3b16-4154-95cf-%20fd0f43330a71/Attachments/16227464-20094431-1.PDF
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Figure 4.3 Scatter plot of WL at AH-West vs. WL at Køge.  
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Figure 4.4 Extreme value analysis of high (left) and low (right) total water level at AH-South   
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Figure 4.5 Extreme value analysis of high (left&top) and low (right&bottom) total water level at AH-West  
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4.4 Climate change (sea level rise) 

The IPCC approved and accepted the Special Report on the Ocean and Cryosphere in a 

Changing Climate [19] at its 51st session held in September 2019. In its 4th chapter (Sea Level 

Rise and implications for low lying islands, coasts, and communities), it is stated that global 

mean sea level (GMSL) is rising and accelerating. Data from tide gauges and altimetry 

observations revealed an increase from 1.4 mm/year over the period 1901-1990 to 3.6 mm/year 

over the period 2005-2015.  

The projections for future GMSL are strongly dependent on which Representative Concentration 

Pathway (RCP) emission scenario is followed. Each scenario considers different greenhouse 

gas concentrations, however, sea-level rise at the end of the century is projected to be fast 

under all scenarios, including those compatible with achieving the long-term temperature goal 

set out in the Paris Agreement. Thus, the GMSL is assessed to rise by year 2100 (relative to 

1986-2005) between:  

 0.43 m (likely range: 0.29 - 0.59 m for RCP 2.6) and  

• 0.84 m (likely range: 0.61 – 1.10 m for RCP 8.5)  

The RCP 8.5 is a high-emissions scenario, which is frequently referred to as ‘’business as 

usual’’, suggesting that it is a likely outcome if society does not make concerted efforts to reduce 

greenhouse gas emissions. Figure 4.6 shows the latest projections from IPCC for SLR under 

three different scenarios. The grey bar labelled as AR5 refers to the previous IPCC report (i.e. 

[20]). It should be noted that the uncertainty in climate change induced by SLR increases 

substantially beyond 2050 due to uncertainties on emission scenarios and the response of the 

Antarctic ice sheet in warmer environments.  

 

Figure 4.6 Time series of global mean sea level for scenarios RCP 2.6 (left), RCP4.5 (middle) and 
RCP8.5 (right). The shaded region represents the likely range. For reference, the AR5 
results are shown in grey (from the IPCC’s 5th assessment report in 2014)  

The sea level does not and will not rise uniformly around the globe. Thermal expansion, ocean 

dynamics and land ice loss contributions will generate regional departures of about plus/minus 

30% around the GMSL rise. From the data presented in IPCC [19], it is assessed that the SLR 

around Denmark is in line with the rise of GMSL. Based on the different scenarios, the median 

value for a design life of 50 years was estimated based on Figure 4.6 and summarized in Table 

4.4. Values were estimated from today (2020) and the differences between the three scenarios 

are limited with estimated SLR ranging within 0.23 – 0.37 m in year 2070.  

Table 4.4  Estimated SLR relative to 2020 and 2030 for design lifetimes of 50 and 120 years.  

Period RCP scenario 

2.6 4.5 8.5 

50 year 2020 – 2070 0.23 m 0.27 m 0.37 m 



  

36 11825044_aflandshage_wind_farm_-_metocean_study_part_b_-_data_analytics.docx / PDG-amra / 2020-09 

 

Isostatic effect 
Glacial isostatic adjustment processes mean that most of Denmark are experiencing an 

uplift/rebound of its landmasses. According to [21], Figure 4.7 on isostatic uplift in Denmark is 

presented. The Figure shows that the uplift rate increases when moving towards the north. At 

the Aflandshage area, the rate is in the order of 1.35 mm/year. In other words, this effectively 

means that the mean sea level decreases accordingly, all other things equal. Given an uplift rate 

of 1.35 mm/year, the total uplift over 50 years would be 0.07m. Thus, the 50-year SLR is partly 

counteracted by the isostatic effect of 0.06 m. 

 

Figure 4.7 Isostatic uplift rates (mm/year), [21]. Aflandshage is marked by a red circle 

 

Effect on waves and currents 
The effect on extreme waves and currents of an increased sea level in the order of 16 – 30cm 

can be assumed negligible at the considered locations within the wind farm areas, since it 

constitutes a very small fraction of total water depth (it may have an effect in somewhat 

shallower areas).  

Other effects of climate change, such as changes in the intensity and/or occurrence of storms 

(wind and pressure) could influence extreme waves, currents, and water levels. However, such 

effects are difficult to quantify, and not considered within the scope of this report. Reference is 

made to guidelines provided by DMI, see e.g.: 

https://en.klimatilpasning.dk/knowledge/climate/denmarksfutureclimate/.  

  

https://en.klimatilpasning.dk/knowledge/climate/denmarksfutureclimate/
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5 Current 

The current conditions are analysed based on the 24 years of 2D HDØS,CREA6 data validated 

against available records of measurements in Øresund, supplemented by information from 

earlier studies (reported extreme current speed at Oskarsgrundet) and assessments based on 

the 3D HD model of Øresund, HD3DØS,CREA6.  

All analyses (incl. tide) are conducted at AH-East (the location of maximum current speed), 

while extreme conditions are analysed also at AH-South (the location of maximum wind speed 

and wave height). 

5.1 General conditions 

Figure 5.1 presents time series of the total, tide and residual current speed (de-tided as 

described in Section 4.2) from HDØS,CREA6 at AH-East (top) and AH-South (bottom). The current 

speed differs somewhat between the two locations, showing the mean total and residual current 

speed of 0.14 and 0.08m/s and max current speed of 0.88 and 0.61m/s respectively (the max 

tidal current speed was less than 0.15m/s). 

Figure 5.2 presents rose plots of the HDØS,CREA6 data. At AH-East the current rose shows a 

dominating bi-directional flow pattern along the NNE-SSW axis, while at AH-South the flow is 

weaker (since its deeper and located further away from the narrowest passage of Øresund) and 

going along the N-S axis. The strongest currents are south-going.  

The tides are very weak in Øresund, and thus not considered further (i.e. only total current 

speed is reported forwardly).  

 

 

Figure 5.1 Time series of CS from HDØS,CREA6 at AH-East (top) and AH-South (bottom) 
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Figure 5.2 Rose plot of current from HDØS,CREA6 at AH-East (top) and AH-South (bottom) 
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5.2 Histogram and quantiles 

Figure 5.3 presents a histogram and cumulative density function (CDF) of depth-averaged 

current speeds at AH-East The 50, 75, and 95% quantile values are 0.1, 0.2, and 0.3 m/s.  

 

Figure 5.3 Histogram and CDF of depth-averaged current speeds at AH-East  
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5.3 Current profile assessment 

This section concerns a brief comparison of 2D and 3D currents from the 3D HD model of 

Øresund, HD3DØS,CREA6, to get an indication of the relevance of considering 3D effects for the 

following two main purposes: 

 To verify the applicability of the 2D HD model in general, and 

• To assess extreme currents speeds at the wind farm site (surface and seabed) 

At the time of scoping this work, the information about available current measurement data in 

Øresund was limited. However, measurements were acquired at Oskarsgrundet and Nordre 

Røse, as described in [1] and used to verify the performance of the 2D HD model. However, the 

3D measurements at Nordre Røse were short (3 months) and located with some distance from 

Aflandshage.  

Conditions in Øresund 
During calm weather conditions, the current conditions in Øresund are determined by the (weak) 

tide and the surplus of fresh water supplied from rivers and streams in the Baltic Sea. The 

current conditions are thus generally calm with a slight predominance of north-going direction. 

During periods of turbulent weather conditions, the regional wind and air pressure conditions 

around the Baltic Sea and Kattegat have a major impact on water exchange through Øresund. 

The influence of the wind causes water to accumulate in either the western Baltic Sea or 

Kattegat, depending on the wind direction. This builds up a water level gradient between 

southern Baltic Sea and Kattegat, which may drive strong currents. In addition, the local wind 

has an impact on the local surface current in sub-areas of Øresund. 

There is frequent stratification in the deeper channels of Øresund (and in Kattegat), because the 

water in the deeper layers of Kattegat has a salinity, and thus a density, almost as in the great 

oceans (30-35 ‰), while the water in the Baltic Sea is slightly brackish due to the large supply of 

fresh water from rivers. The stratification means that, during calm conditions, there is often a 

relatively fresh north-going surface current and a saline south-going bottom current. The 

stratification in Øresund is further maintained by the Drogden barrier, which has a blocking effect 

on the heavy bottom current and the transport of salt to the Baltic Sea. The net flow in Øresund 

is north-going due to the water supply from the rivers in the Baltic Sea, and Øresund, Great Belt 

and Little Belt being the only option of outflows. The transport of salt to the Baltic Sea takes 

place primarily in the event of saltwater intrusion, i.e. incidents where for a long period of time 

water is forced from the Kattegat through Øresund across the Drogden barrier. More information 

about the current conditions in Øresund, incl. locations of some historical measurements, can be 

found in the Øresund Link report, [22]. 

Comparison of 2D and 3D 
Figure 5.4 shows a comparison of average 2D and 3D current profiles from the HD3D,ØS,CREA6 

model for one year (2018), for north-going (left) and south-going (right) currents respectively. 

The 2D profiles are depth-averages of the 3D data fitted with the 1/7 power profile given in Eq. 

(5.1) (see e.g. Section 4.1.4 in [5] or Section 6.3.3.3.2 in [3]).  

𝐶𝑆(𝑧) =
8

7
∙ 𝐶𝑆𝑑𝑒𝑝𝑡ℎ−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (

d + z

𝑑
)

1
7⁄

, 

𝑑 =  𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ 𝑡𝑜 𝑠𝑡𝑖𝑙𝑙 𝑤𝑎𝑡𝑒𝑟 𝑙𝑒𝑣𝑒𝑙 (𝑡𝑎𝑘𝑒𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒)  

𝑧 =  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑠𝑡𝑖𝑙𝑙 𝑤𝑎𝑡𝑒𝑟 𝑙𝑒𝑣𝑒𝑙, 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑢𝑝𝑤𝑎𝑟𝑑𝑠 

𝑇ℎ𝑒
8

7
 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑖𝑠 𝑎 𝑡𝑦𝑝𝑖𝑐𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑎𝑠𝑠𝑢𝑚𝑖𝑛𝑔 𝑡ℎ𝑎𝑡 𝑡ℎ𝑒 𝑑𝑒𝑝𝑡ℎ 

− 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑠 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒 𝑜𝑓 𝑧~0.6 ∙ 𝑑 

(5.1) 
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Each 3D profile is the average of all 3D profiles that has a depth-average current speed within 

±20% of the 2D profile. 

The figure confirms that the (depth-averaged) currents are most frequently north-going (about 

60% of the time), but the strongest (depth-averaged) currents are south-going. The influence of 

the south-going saline inflow close to the seabed is evident in the profiles of north-going current. 

The figure also shows that using a simple 2D profile would lead to underestimation of the 

surface currents and overestimation of the seabed currents for north-going conditions, while it 

may be adequate for south-going currents (which are the strongest).  

Based on this brief assessment, the 2D data is considered sufficient for the present purpose of 

conservatively assessing extreme surface and seabed current speed conditional that the 2D 

data is supplemented with recommendations from general guidelines (see methodology in 

Section 5.4). However, it may be considered to include more years of 3D data to supplement 

and improve the data basis for extreme surface and seabed current speed. 
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Figure 5.4 Comparison of average 2D and 3D current profiles of the HD3D,ØS,CREA6 model. Left: North going. Right: South going. 

 



  

11825044_aflandshage_wind_farm_-_metocean_study_part_b_-_data_analytics.docx / PDG-amra / 2020-09 43 

5.4 Extreme conditions 

Extreme values of current speed are reported for omni and directional (30° sectors) conditions 

(albeit the flow is very north-south dominated) for return periods (TR’s) of 1, 10, 50 and 100 

years based on the validated 2D HDØS,CREA6 data. Surface and seabed current speeds are 

established from the depth-averaged 2D model and wind conditions according to general 

guidelines.  

Depth-averaged current speed (CStotal,1h) 
The depth-averaged current speed was assessed via two approaches: 

 Traditional EVA of the 24 years of 2D HDØS,CREA6 data, and subsequently compared to: 

• Adopting reported extreme values at Oskarsgrundet and transferring them to the site 

Traditional EVA of the 24 years of 2D HDØS,CREA6 data 

The extreme current speeds were established following the traditional EVA methodology which 

is detailed in Appendix A: Traditional Extreme Value Analysis. 

Following a sensitivity study of the extreme value distributions (see bottom right plots in Figure 

5.5 and Figure 5.6), it was decided to conduct extreme values estimates based on a Gumbel 

distribution fitted with least-squares (LS) to the annual max peaks (AMP). The resulting extreme 

values are in the central to high end of the range and the distribution fits the data well (see the 

central plot in figures below).  

Figure 5.7 and Figure 5.8 presents the directional values of extreme CStotal,1h, and the values are 

summarised in Table 5.1. 

Table 5.1 Extreme values of CStotal,1h (dominant 50-year sector is highlighted in green). 

 Direction 
[°N] 

AH-East 
CStotal,1h [m/s] 

AH-South 
CStotal,1h [m/s] 

 TR [years] 1 10 50 100 1 10 50 100 

D
e
p

th
-a

v
e

ra
g

e
d
 

Omni 0.6 0.8 0.9 1.0 0.4 0.6 0.7 0.7 

0 0.3 0.3 0.4 0.4 0.3 0.3 0.4 0.4 

30 0.3 0.4 0.4 0.4 0.2 0.2 0.3 0.3 

60 0.3 0.3 0.4 0.4 0.1 0.1 0.2 0.2 

90 0.2 0.2 0.2 0.3 0.1 0.1 0.1 0.1 

120 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.2 

150 0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.3 

180 0.3 0.4 0.4 0.5 0.4 0.6 0.7 0.7 

210 0.6 0.8 0.9 1.0 0.3 0.3 0.4 0.4 

240 0.4 0.5 0.6 0.6 0.1 0.2 0.2 0.2 

270 0.1 0.2 0.2 0.3 0.1 0.1 0.1 0.2 

300 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.2 

330 0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.3 
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Figure 5.5 Omni extreme CStotal,1h at AH-East.  
The top plot presents the time series data and extracted events. The middle plot presents 
the fitted extreme distribution. The bottom left plot presents the directionality of the omni 
events and bottom right plot show the sensitivity of the 100 year estimate to other 

combinations of extreme distributions, thresholds, and fitting methods. 
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Figure 5.6 Omni extreme CStotal,1h at AH-South.  
The top plot presents the time series data and extracted events. The middle plot presents 
the fitted extreme distribution. The bottom left plot presents the directionality of the omni 
events and bottom right plot show the sensitivity of the 100 year estimate to other 

combinations of extreme distributions, thresholds, and fitting methods. 
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Figure 5.7 Directional extreme CStotal,1h at AH-East 
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Figure 5.8 Directional extreme CStotal,1h at AH-South 
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Transferring extreme values from Oskarsgrundet 

Table 5.2 presents the extreme values of current speed at Oskarsgrundet from [22] at recording 

depth of -6m below the surface (i.e. near the seabed since the total water depth is 7m) and 

converted to depth-averaged using the 1/7 power profile suggested e.g. in Section 2.4.8.3 of [4]. 

Using a power profile is a pragmatic approximation considering the complexity of the flow in this 

region, however, the difference between 6m and depth-averaged in this way is small (15%). 

Those estimates are based on ca. 10 years of recordings. 

Figure 5.9 presents scatter plots of CS at AH-East (left) and AH-South (right) vs. CS at 

Oskarsgrundet for north-going (top) and south-going (bottom) current direction respectively. A 

function is fitted to the top 0.3% data point (which app. equals the 1-year value at Oskarsgrundet 

of around 1.3m/s). Those fitting parameters were used to transform the extreme values at 

Oskarsgrundet to AH-East and AH-South, as given in Table 5.3.  

Comparing with the values in Table 5.1 at AH-East (location of max currents) shows an 

excellent agreement of north-going currents of 0.3-0.4m/s and south-going currents of 0.5-

1.0m/s, which gives confidence to the values derived from the traditional EVA of the model data 

given above. At AH-south the relations are a bit more scattered and the resulting extreme values 

come out a bit below those of Table 5.1.  

In conclusion, it is recommended to apply the values in Table 5.1, whilst it is noted that extreme 

currents are typically more uncertain than other metocean parameters. The scatter between 

models and measurements are generally larger and the amount of measurements available to 

verify the models and describe the physical conditions is rather scarce (short-term, and/or 

available a single vertical position only). And observations of historic extremes are not available. 

Table 5.2 Extreme values of current speed at Oskarsgrundet from [22] at recording depth of -6m and 
converted to depth-average using the 1/7 power law profile suggested e.g. in Section 2.4.8.3 
of [4] 

 
Direction 

[°N] 
Oskarsgrundet 
Umean(=-6m) [m/s] 

Oskarsgrundet 
CStotal(=depth-average) [m/s] 

 TR [years] 1 10 50 100 1 10 50 100 

 

North-going ~1.14* 1.37 1.50 1.56 1.32 1.58 1.73 1.80 

South-going ~1.18* 1.55 1.80 1.92 1.36 1.79 2.08 2.22 

* Read from the figure in the report 

Table 5.3 Extreme values of current speed transferred from those at Oskarsgrundet 

 
Direction 

[°N] 
AH-East 

CStotal [m/s] 
AH-South, 

CStotal [m/s] 

 TR [years] 1 10 50 100 1 10 50 100 

 

North-going 0.31 0.37 0.41 0.42 0.22 0.27 0.31 0.32 

South-going 0.50 0.73 0.89 0.97 0.28 0.40 0.49 0.53 
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Figure 5.9 Scatter plots of CS at AH-East (left) and AH-South (right) vs. CS at Oskarsgrundet for north-
going (top) and south-going (bottom) currents 
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Surface current speed 
As discussed in Section 5.3, the water level gradient between the Baltic Sea and Kattegat is one 

of the key drivers for current in Øresund, also during extreme conditions. Such gradient drives a 

current that is uniform throughout the water column. The surface current is additionally driven by 

the wind forcing acting on the water surface. The wind driven current reduces through the water 

column and becomes insignificant at deep water. The seabed current is further affected by the 

(south going) inflow of saline water.  

As demonstrated in Section 5.3, such combined effects can only be properly represented by a 

3D model. And it is not possible to separate the gradient driven flow from the wind driven flow of 

a 2D model. To supplement this assessment, Figure 5.10 shows scatter plots of surface vs. 

depth-average CS at Aflandshage (centre) from the 3D HD3D,ØS,CREA6 model. Although there is a 

weak correlation for the (south-going) current, then these plots show that it is not feasible to 

establish a relation between the surface and the depth-average current speed. However, only 

one (1) year of 3D data is available for this study, which is too short a period for assessing long-

term extreme values.  

Hence, to assess the surface current speed a conservative approach was adopted by combining 

(adding) the 2D model data with the DNV guideline of wind generated current as follows. The 

total depth-average of the 2D model was transferred to the surface using the 1/7 power profile 

given in Eq. (5.1), and (vector) added by the wind-driven surface current estimated according to 

DNV (see e.g. Section 4.1.4.5 in [5]) using an upper limit of the k factor of 0.036 (i.e. 3% of the 

wind speed in the direction of the wind):  

𝐶𝑆𝑤𝑖𝑛𝑑,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = k ∙ 𝑊𝑆1ℎ,10𝑚 

𝑘 =  0.015 − 0.03 
𝑊𝑆1ℎ,10𝑚 𝑖𝑠 𝑡ℎ𝑒 1 ℎ𝑜𝑢𝑟 𝑠𝑢𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 10 𝑚 𝑎𝑏𝑜𝑣𝑒 𝑠𝑒𝑎 𝑙𝑒𝑣𝑒𝑙. 

(5.2) 

The 1-h mean wind speed was adopted directly from the CREA6 wind speed without any 

adjustments (i.e. not adjusted for directional occurrence or wind averaging period). Note that 

wind direction is defined as coming-from and hence inverted prior to calculating the currents that 

are defined as going-to.  

Finally, a traditional EVA was conducted on the obtained time series of surface current using the 

Gumbel distribution (same as used for wind), see Figure 5.11 – Figure 5.12, and Table 5.4 

shows the resulting extreme values of surface CStotal,1h. 

Adopting 3.0% of the wind speed is the upper limit of the recommendation in [5] (spanning 1.5-

3.0%). This resulted in omni surface current speed of 0.9 – 1.2 m/s, which is slightly higher than 

those of the depth-average current speed of 0.6 – 1.0 m/s (see Table 5.1). Hence it was 

considered adequate to adopt the maximum value of 3.0%.  

In the above approach the wind component is accounted for twice, but as Figure 5.10 shows, 

the surface current of the 3D model reached 0.9 m/s during 1 year of data only (2018), which is 

in line with the resulting 1-year values of 0.9 and 0.8 m/s at AH-East and AH-South, hence 

giving confidence in the applied method. 

The standard [5] does not inform about the averaging period of the surface current speed, but 

one could interpret it as representative of a 1-h value due to the use of the 1-h wind speed. 

  

 

6 . It is noted that IEC 61400-3-1 [19] in its Section 6.3.3.3.3 suggests a factor of only 0.01 between the 10 mSWL wind 

speed and the wind-induced surface current speed; i.e. a factor 1.5 – 3.0 less than that of Section 4.1.4.5 of [5]. 
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Table 5.4 Extreme values of surface CStotal,1h (dominant 50-year sector is highlighted in green. 

 Direction 
[°N] 

AH-East 
Surface CStotal,1h [m/s] 

AH-South 
Surface CStotal,1h [m/s] 

 TR [years] 1 10 50 100 1 10 50 100 

S
u

rf
a

c
e
 

Omni 0.9 1.1 1.2 1.2 0.8 1.1 1.2 1.2 

0 0.8 0.9 1.0 1.0 0.7 0.8 0.9 0.9 

30 0.8 1.0 1.1 1.1 0.7 0.9 1.0 1.0 

60 0.6 0.8 1.0 1.1 0.6 0.8 1.0 1.1 

90 0.6 0.7 0.8 0.9 0.5 0.7 0.9 1.0 

120 0.5 0.7 0.8 0.9 0.7 0.9 1.0 1.0 

150 0.7 1.0 1.1 1.1 0.8 1.0 1.1 1.2 

180 0.8 1.0 1.1 1.2 0.6 0.8 0.9 0.9 

210 0.6 0.8 0.9 0.9 0.5 0.6 0.8 0.8 

240 0.4 0.5 0.6 0.6 0.4 0.5 0.6 0.7 

270 0.4 0.5 0.6 0.7 0.4 0.6 0.6 0.7 

300 0.5 0.6 0.6 0.6 0.6 0.7 0.8 0.9 

330 0.7 0.8 0.8 0.8 0.7 0.8 0.9 0.9 
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Figure 5.10 Scatter plots of surface vs. depth-average CS at Aflandshage (centre) from the 3D 
HD3D,ØS,CREA6 model. Top: North-going, bottom: south-going depth-average current. 
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Figure 5.11 Directional extreme surface CStotal,1h at AH-East 
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Figure 5.12 Directional extreme surface CStotal,1h at AH-South 
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Seabed current speed 
Figure 5.13 shows the seabed current speed vs. the depth-average CS at Aflandshage (centre) 

from the 3D HD3D,ØS,CREA6 model, and as for the surface currents, it is not feasible to establish a 

relation between the seabed and the depth-average current speed. 

However, as demonstrated in Section 5.3, it appears conservative to adopt the 1/7 power profile 

for assessing the south-going seabed current. Hence, adopting the relation in Eq. (5.1) with a 

depth of 13.2 m at AH-East and 16.9m at AH-South to estimate the current speed 1 m above the 

seabed gives a factor of 0.76 and 0.79 relative to the depth-average current speed. 

These factors are very similar to the highest factor that can be deducted from the 3D data in 

Figure 5.13 for the dominating south-going current (seabed current speed divided by depth 

average current speed ~0.8), and hence applied to derive the extreme values of seabed current 

speed, given in Table 5.5 (i.e. equal to 0.76 and 0.79 times the (omni) depth-average current 

speed extremes giving in Table 5.1). 

For north-going seabed current there is no feasible correlation with depth-average (since the 

bottom flow of saline water is usually south-going), and, the north-going seabed currents are 

much weaker compared to the south-going, cf. Figure 5.13. Hence, extreme values were 

provided for omni (south-going) conditions only.  

Table 5.5 Extreme values of seabed CStotal,1h (dominant 50-year sector is highlighted in green. 

Direction [°N] 
AH-East 

Seabed CStotal,1h [m/s] 
AH-South 

Seabed CStotal,1h [m/s] 

TR [years] 1 10 50 100 1 10 50 100 

Omni (generally 

south-going) 
0.5 0.6 0.7 0.8 0.3 0.5 0.5 0.5 
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Figure 5.13 Scatter plots of seabed vs. depth-average CS at Aflandshage (centre) from the 3D 
HD3D,ØS,CREA6 model. Top: North-going, bottom: south-going depth-average current.  
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6 Waves 

The wave conditions are analysed based on the 24 years of SWØS,CREA6 data validated against 

long-term records of wave measurements in Øresund, supplemented by assessment of historic 

storms (wind speed) reported in literature for extreme conditions. 

All analyses are conducted at AH-South (the location of maximum wind speed and wave height), 

while extreme conditions are analysed also at AH-East (the location of maximum current speed).  

6.1 General conditions 

Figure 6.1 presents time series and statistics of the SWØS,CREA6 data at AH-East (top) and AH-

South (bottom). The waves differ marginally between the two locations, both showing mean Hm0 

of about 0.5m and maximum Hm0 of about 3.2m. The waves are short with an average Tp of 

about 3.2s and average T02 is 2.3s. 

Figure 6.2 and Figure 6.3 presents rose plots of the SWØS,CREA6 data for MWD and PWD 

respectively. The wave roses show a dominating occurrence from westerly sectors and 

secondarily from ESE, which is in line with that of the wind, when accounting for the short fetch 

in south-westerly directions that is limiting waves from that direction. The roses for PWD show 

very abrupt changes between individual directional sectors compared to the roses of MWD, and 

for this reason, MWD is chosen to distinguish directional analyses throughout this report.  
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Figure 6.1 Time series of Hm0 and Tp from SWØS,CREA6 at AH-East (top) and AH-South (bottom) 
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Figure 6.2 Rose plot of Hm0 vs MWD from SWØS,CREA6 at AH-East (top) and AH-South (bottom) 
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Figure 6.3 Rose plot of Hm0 vs PWD from SWØS,CREA6 at AH-East (top) and AH-South (bottom) 
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6.2 Weather windows 

Monthly workability (weather windows) tables of wind speed, wave height and joint conditions at 

AH-South, including a description of the methodology and all result are given in Appendix C: 

Weather Windows. 

6.3 Associated parameters 

Figure 6.4 - Figure 6.8 shows scatter plots for omni conditions of WS10 vs. Hm0, and for Hm0 vs. 

Tp, T02, WL and CS at AH-East (top) and AH-South (bottom). Plots for each directional sector 

are given in Appendix B: Scatter Plots – Directional. 

The figures show that there is strong relation between wind and waves, and between wave 

height and wave period in Øresund, which is due to the enclosed waters with short fetches in all 

directions (except south). The relations with wind speed show two slightly distinct tails in the 

upper end, which relates to the two dominating wave direction from west and south respectively.  

On the other hand, there is a rather weak correlation between waves and water level, albeit 

waves from easterly directions tend to be related with slightly high water, while waves from 

westerly directions tend to be related with low water. The high waves from west tend to occur 

with strong currents. 

The scatter plots of Hm0 and WS10, Tp and T02 are fitted with a power function to the top 50% 

quantile of the data (for wind speed the power exponent is fixed at 1.23, as explained in Section 

6.9). Those fitted functions will be used for extreme conditions later. 
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Figure 6.4 Scatter plots of Hm0 vs WS10 at AH-East (top) and AH-South (bottom) - Omni 
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Figure 6.5 Scatter plots of Tp vs. Hm0 at AH-East (top) and AH-South (bottom) - Omni 
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Figure 6.6 Scatter plots of T02 vs Hm0 at AH-East (top) and AH-South (bottom) - Omni 



  

11825044_aflandshage_wind_farm_-_metocean_study_part_b_-_data_analytics.docx / PDG-amra / 2020-09 65 

 

 

Figure 6.7 Scatter plots of WL vs. Hm0 at AH-East (top) and AH-South (bottom) - Omni 
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Figure 6.8 Scatter plots of CS vs. Hm0 at AH-East (top) and AH-South (bottom) - Omni 
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6.4 Wind-wave misalignment 

The wind-wave misalignment is calculated as WD10 minus the MWD. Figure 6.9, Figure 6.10, 

Figure 6.11 presents the misalignment vs WS10 at AH-South for total, wind-sea and swell part of 

the spectrum respectively separated according to the wave-age criteria (as defined in section 

5.1 of [23]). The curves indicate the mean misalignment for each wind direction sector. 

The misalignment of the total wave spectrum shows high scatter for wind speed less than 

~4m/s, while the misalignment is relatively low for wind speed higher than 4m/s (mainly within 

±30°) when the waves start to pick up. The waves in Øresund are generally dominated by the 

local wind and therefore the low misalignment of the wind-sea is apparent also for the total wave 

spectrum. The misalignment for swell is naturally higher, however it is related with very small 

waves in Øresund, see Figure 6.13. The mean swell misalignment of around +70° and -70° 

stems from frequent wind from Southwest concurrent with swell waves form SSE and WNW. 

 

Figure 6.9 Wind-wave (total) misalignment vs. WS10 at AH-South 
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Figure 6.10 Wind-wave (wind-sea) misalignment vs. WS10 at AH-South 

 

Figure 6.11 Wind-wave (swell) misalignment vs. WS10 at AH-South  



  

11825044_aflandshage_wind_farm_-_metocean_study_part_b_-_data_analytics.docx / PDG-amra / 2020-09 69 

6.5 Fatigue (HT-scatter diagrams) 

Scatter tables showing the average annual occurrence of individual wave height H and wave 

period T are produced, cf. Section 6.1.1 of [1]. The tables discretise H and T in the following 

bins: 

 H bin limits: [0, 0.25, 0.5, …7] m 

• T bin limits: [0, 0.5, 1.0, … 14] s 

Tables are made for omnidirectional conditions and for 12 30°-wide directional bins. The 

analysis is based on the continuous 24 years of the SWCØS,CREA6 wave model data. 

H and T were found from a zero-down-crossing analysis of the surface elevation time series 

generated from the modelled frequency spectrum of each individual total sea state (i.e. 

combined wind-sea and swell) assuming a Gaussian process with random phases. The direction 

was defined by the mean wave direction, MWD (i.e. all waves from a sea state are placed in the 

directional bin defined by the MWD of that sea state). 

Figure 6.12 presents contours of omnidirectional average annual number of waves, while Table 

6.1 presents the omni and directional average annual number of waves and associated period at 

AH-South. Figures and tables in ASCII format (.txt) for each location and each 30o directional bin 

are attached to the pdf version of this report.  

At AH-South, the total number of individual waves is 14.9x106, corresponding to an overall 

average wave period of 2.1 s (which approximately agrees with the mean of T02 of 2.3 s). As for 

the Hm0 and MWD, the largest and most frequent individual waves are from the south to south-

westerly (180°, 210° and 140°) sectors (each about 7–10 % of the waves).  

 

Figure 6.12 Contours of omnidirectional average annual number of waves at AH-South 
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Table 6.1 Omni and directional average annual number of waves and associated period at AH-South 

 MWD [°N clockwise coming-from]  Associated period 

H [m] 0 30 60 90 120 150 180 210 240 270 300 330 All T2.5% T50% T97.5% 

[6.75-7[ - - - - - - - - - - - - - - - - 

[6.5-6.75[ - - - - - - - - - - - - - - - - 

[6.25-6.5[ - - - - - - - 0 - - - - 0 - - - 

[6-6.25[ - - - - - - 0 - - - - - 0 - - - 

[5.75-6[ - - - - - - - 0.1 - - - - 0.1 - - - 

[5.5-5.75[ - - - - - - - 0 0.1 - - - 0.1 - - - 

[5.25-5.5[ - - - - - - - - 0 - - - 0 - - - 

[5-5.25[ - - - - - - 0.1 0.1 0.1 0 - - 0.3 - - - 

[4.75-5[ - - - - - 0 0.1 0.3 0.2 0 - - 0.7 - - - 

[4.5-4.75[ - - - - - 0.2 0.2 0.5 0.2 0.2 0 - 1.3 - - - 

[4.25-4.5[ - - - - 0.2 0.4 0.7 0.8 0.3 0.2 0 - 2.5 - - - 

[4-4.25[ - - - - 0.3 2.1 2 1.3 0.7 0.6 0.3 - 7.3 3.2 5.2 6.9 

[3.75-4[ - - - - 1.4 4.9 5 2.8 1.4 0.9 0.5 - 16.9 4 5.2 6.7 

[3.5-3.75[ - - 0.2 0 2.6 13 10.8 4.4 3 1.1 1.6 - 36.7 4 5.2 6.8 

[3.25-3.5[ 0 0.2 0.2 0.2 8.1 32.2 25.5 10.5 5 2.8 4.7 - 89.4 3.9 5.1 6.9 

[3-3.25[ 0.2 0.3 0.6 0.9 22.3 75.3 62.8 20.6 9.5 8.6 12.1 0.4 213.6 3.8 5.1 6.8 

[2.75-3[ 1 1.6 1.8 3.6 62.7 178.9 147.3 45 19.8 16.4 28.5 1 507.6 3.8 5 6.8 

[2.5-2.75[ 4 4.7 6.5 15.3 165.1 423.6 314.1 97.5 48.7 38.3 71.1 4.1 1193.1 3.6 4.9 6.9 

[2.25-2.5[ 12.1 15.1 22.4 37.5 431.6 962 738.3 244.5 109.8 94.1 193.4 15.2 2875.9 3.4 4.8 6.9 

[2-2.25[ 41.8 50.7 66.7 105.6 1093.7 2140.3 1613.7 611.5 280.2 238.9 505.5 53.5 6802.2 3.3 4.6 6.8 

[1.75-2[ 128.1 172.5 198.8 292.5 2709.9 4604.7 3541.8 1581.5 716 626 1360.1 163 16094.9 3.2 4.5 6.7 

[1.5-1.75[ 389.5 621.1 570.1 819.8 6676.8 9565.7 7819.2 4141.2 1878 1675.3 3655.8 481.5 38294 2.9 4.3 6.6 

[1.25-1.5[ 1119.1 2148.1 1623.3 2359.8 16135.4 19255.5 16835.4 10786.5 4945.3 4660.2 9954.6 1431 91254.1 2.8 4 6.3 

[1-1.25[ 3193.8 6841.6 4719.9 6822.4 38056.4 37176 35622.1 27620.2 13301.1 13340 26867.4 4261.5 217822.5 2.5 3.8 6 

[0.75-1[ 8718.5 19793.7 13823.4 19112.5 86841 69142.5 73312.1 69025.9 36601.2 39730 71239.9 12737.6 520078.2 2.3 3.5 5.6 

[0.5-0.75[ 23843.9 52054 39216 51888.7 194521.9 130873.4 149470.7 168152.4 101391 118847.9 186408.9 38781.7 1255450.
4 

1.8 3 5.1 

[0.25-0.5[ 76121.4 136103.9 106166.8 139782.3 452906.2 307594.1 332375.8 397617.8 280928.9 358977.9 489091.5 133402.7 3211069.
3 

1.3 2.4 4.2 

[0-0.25[ 345257.2 473148 339937 438490.2 1364516.
9 

1136946.
6 

1053771.
8 

950616.2 748797.3 957271.6 1219514.
2 

541057.9 9569324.
9 

0.2 1.3 3.1 

Total 458830.7 690955.4 506353.7 659731.3 2164152.
5 

1718991.
5 

1675669.
5 

1630581.
6 

1189037.
8 

1495531.
1 

2008910.
2 

732390.9 14931136
.2 

- - - 
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6.6 Swell waves - A qualitative statement 

This section concerns a qualitative statement on whether swell-waves are largely negligible or if 

they form an important part of the total sea state, for sea states with reasonably large total sea 

state significant wave height, e.g. Hm0,total ≥ 0.5 m. 

Figure 6.13 presents time series of the total, wind-sea and swell partition of Hm0 at AH-South 

from SWØS-CREA6 separated according to the wave-age criteria (as defined in section 5.1 of [23]). 

Figure 6.14 presents a scatter plot of Hm0,Swell vs Hm0. In general, the data shows occurrence of 

mixed sea states with a predominance of wind-sea for the medium and higher sea states. 

Figure 6.15 and Figure 6.16 present the ratio of wind-sea to total energy (black) and swell to 

total energy (blue) (the energy being proportional to the square of Hm0) in terms of a scatter plot 

and a bar plot giving the average ratio vs. Hm0 (total). For the low sea states (Hm0 < 1.0m) the 

swell partition is responsible for about 10–50% of the total wave energy, while for moderate and 

higher sea states (Hm0 > 1.0m) the wind-sea partition is responsible for more than 90% of the 

total energy, while the swell partition constitutes less than 10%. Such quantification obviously 

depends on the chosen separation criterion between wind-sea and swell (in this case the wave-

age), and it should be considered whether this criterion is suitable for the purpose in mind.  

 

Figure 6.13 Time series of total, wind-sea and swell Hm0 at AH-South 

 

Figure 6.14 Scatter plot of Hm0,Swell vs Hm0 at AH-South 
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Figure 6.15 Scatter plot of ratio of wind-sea to total energy (black) and swell to total energy (blue) vs. Hm0 

 

Figure 6.16 Average ratio of wind-sea to total energy (black) and swell to total energy (blue) vs. Hm0 
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6.7 Applicability of JONSWAP spectra 

This section concerns an assessment of the applicability of the JONSWAP spectrum to describe 

the mean total sea states as well as the wind-sea and swell partitions (separated according to 

the wave-age criterion).  

As demonstrated above, the wave conditions in Øresund are wind dominated and the 

occurrence of directional wave spectra with more than one peak is considered rare/negligible. 

Hence, the total sea state can in most cases be described adequately by a single-peaked 

theoretical spectrum (such as JONSWAP).  

In our experience (mainly from the North Sea) the modelled wave spectra are not expected to 

inform about gamma of the JONSWAP spectrum. Instead, reference is made to guidelines such 

as Section 2.4.5.1 of [4]. The fitting of JONSWAP spectra to modelled spectra usually results in 

somewhat lower gamma values compared to the mean value of 3.3 for wind-sea considered in 

[24] – this concerns both total spectra and the wind-sea (partitioned by wave-age). It is noted, 

though, that the value of gamma in [24] shows quite some spreading in the range of 

approximately 1-7 related to local conditions such as fetch and wind. The reason for lower 

gamma values compared to the mean value of 3.3 is not fully known, but may be related to a 

combination of: generally broader/smoother spectra of spectral models (compared to 

measurements), too coarse discretisation of the model spectra, the partitioning not producing 

‘pure’ wind-sea spectra and possibly the fitting process not being focused (enough) on the peak 

(but rather fitting the bulk of the spectra). However, the lower gamma values may also be partly 

due to local variations.  

Figure 6.17 presents time-averaged frequency spectra of SWØS,CREA6 and corresponding 

JONSWAP spectrum based on [4] (i.e. defining a value of gamma for every timestamp using the 

values of Tp and Hm0 for the same timestamp).  

The figure shows that the JONSWAP spectrum matches the average total sea states, as well as 

the wind-sea and swell partitions, very well (except for very low sea states, for instance Hm0 < 

0.5m). Further, the modelled (wind-sea) spectra are generally a bit broader and with a lower 

peak (lower gamma) compared to that of the JONSWAP formulation following [24], as discussed 

above.  
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Figure 6.17 Time-averaged frequency spectra of SWØS,CREA6 and corresponding JONSWAP spectrum based on [4] for 
0.5 m bins of Hm0 @ AH-South 

  

No waves 
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6.8 Severe sea states (SSS) 

The design of wind turbines at sea require the determination of Severe Sea State (SSS) 

conditions (see e.g. DLC 1.6 in [4]) as defined in Section 2.4.4.2 in DNVGL-ST-0437, [4], and 

Section 6.4.1.3 in IEC 61400-3-1, [3].  

The SSS conditions concern omni 50-year extreme values of Hm0 conditional on WS at hub 

height, and an appropriate range of Tp. The SSS conditions were established as follows: 

• The wind speed at hub height (taken as 120 m), WS120, was calculated from the CREA6 

wind speed at 100 m using a power profile with α = 0.108 (see Section 3.4). 

• Occurrences with WS120 > 28 m/s (outside the expected operating range of the wind turbine) 

and the following 3 hours were excluded to replicate shutdown during severe events. 

• The extreme value distribution applied for marginal Hm0 and WS (i.e. a 2-parameter Weibull 

fitted with Least-squares, see Section 6.9) was used for each WS bin of 4 m/s, and the 

resulting Hm0,50yr values were then interpolated to 2 m/s bins. 

• The range of Tp was calculated from the 5, 50 and 95%-tiles relations with omni Hm0 (see 

Section 6.3). 

Figure 6.18 illustrates the resulting SSS conditions, while Table 6.2 summarizes the results. 

Table 6.2 Severe sea states (SSS) at AH-South 

AH-South  Tp [s] 

WS120 [m/s] Hm0,50yr | WS120 [m] 5% 50% 95% 

1 1.0 3.6 4.1 5.1 

3 1.1 3.7 4.3 5.3 

5 1.2 3.9 4.5 5.6 

7 1.4 4.2 4.9 6.0 

9 1.7 4.6 5.3 6.5 

11 1.8 4.9 5.6 6.8 

13 1.9 5.0 5.8 7.0 

15 2.0 5.1 5.9 7.2 

17 2.2 5.3 6.2 7.4 

19 2.4 5.5 6.4 7.7 

21 2.5 5.7 6.6 7.9 

23 2.6 5.8 6.7 8.1 

25 2.7 5.9 6.8 8.1 
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Figure 6.18  Severe sea states (SSS) at AH-South giving binned Hm0,50yr | WS120 [m]. The Hm0,50yr values 

were adjusted by +5% in line with the omni 50-yr adjustment at AH-South (see section 6.9). 
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6.9 Extreme conditions 

Extreme wave conditions are reported for omni, directional (30° sectors) and monthly conditions 

for return periods (TR’s) of 1, 10, 50 and 100 years based on the validated SWØS,CREA6 data, 

supplemented by historical events by transferring the information of (directional) extreme wind 

(see Section 3.3) onto the waves.  

The approach is related to the establishment of extreme winds as follows: 

 Approach for TR ≤ 10 years (based on SWØS,CREA6 model data covering 24 years) 

• Approach for TR ≥ 50 years (based on historical observations covering 129 years) 

supplemented by directional correlation between WS10 and Hm0 

The parameters include: 

 Hm0 and conditioned wave periods Tp,Hm0 and T02,Hm0 

 Hmax and conditioned wave period THmax 

• Cmax relative to SWL and MSL (up to 10,000 years) 

Joint probabilities between Hm0 and WS10, WL and CS are provided in Section 6.11. 

Approach for TR ≤ 10 years 
The extreme wind speeds for TR ≤ 10 years were established following the traditional EVA 

methodology which is detailed in Appendix A: Traditional Extreme Value Analysis, since 10 

years is well below the length of the 24 years of CREA6 data, it is therefore well represented 

herein. 

Following a sensitivity study of the extreme value distributions (see bottom right plots in Figure 

6.19 and Figure 6.20), it was decided to conduct extreme values estimates based on the 2-

parameter Weibull distribution fitted with least-squares (LS) to the 1 highest average annual max 

peaks (AAP) (same as for the wind). The resulting extreme values are in the high end of the 

range compared to the other distributions, but the distribution has a good fit towards the two 

largest events (see the central plot in figures below), and thus considered appropriate.  

Figure 6.21 to Figure 6.24 presents the directional (applicable for 1 & 10 year return periods) 

and monthly (applicable for all year return periods) values of extreme Hm0,3h. 

 

Approach for TR ≥ 50 years 
No long-term historical observations of wave heights were found while producing this study. 

However, as described in Section 3.3, the historical wind observations showed that the 24-year 

data period had weak representation of extreme winds from northerly, easterly and southerly 

directions. 

As there is a clear correlation between the wind speed and wave height (see Section 6.3) – and 

directions as well - in Øresund, a correction on the wind speed should also be applied to the 

wave heights. Following the same approach as for the extreme wind speed estimation (See 

Section 3.3), the wave model data were used directly for 1-year and 10-year return periods. For 

return periods exceeding 10 years, historical wind data were used. Using a relation between 

WS10 and Hm0, Hm0 associated with the estimated extreme wind speed was established. The 

relation between the wind speed and Hm0 was established by a power fit as seen in  

equation (6.1). 

𝐻𝑚0 = a ∙ 𝑊𝑆10
𝑏  

(6.1) 
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From SPM 84 (Coastal Engineering Research Center, 1984) (eq. 3-33a and eq. 3-28a), it is 

found that for deep fetch-limited waters, Hm0 can be estimated by equation (6.2). 

𝐻𝑚0 = 5.112 ∙ 10−4  ∙ 𝑈𝐴 ∙ √𝐹 (6.2) 

Here Hm0 is a linear function of the wind stress factor given by equation (6.3). 

𝑈𝐴 = 0.7 ∙ 𝑈1.23 
(6.3) 

The wind stress factor is a function of WS10. Parameter b in equation (6.1) is therefore kept 

constant at 1.23 to make the power fits more robust. Parameter a in equation (6.1) can then be 

viewed as an expression of the fetch for each directional sector.  

The values of a was determined individually for each mean wave direction at each location by a 

least-squares error minimization to the Hm0 values exceeding the 50% quantile (i.e. targeted at 

the larger waves). Plots for all points and all directions are given in Appendix B: Scatter Plots – 

Directional, and the estimated values of a are summarized in Table 6.1. 

Table 6.3 Values of parameter a in eq. (6.1) for two analyses locations and all mean wave directions 

Direction [°N] AH-East AH-South 

Omni 0.0492 0.0515 

0 0.0420 0.0465 

30 0.0443 0.0496 

60 0.0460 0.0542 

90 0.0498 0.0604 

120 0.0526 0.0603 

150 0.0561 0.0621 

180 0.0584 0.0607 

210 0.0546 0.0549 

240 0.0490 0.0477 

270 0.0456 0.0432 

300 0.0444 0.0448 

330 0.0411 0.0453 

 

Significant wave height (Hm0,3h) 
As for wind speed the extreme wave heights are a combination of the estimates based on a 

traditional EVA approach for the return periods up to 10 years, and the estimates established 

with the combined use of historical wind data, for the return periods beyond 50 years (except the 

dominating wind direction of 240°, which was adopted directly from the traditional EVA).  

The increase in wind speed of the non-dominating sectors means that waves from 

weaker/neighbour sectors become stronger and contributes to the omni distribution. And since it 

is not feasible to establish a relation between wind speed and wave height for omni waves 

because of variations in fetch for the various directions, then the omni waves were found as the 

product of the non-exceedance probabilities of the directional estimates. This lead to a slight 

increase of the omni wave height at AH-South (+5% for the 50-year value and +7% for the 100-

year value), but less than 1% at AH-East compared to the omni estimates of the traditional EVA. 

The same increase was added to the monthly 50- and 100-year values. 
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In summary, it is mainly the directional estimates that are increased due the consideration of 

historical (wind) events, while overall the estimated extreme waves are considered robust 

central estimates. Table 6.4 presents the omni and directional extreme estimates of the 

significant wave height representative of a 3-hour average, Hm0,3h. Table 6.5 presents the 

monthly extreme values, based on the traditional EVA, but increased for the 50- and 100-year 

values according to the findings above.  

Table 6.4 Extreme values of Hm0,3h – Directional (dominant 50-year sector highlighted in green) 

Direction [°N] AH-East, 
Hm0,3h [m] 

AH-South, 
Hm0,3h [m] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 2.1 2.7 3.2 3.4 2.2 2.7 3.3 3.6 

0 1.0 1.3 1.9 2.1 1.2 1.6 2.2 2.4 

30 1.1 1.4 1.8 2.0 1.2 1.6 2.1 2.3 

60 1.1 1.5 1.8 2.0 1.2 1.7 2.2 2.3 

90 1.1 1.5 2.1 2.3 1.3 1.8 2.5 2.7 

120 1.4 1.8 2.3 2.5 1.8 2.2 2.7 2.9 

150 1.7 2.0 2.6 2.8 2.0 2.4 2.8 3.1 

180 2.0 2.3 2.8 3.0 2.1 2.4 2.9 3.2 

210 1.8 2.4 3.0 3.3 1.9 2.5 3.1 3.3 

240 1.7 2.4 2.9 3.2 1.7 2.3 2.9 3.1 

270 1.7 2.4 2.7 2.9 1.6 2.3 2.5 2.7 

300 1.5 1.8 2.5 2.7 1.7 2.2 2.6 2.8 

330 1.0 1.3 2.3 2.4 1.3 1.6 2.5 2.8 

 

Table 6.5 Extreme values of Hm0,3h – Monthly (dominant 50-year sector highlighted in green) 

Month AH-East, 
Hm0,3h [m] 

AH-South, 
Hm0,3h [m] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 2.1 2.7 3.2 3.4 2.2 2.7 3.3 3.6 

Jan. 1.8 2.4 2.8 3.0 2.0 2.5 2.9 3.1 

Feb. 1.8 2.2 2.5 2.6 1.9 2.3 2.8 3.0 

Mar. 1.5 1.9 2.2 2.4 1.7 2.1 2.6 2.8 

Apr. 1.2 1.8 2.0 2.2 1.4 1.9 2.3 2.5 

May 1.2 1.5 1.8 2.0 1.3 1.7 2.0 2.1 

Jun. 1.2 1.6 1.8 2.0 1.2 1.6 1.9 2.1 

Jul. 1.1 1.5 1.8 1.9 1.2 1.5 1.9 2.1 

Aug. 1.2 1.5 1.6 1.7 1.3 1.5 1.8 1.8 

Sep. 1.4 1.8 2.0 2.1 1.5 1.8 2.2 2.4 

Oct. 1.6 2.2 2.6 2.8 1.7 2.3 2.7 2.9 

Nov. 1.7 2.2 2.5 2.7 1.8 2.3 2.7 2.8 

Dec. 1.8 2.5 3.0 3.3 1.9 2.5 3.2 3.5 
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Figure 6.19 Omni extreme Hm0,3h – applicable for all return periods – at AH-East.  
The top plot presents the time series data and extracted events. The middle plot presents 
the fitted extreme distribution. The bottom left plot presents the directionality of the omni 
events and bottom right plot show the sensitivity of the 100 year estimate to other 
combinations of extreme distributions, thresholds, and fitting methods.  
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Figure 6.20 Omni extreme Hm0,3h – prior to adjusting for historical observations – at AH-South.  
The top plot presents the time series data and extracted events. The middle plot presents 
the fitted extreme distribution. The bottom left plot presents the directionality of the omni 
events and bottom right plot show the sensitivity of the 100 year estimate to other 

combinations of extreme distributions, thresholds, and fitting methods.  
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Figure 6.21 Directional extreme Hm0,3h – prior to adjusting for historical observations  – at AH-East 
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Figure 6.22 Directional extreme Hm0,3h – prior to adjusting for historical observations – at AH-South 
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Figure 6.23 Monthly extreme Hm0,3h – prior to adjusting for historical observations – at AH-East 

  



  

86 Waves 

 

Figure 6.24 Monthly extreme Hm0,3h – prior to adjusting for historical observations – at AH-South (prior to scaling!) 
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Wave periods conditioned on Hm0 (Tp,Hm0 and T02,Hm0) 
The wave periods conditioned on Hm0 (Tp,Hm0 and T02,Hm0) were established based on the scatter 

distributions and the fitted power function to the top 50% quantile of the data given in Appendix 

B: Scatter Plots – Directional (see also Section 6.3). Table 6.6 and Table 6.7 presents the 

values of Tp,Hm0 and T02,Hm0 respectively. It is noted that the longest waves do not occur in the 

sector of the largest waves but rather in south-easterly directional sectors with the longest fetch.  

Table 6.6 Extreme values of Tp,Hm0 – Directional (dominant 50-year sector highlighted in green) 

Direction [°N] AH-East, 
Conditioned peak period, Tp,Hm0 [s] 

AH-South, 
Conditioned peak period, Tp,Hm0 [s] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 5.5 6.0 6.5 6.7 6.0 6.6 7.1 7.4 

0 3.7 4.1 4.7 4.8 4.1 4.5 5.2 5.3 

30 4.0 4.4 4.8 5.0 4.3 4.7 5.2 5.4 

60 3.9 4.3 4.7 4.9 4.0 4.6 5.0 5.1 

90 3.8 4.2 4.6 4.8 4.2 4.6 5.0 5.1 

120 4.2 4.5 4.9 5.0 5.8 6.2 6.6 6.9 

150 5.1 5.4 5.8 6.0 6.1 6.4 6.9 7.1 

180 5.7 6.0 6.4 6.6 5.8 6.1 6.5 6.7 

210 5.3 5.9 6.4 6.6 5.4 6.1 6.6 6.8 

240 4.7 5.3 5.8 6.0 4.7 5.3 5.8 6.0 

270 4.8 5.4 5.7 5.9 4.6 5.3 5.5 5.7 

300 4.6 5.0 5.6 5.8 4.8 5.4 5.7 5.9 

330 3.7 4.0 4.9 5.1 4.3 4.7 5.6 5.8 

 

Table 6.7 Extreme values of T02,Hm0 – Directional (dominant 50-year sector highlighted in green) 

Direction [°N] AH-East, 

Conditioned T02 period, T02,Hm0 [s] 

AH-South, 

Conditioned T02 period, T02,Hm0 [s] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 4.2 4.6 4.9 5.0 4.4 4.8 5.2 5.3 

0 2.9 3.2 3.7 3.9 3.2 3.6 4.1 4.2 

30 3.1 3.4 3.7 3.9 3.3 3.6 4.0 4.2 

60 3.1 3.5 3.8 3.9 3.3 3.8 4.2 4.4 

90 3.2 3.5 4.0 4.1 3.6 4.0 4.6 4.7 

120 3.4 3.8 4.2 4.4 4.1 4.4 4.7 4.9 

150 3.9 4.1 4.5 4.7 4.3 4.5 4.8 5.0 

180 4.2 4.5 4.8 4.9 4.3 4.6 4.9 5.1 

210 3.9 4.4 4.8 4.9 4.0 4.4 4.8 5.0 

240 3.7 4.2 4.6 4.7 3.7 4.2 4.6 4.7 

270 3.7 4.1 4.4 4.5 3.6 4.1 4.3 4.4 

300 3.5 3.7 4.2 4.4 3.7 4.1 4.3 4.4 

330 2.9 3.2 4.0 4.2 3.3 3.6 4.3 4.5 
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Maximum wave height (Hmax) 
The maximum individual wave height Hmax was estimated using the convolution method by 

Tromans and Vanderschuren [25]. The Glukhovskiy short-term wave height distribution was 

applied to derive Hmax as this distribution takes the local water depth variations, and indirectly, 

therefore, wave breaking, into account. More details on the methodology are provided in Section 

A.3. 

The distribution applied to estimate extreme Hmax at was adopted from that of Hm0 (i.e. 2-

parameter Weibull distribution fitted with least-squares (LS) to the 1 largest average annual max 

peaks (AAP)). Figure 6.25 - Figure 6.28 show the directional and monthly distributions of Hmax 

for the traditional EVA. The final values of Hmax were then found by multiplying the final values of 

Hm0 (Table 6.4) with the ratio of the traditional EVA results (to comply with the results of for Hm0):   

𝐻𝑚𝑎𝑥,𝑓𝑖𝑛𝑎𝑙 = 𝐻𝑚0,𝑓𝑖𝑛𝑎𝑙  ∙
𝐻𝑚𝑎𝑥,𝑇𝑟𝑎𝑑.𝐸𝑉𝐴

𝐻𝑚0,𝑇𝑟𝑎𝑑.𝐸𝑉𝐴

 
(6.4) 

Table 6.8 and Table 6.9 summarises the extreme omni, directional and monthly Hmax. 

 

Wave period conditioned on Hmax (THmax) 
The wave period conditioned on the maximum wave height was derived from the individual 

waves established in Section 6.5. For each sea state in the 24-year time series, the maximum 

wave height and the associated wave period were extracted and the resulting Hmax/THmax scatter 

for all sea states are plotted in Figure 6.29 along with quartiles of T conditional on H. Scatter 

plots and expressions for all directions are given in Appendix B: Scatter Plots – Directional.  

The resulting THmax values for each direction for the 5-, 50- and 95%-tiles are given in Table 6.10 

and Table 6.11. The tables also include values of the THmax expression given in [26] for 

comparison. The DNV expression gives larger values and is likely more fit for application in 

larger oceans. 
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Table 6.8 Extreme values of Hmax – Directional (dominant 50-year sector highlighted in green) 

Direction [°N] AH-East, 
Hmax [m] 

AH-South, 
Hmax [m] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 4.0 5.0 5.9 6.3 4.3 5.2 6.3 6.9 

0 2.1 2.7 4.0 4.4 2.4 3.2 4.5 4.9 

30 2.2 2.8 3.7 4.0 2.5 3.2 4.2 4.6 

60 2.3 3.1 3.8 4.2 2.5 3.5 4.5 4.9 

90 2.3 3.0 4.2 4.6 2.7 3.7 5.1 5.5 

120 2.8 3.6 4.7 5.2 3.8 4.6 5.5 6.0 

150 3.7 4.3 5.5 6.0 4.3 5.0 6.0 6.6 

180 4.1 4.7 5.7 6.2 4.3 5.0 6.0 6.5 

210 3.5 4.6 5.7 6.2 3.6 4.7 5.9 6.4 

240 3.1 4.3 5.4 5.9 3.1 4.4 5.4 5.9 

270 3.3 4.4 5.1 5.5 3.0 4.4 4.8 5.1 

300 2.9 3.6 4.9 5.3 3.3 4.3 5.0 5.4 

330 2.1 2.6 4.6 5.0 2.7 3.4 5.2 5.7 

 

Table 6.9 Extreme values of Hmax – Monthly (dominant 50-year sector highlighted in green) 

Month AH-East, 
Hmax [m] 

AH-South, 
Hmax [m] 

TR [years] 1 10 50 100 1 10 50 100 

Omni 4.0 5.0 5.9 6.3 4.3 5.2 6.3 6.9 

Jan. 3.4 4.6 5.3 5.6 4.0 4.9 5.7 6.0 

Feb. 3.5 4.3 4.9 5.1 3.8 4.8 5.6 6.0 

Mar. 3.1 3.9 4.5 4.7 3.4 4.4 5.3 5.8 

Apr. 2.4 3.4 4.0 4.2 2.8 3.9 4.7 5.1 

May 2.3 3.1 3.7 4.0 2.6 3.4 4.1 4.4 

Jun. 2.3 3.2 3.7 4.0 2.5 3.3 4.0 4.3 

Jul. 2.2 2.9 3.5 3.8 2.4 3.1 3.9 4.2 

Aug. 2.6 3.1 3.4 3.5 2.7 3.2 3.7 3.8 

Sep. 2.7 3.5 3.9 4.1 2.9 3.7 4.4 4.7 

Oct. 3.0 4.1 4.8 5.2 3.4 4.5 5.3 5.6 

Nov. 3.2 4.2 4.8 5.1 3.6 4.6 5.3 5.6 

Dec. 3.4 4.6 5.7 6.2 3.6 4.8 6.1 6.7 
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Figure 6.25 Directional extreme Hmax – prior to adjusting for historical observations – at AH-East 
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Figure 6.26 Directional extreme Hmax – prior to adjusting for historical observations – at AH-South 
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Figure 6.27 Monthly extreme Hmax – prior to adjusting for historical observations – at AH-East 
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Figure 6.28 Monthly extreme Hmax – prior to adjusting for historical observations – at AH-South 
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Figure 6.29 THmax vs Hmax and associated fitting parameters of power law functions at AH-East (top) and 
AH-South (bottom) 
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Table 6.10 Wave period conditioned on Hmax (THmax) at AH-East 

THmax [s] Return period [years] 

Sector Percentile 1 10 50 100 

Omni 

DNV-GL RP-C205, [26] 5.8 6.6 7.1 7.4 

5% 4.2 4.6 5.0 5.1 

50% 4.9 5.4 5.9 6.1 

95% 5.8 6.4 6.9 7.1 

0 

5% 3.2 3.6 4.5 4.7 

50% 3.6 4.0 5.0 5.2 

95% 4.0 4.5 5.5 5.8 

30 

5% 3.4 3.8 4.4 4.6 

50% 3.8 4.3 5.0 5.2 

95% 4.3 4.9 5.7 6.0 

60 

5% 3.4 3.8 4.2 4.4 

50% 3.9 4.4 4.9 5.2 

95% 4.5 5.1 5.7 6.0 

90 

5% 3.4 3.8 4.4 4.6 

50% 4.0 4.4 5.2 5.4 

95% 4.6 5.2 6.0 6.3 

120 

5% 3.7 4.1 4.7 5.0 

50% 4.4 4.9 5.6 5.8 

95% 5.1 5.7 6.5 6.9 

150 

5% 4.2 4.5 5.0 5.2 

50% 5.0 5.3 5.9 6.1 

95% 5.8 6.2 6.9 7.2 

180 

5% 4.7 5.0 5.5 5.7 

50% 5.4 5.8 6.3 6.6 

95% 6.2 6.7 7.3 7.6 

210 

5% 4.2 4.8 5.3 5.6 

50% 4.8 5.5 6.2 6.5 

95% 5.6 6.4 7.2 7.5 

240 

5% 3.8 4.4 4.9 5.1 

50% 4.3 5.0 5.6 5.8 

95% 4.9 5.7 6.4 6.7 

270 

5% 3.9 4.5 4.8 5.0 

50% 4.4 5.1 5.5 5.7 

95% 4.9 5.7 6.1 6.4 

300 

5% 3.7 4.1 4.9 5.1 

50% 4.2 4.6 5.5 5.7 

95% 4.7 5.2 6.1 6.4 

330 

5% 3.3 3.7 5.3 5.6 

50% 3.7 4.2 5.9 6.3 

95% 4.1 4.6 6.6 7.0 
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Table 6.11 Wave period conditioned on Hmax (THmax) at AH-South 

THmax [s] Return period [years] 

Sector Percentile 1 10 50 100 

Omni 

DNV-GL RP-C205, [26] 6.1 6.7 7.4 7.7 

5% 4.5 4.9 5.3 5.5 

50% 5.2 5.7 6.2 6.5 

95% 6.1 6.7 7.3 7.6 

0 

5% 3.5 4.0 4.7 5.0 

50% 3.9 4.4 5.3 5.6 

95% 4.4 5.0 6.0 6.3 

30 

5% 3.6 4.0 4.6 4.9 

50% 4.1 4.6 5.3 5.6 

95% 4.7 5.3 6.1 6.4 

60 

5% 3.5 4.1 4.6 4.8 

50% 4.2 4.9 5.5 5.7 

95% 5.0 5.8 6.5 6.8 

90 

5% 3.6 4.1 4.7 4.9 

50% 4.5 5.0 5.8 6.0 

95% 5.5 6.2 7.2 7.5 

120 

5% 4.4 4.8 5.2 5.5 

50% 5.3 5.8 6.4 6.6 

95% 6.5 7.0 7.7 8.1 

150 

5% 4.9 5.2 5.7 5.9 

50% 5.8 6.2 6.7 7.0 

95% 6.8 7.3 8.0 8.3 

180 

5% 4.7 5.0 5.4 5.6 

50% 5.4 5.7 6.2 6.5 

95% 6.2 6.6 7.1 7.4 

210 

5% 4.2 4.9 5.4 5.6 

50% 4.9 5.6 6.3 6.5 

95% 5.6 6.5 7.2 7.5 

240 

5% 3.8 4.5 5.0 5.2 

50% 4.3 5.0 5.6 5.8 

95% 4.8 5.6 6.2 6.5 

270 

5% 3.8 4.6 4.8 5.0 

50% 4.3 5.1 5.4 5.6 

95% 4.8 5.7 6.0 6.3 

300 

5% 4.0 4.5 4.9 5.1 

50% 4.5 5.1 5.6 5.8 

95% 5.1 5.8 6.3 6.6 

330 

5% 3.7 4.2 5.4 5.7 

50% 4.2 4.7 6.2 6.5 

95% 4.8 5.4 7.0 7.4 
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Maximum crest elevation (Cmax) 
The maximum crest elevation Cmax was found by the same methodology as for Hmax, only 

applying the Forristall short-term crest level distribution. 

Figure 6.30 - Figure 6.31 show the omni distributions of Cmax for the traditional EVA. The final 

values of Cmax were then scaled the same way as Hmax. 

Table 6.12 summarizes the estimated Cmax omni conditions up to 10,000 year. It shows that for 

return periods up to 100 years the crest elevation relative to MSL is higher than relative to SWL 

due to the overall weak correlation between high water level and large waves. However, for the 

10,000 year the Cmax,MSL is lower than Cmax,SWL likely due to the negative correlation with WL for 

large waves from west (see Hm0 vs. WL in Appendix B: Scatter Plots – Directional). 

Table 6.12 Extreme values of maximum crest elevation 

Name 
Maximum crest elevation relative to 

SWL, Cmax,SWL [mSWL] 

Maximum crest elevation relative to 

MSL, Cmax,MSL [mMSL] 

TR [year] 1 10 50 100 104 1 10 50 100 104 

AH-East 2.6 3.3 3.9 4.2 6.2 2.9 3.5 4.0 4.2 5.4 

AH-South 2.7 3.3 4.0 4.4 6.8 3.2 3.7 4.3 4.6 6.2 
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Figure 6.30 Extreme Cmax,SWL – prior to adjusting for historical observations – at AH-East (top) and AH-
South (bottom)   



  

Waves 99 

 

 

Figure 6.31 Extreme Cmax,MSL – prior to adjusting for historical observations – at AH-East (top) and AH- 
South (bottom)  
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6.10 Evaluation of breaker type 

The type of wave breaking (spilling, plunging, or surging) was evaluated in accordance with IEC 

61400-3-1 (Appendix B.4), [3], (i.e. based on the surf similarity parameter).  

Table 6.13 presents the breaker type at each location based on the breaking wave height 

(equation B.28 in [3]) and the surveyed water depths. The period of the breaking wave was 

(conservatively) taken as 7.6 s (corresponding to the 95%-tile of the 100 year THmax see Table 

6.11). It was tested that the surf similarity parameter was insensitive to slopes less than 1/10 for 

the relevant combinations wave conditions and water depths, and slopes steeper than 1/10 was 

not considered present at Aflandshage, hence the seafloor slope was taken 1/10. 

For the Aflandshage area, this evaluation results in waves being classified as spilling and, 

following IEC 61400-3-1, no additional load beyond that from regular stream function theory 

should be accounted for. However, it is noted that such evaluation (classifying wave breaking 

type as a function of seafloor slope and wave steepness only) is rather simple and in DHI’s 

experience from other areas with similar (relatively flat) seafloor slopes (e.g. from North Sea) 

other types of breaking may occur, and hence might need to be accounted for in load 

calculations.  

Table 6.13 Evaluation of breaker type in accordance with IEC 61400-3-1 (Appendix B.4), [3] 

 Slope ≤ 1/10 Tb = 7.6 s 

Name 
Water depth (in 

survey) [m DVR90] 

Surf similarity 

parameter (ξb) [-] 
Breaker type  

AH-East 13.2 0.0060 Spilling 

AH-South 16.9 0.0055 Spilling 

AH-West 16.7 0.0055 Spilling 

 

  



  

Waves 101 

6.11 Joint probabilities 

Joint probability analyses (JPA) giving the likelihood of simultaneous occurrence of extreme 

conditions were conducted according to the method presented in Appendix A.5.2. 

Figure 6.32- Figure 6.34 shows the extreme wind speed, water level and current speed 

conditioned on extreme Hm0 in the form of scatter diagrams with contours corresponding to 

return periods of 1, 10, 50 and 100 years at AH-East and AH-South. The contours of 50 and 100 

years were scaled for Hm0 to match the values of Section 6.9. The JPA of wind speed was 

conducted for the dominant wave direction (210°) only, to obtain a clear correlation (other wave 

directions (fetches) would yield different (weaker) correlations).  

There is a clear correlation between wave height and wind speed, while the correlation between 

wave height with water level and current speed is weak for omni conditions, as was seen in the 

scatter plots of Section 6.3. In other words, high waves and strong wind are likely to occur 

simultaneously, while high waves may occur with a rather wide range of water level (also 

negative) and current speed (depth-average).  

However, the directional scatter plots in Section 6.3 indicated a directional trend that waves from 

easterly directions tend to be related with slightly high water, while waves from westerly 

directions tend to be related with low water. Strong surface current is also likely to correlate with 

high waves more than the depth-average current presented in Figure 6.34. 
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Figure 6.32 Joint probability of WS10 conditioned on Hm0 at AH-East (top) and AH-South (bottom) 
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Figure 6.33 Joint probability of WL conditioned on Hm0 at AH-East (top) and AH-South (bottom) 
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Figure 6.34 Joint probability of CS conditioned on Hm0 at AH-East (top) and AH-South (bottom) 
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7 Salinity and sea temperature 

Time series of salinity and sea temperature was adopted from HD3D,ØS,CREA6 at the central 

location of Aflandshage. Figure 7.1 presents time series of the salinity and sea temperature at 

three layers (surface, middle and seabed), while Figure 7.3 and Figure 7.4 (and Table 7.1 and 

Table 7.2) presents the monthly mean and max values.  Figure 7.2 presents the density of 

seawater vs. temperature and salinity.  

 

 

Figure 7.1 Time series of salinity and sea temperature from HD3D,ØS,CREA6 at AH-Centre 

 

 

Figure 7.2 Density of seawater vs. temperature and salinity (https://www.engineeringtoolbox.com/sea-
water-properties-d_840.html). 

  

https://www.engineeringtoolbox.com/sea-water-properties-d_840.html
https://www.engineeringtoolbox.com/sea-water-properties-d_840.html
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Figure 7.3 Monthly mean and max salinity from HD3D,ØS,CREA6 at AH-Centre during 2018 at the surface (top), middle 
(middle), and seabed (bottom). 
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Figure 7.4 Monthly mean and max sea temperature from HD3D,ØS,CREA6 at AH-Centre during 2018 at the surface (top), 
middle (middle), and seabed (bottom). 
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Table 7.1 Monthly mean and max salinity from HD3D,ØS,CREA6 at AH-Centre during 2018 at the surface, 
middle, and seabed. 

Layer Surface 

Surface 

Middle 

Middle 

Seabed 

Seabed Salinity, S [-] Mean Max Mean Max Mean Max 

Omni 9.3 21.1 10.4 21.5 12.2 21.9 

Jan. 9.7 16.2 10.2 16.5 11.1 16.7 

Feb. 9.3 13.9 9.8 14.0 10.5 14.8 

Mar. 7.9 13.0 9.6 15.8 13.0 21.4 

Apr. 7.9 14.4 9.1 14.6 12.0 17.7 

May 7.2 8.3 7.6 8.8 8.2 12.2 

Jun. 8.9 17.5 10.8 17.8 13.7 18.2 

Jul. 8.1 9.4 8.2 9.9 9.3 12.3 

Aug. 10.0 13.8 11.1 15.6 13.2 16.3 

Sep. 11.6 21.1 13.1 21.5 15.9 21.9 

Oct. 12.0 18.2 13.2 19.8 14.6 20.2 

Nov. 8.6 9.9 9.0 10.8 9.8 12.7 

Dec. 10.5 20.7 12.6 21.1 15.6 21.3 

 

Table 7.2 Monthly mean and max sea temperature from HD3D,ØS,CREA6 at AH-Centre during 2018 at the 

surface, middle, and seabed. 

Layer Surface 

Surface 

Middle 

Middle 

Seabed 

Seabed Sea temp., Tsea [°] Mean Max Mean Max Mean Max 

Omni 10.5 24.3 10.2 22.2 10.1 21.5 

Jan. 4.1 5.7 4.4 6.1 4.5 5.9 

Feb. 2.4 3.3 2.8 3.6 2.7 3.8 

Mar. 1.2 1.9 1.5 2.4 1.9 3.0 

Apr. 4.2 6.9 3.7 6.9 4.1 7.2 

May 9.0 12.5 7.7 11.2 7.4 10.5 

Jun. 16.3 18.4 15.3 17.7 14.8 17.2 

Jul. 20.0 22.9 17.6 20.8 16.4 19.7 

Aug. 21.5 24.3 20.9 22.2 20.4 21.5 

Sep. 17.8 20.4 17.8 20.1 17.5 19.8 

Oct. 13.6 15.6 13.9 16.1 13.9 16.5 

Nov. 9.8 11.7 10.2 11.7 10.2 11.7 

Dec. 6.0 7.3 6.5 8.9 6.8 9.3 
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Appendix A: Traditional Extreme Value Analysis 

The traditional stationary extreme value analysis approach is described in Section A.1 below. 

A.1 Traditional approach 

Extreme values with conditioned long return periods are estimated by fitting a probability 

distribution to historical data. Several distributions, data selection and fitting techniques are 

available for estimation of extremes, and the estimated extremes are often rather sensitive to 

the choice of method. However, it is not possible to choose a preferred method only on its 

superior theoretical support or widespread acceptance within the industry. Hence, it is common 

practice to test several approaches and make the final decision based on goodness of fit. 

The typical extreme value analyses involved the following steps: 

1. Extraction of independent identically-distributed events by requiring that events are 

separated by at least 36 hours, and that the value between events had dropped to below 

70% of the minor of two consecutive events. 

2. Fitting of extreme value distribution to the extracted events, both omni/all-year and 

directional/seasonal subsets. Distribution parameters are estimated either by maximum 

likelihood or least-square methods. The following analysis approaches are used (see Section 

A.2 for details): 

a) Fitting the Gumbel distribution to annual maxima. 

b) Fitting a distribution to all events above a certain threshold (the Peak-Over-Threshold 

method). The distribution type can be exponential, truncated Weibull or 2-parameter 

Weibull to excess. 

3. Constraining of subseries to ensure consistency with the omni/all-year distribution; see 

Section A.4 for details. 

4. Bootstrapping to estimate the uncertainty due to sampling error; see Section A.5.1 for details. 

A.2 Long-term distributions 

The following probability distributions are often used in connection with extreme value 

estimation: 

 2-parameter Weibull distribution 

 Truncated Weibull distribution 

 Exponential distribution 

 Gumbel distribution 

 

The 2-parameter Weibull distribution is given by: 

𝑃(𝑋 < 𝑥) = 1 − exp (− (
𝑥

𝛽
)

𝛼

) (A.0.1) 

with distribution parameters α (shape) and β (scale). The 2-parameter Weibull distribution used 

in connection with Peak-Over-Threshold (POT) analysis is fitted to the excess of data above the 

threshold, i.e. the threshold value is subtracted from data prior to fitting. 

The 2-parameter truncated Weibull distribution is given by: 



  

112 Appendix A: Traditional Extreme Value Analysis 

𝑃(𝑋 < 𝑥) = 1 −
1

𝑃0

exp (− (
𝑥

𝛽
)

𝛼

) (A.0.2) 

with distribution parameters α (shape) and β (scale) and the exceedance probability, P0, at the 

threshold level, γ, given by: 

𝑃0 = exp (− (
𝛾

𝛽
)

𝛼

) (A.0.3) 

The 2-parameter truncated Weibull distribution is used in connection with Peak-Over-Threshold 

analysis, and, as opposed to the non-truncated 2-p Weibull, it is fitted directly to data, i.e. the 

threshold value is not subtracted from data prior to fitting. 

The exponential distribution is given by: 

𝑃(𝑋 < 𝑥) = 1 − exp (− (
𝑥 − 𝜇

𝛽
)) ,   𝑥 ≥ 𝜇 

(A.0.4) 

with distribution parameters β (scale) and μ (location). Finally, the Gumbel distribution is given 

by: 

𝑃(𝑋 < 𝑥) = exp (−exp (
𝜇 − 𝑥

𝛽
)) 

(A.0.5) 

with distribution parameters β (scale) and μ (location). 

A.3 Individual wave and crest height 

Short-term distributions 
The short-term distributions of individual wave heights and crests conditional on Hm0 are 

assumed to follow the distributions proposed by Forristall, (Forristall G. Z., 1978) and (Forristall 

G. Z., 2000). The Forristall wave height distribution is based on Gulf of Mexico measurements, 

but experience from the North Sea has shown that these distributions may have a more general 

applicability. The Forristall wave and crest height distributions are given by: 

( )



























−=



 0
0 exp|

m
m

H

x
HxXP  

(A.0.6) 

where the distribution parameters, α and β, are as follows: 

Forristall wave height: α = 0.681  β = 2.126 

Forristall crest height (3D): α = 0.3536 + 0.2568·S1 + 0.0800·Ur 

   β = 2 – 1.7912·S1 – 0.5302·Ur + 0.284·Ur2 

   S1 = 
2

01

02

T

H

g

m

 and 

Ur = 
3

2

d

LH 
 

For this type of distribution, the distribution of the extremes of a given number of events, N, 

(waves or crests) converges towards the Gumbel distribution conditional on the most probable 

value of the extreme event, Hmp (or Cmp for crests): 
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A.3.1 Individual waves (modes) 

The extreme individual wave and crest heights are derived using the storm mode approach, 

(Tromans, P.S. and Vanderschuren, L., 1995). The storm modes, or most probable values of the 

maximum wave or crest in the storm (Hmp or Cmp), are obtained by integrating the short-term 

distribution of wave heights conditional on Hm0 over the entire number of sea states making up 

the storm. In practice, this is done by following these steps: 

1. Storms are identified by peak extraction from the time series of significant wave height. 

Individual storms are taken as portions of the time series with Hm0 above 0.7 times the storm 

peak, Hm0. 

2. The wave (or crest) height distribution is calculated for each sea state above the threshold in 

each individual storm. The short-term distribution of H (or C) conditional on Hm0, P(h|Hm0), is 

assumed to follow the empirical distributions by Forristall (see Section A.3). The wave height 

probability distribution is then given by the following product over the n sea states making up 

the storm: 

( ) ( )
=

=
seastates

jwaves

n

j

N
jmHhPhHP

1

,0max
,|  (A.0.8) 

with the number of waves in each sea state, Nwaves, being estimated by deriving the mean 

zero-crossing period of the sea state. The most probable maximum wave height (or mode), 

Hmp, of the storm is given by: 

( )
e

hHP
1

max =  
(A.0.9) 

This produces a database of historical storms each characterised by its most probable 

maximum individual wave height which is used for further extreme value analysis. 

A.3.2 Convolution of short-term variability with long-term storm density 

The long-term distribution of individual waves and crests is found by convolution of the long-term 

distribution of the modes (subscript mp for most probable value) with the distribution of the 

maximum conditional on the mode given by: 

( ) ( ) ( )

( ) mpmp
mp

mpmpmp

dHHp
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  (A.0.10) 

 

The value of N, which goes into this equation, is determined by defining equivalent storm 

properties for each individual storm. The equivalent storms have constant Hm0 and a duration 

such that their probability density function of Hmax or Cmax matches that of the actual storm. The 

density functions of the maximum wave in the equivalent storms are given by: 
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,0max exp1,|  (A.0.11) 

 

The β parameter in eq. (A.0.10) comes from the short-term distribution of individual crests, 

eq. (A.0.6), and is a function of wave height and wave period. Based on previous studies, it has 

been assessed that the maximum crest heights are not sensitive to βC for a constant value of 

1.88 and hence, it is decided to apply βC = 1.88. The number of waves in a storm, N, was 

conservatively calculated from a linear fit to the modes minus one standard deviation. 

A.4 Subset extremes 

Estimates of subset (e.g. directional and monthly) extremes are required for several parameters. 

In order to establish these extremes, it is common practice to fit extreme value distributions to 

data sampled from the population (i.e. the model database) that fulfils the specific requirement 

e.g. to direction, i.e. the extremes from each direction are extracted and distributions fitted to 

each set of directional data in turn. By sampling an often relatively small number of values from 

the data set, each of these directional distributions is subject to uncertainty due to sampling 

error. This will often lead to the directional distributions being inconsistent with the 

omnidirectional distribution fitted to the maxima of the entire (omnidirectional) data set. 

Consistency between directional and omnidirectional distributions is ensured by requiring that 

the product of the n directional annual non-exceedance probabilities equals the omnidirectional, 

i.e.: 

∏ 𝐹𝑖(𝑥, �̂�𝑖)
𝑁𝑖

𝑛

𝑖=1

= 𝐹𝑜𝑚𝑛𝑖(𝑥, �̂�𝑜𝑚𝑛𝑖)
𝑁𝑜𝑚𝑛𝑖

 (A.0.12) 

where Ni is the number of sea states or events for the i’th direction and θ̂i, the estimated 

distribution parameter. This is ensured by estimating the distribution parameters for the 

individual distributions and then minimizing the deviation: 

𝛿 = ∑ [−ln (−𝑁𝑜𝑚𝑛𝑖ln𝐹𝑜𝑚𝑛𝑖(𝑥, �̂�𝑜𝑚𝑛𝑖))

𝑥𝑗

+ ln (− ∑ 𝑁𝑖ln𝐹𝑖(𝑥𝑗 , �̂�𝑖)

𝑛

𝑖=1

)]

2

 

(A.0.13) 

Here xj are extreme values of the parameter for which the optimization is carried out, i.e. the 

product of the directional non-exceedance probabilities is forced to match the omnidirectional for 

these values of the parameter in question. 

The directional extremes presented in this report are given without scaling, that is, a Tyr event 

from direction i will be exceeded once every T years on the average. The same applies for 

monthly extremes. A Tyr monthly event corresponds to the event that is exceeded once (in that 

month) every T years, which is the same as saying that it is exceeded once every T/12 years 

(on average) of the climate for that particular month. 

A.4.1 Optimized directional extremes 

The directional extremes are derived from fits to each subseries data set meaning that a TR year 

event from each direction will be exceeded once every TR years on average. Having e.g. 
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12 directions, this means that one of the directions will be exceeded once every TR/12 years on 

average. A 100-year event would thus be exceeded once every 100/12 = 8⅓ years (on average) 

from one of the directions. 

For design application, it is often required that the summed (overall) return period (probability) is 

TR years. A simple way of fulfilling this would be to take the return value corresponding to the 

return period TR times the number of directions, i.e. in this case the 12x100 = 1200-year event 

for each direction. However, this is often not optimal since it may lead to very high estimates for 

the strong sectors, while the weak sectors may still be insignificant. 

Therefore, an optimized set of directional extreme values was produced for design purpose in 

addition to the individual values of directional extremes described above.  The optimized values 

are derived by increasing (scaling) the individual TR values of the directions to obtain a summed 

(overall) probability of TR years while ensuring that the extreme values of the strong sector(s) 

become as close to the overall extreme value as possible. In practice, this is done by increasing 

the TR of the weak directions more than that of the strong sectors but ensuring that the sum of 

the inverse directional TR’s equals the inverse of the targeted return period, i.e.: 

∑
1

𝑇𝑅,𝑖

𝑛

𝑖=1

=
1

𝑇𝑅,omni

 (A.0.14) 

where n is the number of directional sectors and TR,omni is the targeted overall return period. 

A.5 Uncertainty assessment 

Sources of uncertainty 
The extreme values presented in this report are estimated quantities and therefore all 

associated with uncertainty. The uncertainty arises from several sources: 

Measurement/model uncertainty: 

The contents of the database for the extreme value analysis are associated with uncertainty. 

This type of uncertainty is preferably mitigated at the source – e.g. by correction of biased model 

data and removal of obvious outliers in data series. The model uncertainty can be quantified if 

simultaneous good quality measurements are available for a reasonably long overlapping 

period. 

True extreme value distribution is unknown: 

The distribution of extremes is theoretically unknown for levels above the levels contained in the 

extreme value database. There is no justification for the assumption that a parametric extreme 

value distribution fitted to observed/modelled data can be extrapolated beyond the observed 

levels. However, it is common practice to do so, and this obviously is a source of uncertainty in 

the derived extreme value estimates. This uncertainty, increasing with decreasing occurrence 

probability of the event in question, is not quantifiable but the metocean expert may minimize it 

by using experience and knowledge when deciding on an appropriate extreme value analysis 

approach. Proper inclusion of other information than direct measurements and model results 

may also help to minimize this type of uncertainty. 

Uncertainty due to sampling error: 

The number of observed/modelled extreme events is limited. This gives rise to sampling error 

which can be quantified by statistical methods such as Monte Carlo simulations or bootstrap 

resampling. The results of such an analysis are termed the confidence limits. The confidence 

limits should not be mistaken for the total uncertainty in the extreme value estimate. 



  

116 Appendix A: Traditional Extreme Value Analysis 

A.5.1 Confidence limits 

The confidence limits of extreme estimates are established from a bootstrap analysis or a Monte 

Carlo simulation. 

The bootstrap analysis estimates the uncertainty due to sampling error. The bootstrap consists 

of the following steps: 

1. Construct a new set of extreme events by sampling randomly with replacement from the 

original data set of extremes  

2. Carry out an extreme value analysis on the new set to estimate T-year events 

 

An empirical distribution of the T-year event is obtained by looping steps 1 and 2 many times. 

The percentiles are read from the resulting distribution. 

In the Monte Carlo simulation, the uncertainty is estimated by randomly generating many 

samples that have the same statistical distribution as the observed sample. 

The Monte Carlo simulation can be summarised in the following steps: 

1. Randomly generating a sample consisting of N data points, using the estimated parameters 

of the original distribution. If the event selection is based on a fixed number of events, N is 

set equal to the size of original data set of extremes. If the event selection is based on a 

fixed threshold, the sample size N is assumed to be Poisson-distributed. 

2. From the generated sample, the parameters of the distribution are estimated and the  

T-year return estimates are established. 

Steps 1 and 2 are looped numerous times, whereby an empirical distribution of the  

T-year event is obtained. The quartiles are read from the resulting distribution. 

A.5.2 Joint occurrence 

Values of other parameters conditioned on extremes of one variable are estimated using the 

methodology proposed in (Heffernan & Tawn). This method consists in modelling the marginal 

distribution of each variable separately. The variables are transformed from physical space, X, 

to standard Gumbel space by the relationship: 

𝑌 = LN (−LN (𝐹(𝑋, �̂�))) (A.0.15) 

where F(X, θ̂) denotes the distribution function of the variable, X, with estimated parameters, θ̂. 

No restriction is given on the marginal model of the variables. A combination of the empirical 

distribution for the bulk of events and a parametric extreme value distribution function fitted to 

the extreme tail of data was adopted here. For parameters which may have both a positive and 

a negative extreme such as the water level conditioned on wave height, both the positive and 

the negative extreme tail are modelled parametrically. 

The dependence structure of the two variables is modelled in standard Gumbel distribution 

space, conditioning one variable by the other. The model takes the form: 

(𝑌2|𝑌1 = 𝑦1) = 𝑎𝑦1 + 𝑦1
𝑏𝑍 (A.0.16) 
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with Y1 being the conditioning variable and Y2 the conditioned. The residual, Z, is assumed to 

converge to a normal distribution, G, with increasing y1. The parameters, â and b̂, are found from 

regression and the parameters, μ̂ and σ̂, of the normal distribution, G, estimated from the 

residuals, Z: 

𝑍 =
𝑦2 − 𝑎 ∙ 𝑦1

𝑦1
𝑏  (A.0.17) 

Figure A.1 shows an example of the modelled dependence structure for Hm0 and water level in 

standard Gumbel space. Figure A.2 shows the same in physical space. The model is clearly 

capable of describing the positive association between wave heights and water level for this 

condition and appears also to capture the relatively large spreading. 

 

Figure A.1 Dependence structure of Hm0 and water level transformed into standard Gumbel space. 
Circle markers show data points and coloured lines mark the contours of constant probability 
density 

 

Figure A.2 Dependence structure of Hm0 and water in physical space 
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The applied joint probability model is event-based. This means that independent events of the 

conditioning parameter are extracted from the model data of hourly values. The combined inter-

event time and inter-event level criterion described in Section A.1 is applied to isolate 

independent events of the conditioning parameter. The conditioned parameter is extracted from 

the model time series at the point in time of the peak of the conditioning parameter. Time 

averaging of the conditioned parameter is often carried out prior to data extraction in order to 

reduce the influence of phases in the analysis (the fact that the water level may not peak at 

exactly the same time as the peak wave height for instance). 
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Appendix B: Scatter Plots – Directional 

Hm0 vs WS10 

AH-East AH-South 
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AH-East AH-South 
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AH-East AH-South 
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Tp vs. Hm0 

AH-East AH-South 
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AH-East AH-South 



  

124 Appendix B: Scatter Plots – Directional 

AH-East AH-South 
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T02 vs Hm0 

AH-East AH-South 
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AH-East AH-South 
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AH-East AH-South 
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WL vs. Hm0 

AH-East AH-South 
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AH-East AH-South 
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AH-East AH-South 
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CS vs. Hm0 

AH-East AH-South 
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AH-East AH-South 
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AH-East AH-South 
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H vs. T (THmax) 

AH-East AH-South 
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AH-East AH-South 
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AH-East AH-South 
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Appendix C: Weather Windows 

Weather windows (persistence) for operational and installation assessments are provided based 

on the modelled data and DHI’s in-house and well consolidated analysis tool. It provides 

monthly weather windows (or down-time) for a range of thresholds and durations (and for 

combinations of two parameters, e.g. wind speed, WS10, and significant wave height, Hm0). 

The durations and thresholds for AH-South were agreed with HOFOR and NIRAS as follows: 

 Durations: [3 6 12 18 24 48] hours 

 Thresholds of WS10: [6 8 10 12 14 16] m/s  

• Thresholds of Hm0: [0.25 0.5 0.75 1.0 1.25 1.5] m 

The methodology is explained below, while the results (plots and tables) of (Overlapping) 

weather windows of the following parameters are given in the following three sections (the 

tables in ascii (.txt) format are attached to the pdf version of the report): 

 Wind speed, WS10, (based on CREA6 10m wind) 

 Wind speed, WS25, (based on CREA6 10m wind) 

 Wind speed, WS100, (based on CREA6 100m wind) 

 Wind speed, WS120, (based on CREA6 100m wind) 

 Significant wave height, Hm0; and  

• Joint conditions (Hm0 conditioned on WS10) 

The wind speed at 25m and 120m were converted from the 10m and 100m wind respectively 

using a power profile with α = 0.108, cf. Section 3.4.  

Methodology 
Persistence regarding metocean conditions is defined as a continued occurrence of a given 

minimum duration during which a given parameter is above or below a given threshold. 

Persistence statistics of metocean parameters applied for planning purposes of operational 

tasks (e.g. maintenance or construction works) are often referred to as ‘Weather Windows’ 

and/or ‘Down-time’.  

A weather window is defined as a continued occurrence during which the given conditions 

(duration and threshold) are fulfilled, while down-time is defined as the remaining periods (i.e. all 

periods that are not weather windows). The sum of weather windows and down-time for any 

given condition thus equals 100% of the time. 

The durations may be defined as either ‘Overlapping’ or ‘Non-overlapping’. Overlapping duration 

refers to persistence that includes the fraction of duration at the end of each weather window, 

while non-overlapping duration includes whole number of windows only. Overlapping duration 

thus results in higher occurrence of weather windows (and lower occurrence of down-time) and 

vice versa.  

An illustration of persistence during 1 month of January (31 days) is shown in Figure 0.1. As an 

example, the persistence for an overlapping duration ≥ 1 day (24 hours) and a threshold Hm0 < 

4.0 m yields weather windows 93.2% of the time (28.9 days) and corresponding down-time of 

6.8% (2.1 days) during that one month. 
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Figure 0.1 Illustration of persistence during 1 month of January (31 days) 

Preferably a long-term time series (several years) are applied for the calculation of persistence 

statistics to reduce the uncertainty related to yearly variations. The uncertainty may be 

estimated by calculating the persistence statistics for each available year and subsequently 

derive the mean, standard deviation, and/or any given certainty percentile. A percentile (P) 

above 50% in this case refers to a more conservative estimate (i.e. fewer weather windows and 

more down-time) and vice versa. 

The persistence statistics are presented in graphical and tabular format as number of 

hours/days or as a percentage of time during each considered interval (e.g. month or season). 

Windows stretching through more than one interval contribute with a corresponding fraction of 

the window to each of the intervals. In case of gaps in the time series (e.g. observations) then 

the time series are merged across the gabs while preserving the original date stamp. 

The presented methodology is applicable for constant conditions (duration and threshold) only. 

As a next step assessment of weather windows for sequential operations (e.g. towing, 

placement and returning from placement of tunnel elements) may be conducted if detailed 

information about the individual operational tasks is provided. 
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Persistence during 1 month of January (31 days) for a threshold Hm0 < 4.0 m and a duration ≥ 1 day (24 hours):
Overlapping: Weather Windows = 4.8+10.1+10.9+3.1= 28.9 days = 93.2% Down-Time =   6.8%
Non-Overlapping: Weather Windows = 4+10+10+3 = 27.0 days = 87.1% Down-Time = 12.9%
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Wind speed at 10m, WS10 
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Wind speed at 25m, WS25 
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Wind speed at 100m, WS100 
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Wind speed at 120m, WS120 
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Significant wave height, Hm0 
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Joint (Hm0 conditioned on WS10) 
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