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Summary  
 
Below in Table 1-1 is a list of the key sea ice design parameters for the Energy Island 
Baltic Sea’s two Offshore Windfarm Farm (OWF) area’s Bornholm I (BH I) and Bornholm 
II (BH II) located in the Baltic Sea in the Danish waters 15 km southwest of the island 
Bornholm with the reference coordinate: 
 

• Bornholm I Latitude / Longitude (degrees) 54.995°N, 14.356°E  

• Bornholm II Latitude / Longitude (degrees) 54.717°N, 14.588°E  

The key sea ice design parameters in relation to the reference coordinate for Bornholm I 
and II OWF respectivly are considered to be valid for the entire of the two sites. 
 
References to the report sections are given in the last column of Table 1-1. Background 
documentations are listed in the reference list in Section 13. 

Table 1-1 Overall ice design parameters for the Bornholm OWF. 

Parameter Proba-

bility 

Values  

BH I 

Values 

BH II 

Unit Inter-

nal 

ref.  

Frost index 1/5 years 1/5y 51 56 [deg days] 5.1 

Frost index 1/50 years 1/50y 224 223 [deg days] 5.1 

Frost index 1/100 years 1/100y 276 273 [deg days] 5.1 

Ice thickness 1/1 year 1/1y 0 0 [m] 5.2 

Ice thickness 1/5 years 1/5y 0 0.01 [m] 5.2 

Ice thickness 1/50 years 1/50y 0.30 0.29 [m] 5.2 

Ice thickness 1/100 years 1/100y 0.34 0.34 [m] 5.2 

Ice floe speed 1hr/1y 0.94 0.88 [m/s] 5.5 

Average high tide (winter months)  0.10 0.09 [mMSL] 6.2 

Average low tide (winter months)  -0.11 -0.11 [mMSL] 6.2 

High water level (winter months) 1hr/1y 1.07 1.07 [mMSL] 6.2 

Low water level (winter months) 1hr/1y -1.02 -1.02 [mMSL] 6.2 

Ice floe size - 2 2 [km] 5.4 

Ice strength coefficient, CR ice floe (*)  1/1y 0.85 0.85 [MPa] 8.3 

Ice strength coefficient, CR ice floe (*)  1/50y 1.31 1.31 [MPa] 8.3 

Ice strength coefficient, CR ice floe (*)  1/100y 1.40 1.40 [MPa] 8.3 

Ice strength coefficient, CR ice ridge 
(*)(**) 

1/1y 0.85 0.85 [MPa] 8.3 

Ice bending strength 1/50 years  1/50y 0.36 0.35 [MPa] 8.1 

Ice bending strength 1/100 years 1/100y 0.42 0.41 [MPa] 8.1 

Ice ridge consolidated layer 1/50y 0.48 0.48 [m] 10.2 

Ice ridge keel depth 1/50y 8.45 8.45 [m] 10.2 

Ice ridge consolidated layer 1/100y 0.54 0.54 [m] 10.2 
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(*) The ice strength coefficient shall be adjusted for velocity and compliance effects ref. 

Section 8.3 and Section 9.4. 

(**) The ice strength coefficient is to be used in static calculation for ice ridge design 

following section A.8.2.4.5.1 of ISO 19906 [103]. Dynamic effects can be omitted due to 

the damping effect of the loose ice blocks in the ice ridge keel. 

The 1/50y or 1/100y ice thickness event shall be combined with the 1/1y ice strength 

coefficient, a relevant ice floe speed  (Section 5.5) and water level  (Section 6.2). As the 

water level has little correlation to the extreme ice floe impact it would be natural to 

combine the extreme ice to a 1hr/1y water level event. Furthermore, it is reasonable to 

assume that the 1/50y or 1/100y ice thickness does not coincide with 1hr/50y or 1hr/100y 

ice floe speed, but rather the 1hr/1y ice floe speed.  

The area around Bornholm I and II OWF has experienced ice ridges during the past 40 

years according to the ice observation records, therefore it is found relevant to design for 

ice ridges. Further it is likely that the wind turbine foundations or nearby wind turbine 

foundation will generate ice ridges as described in Section 10. 

Horizontal load due to temperature fluctuation in a fast ice cover (thermal ice pressure) is 

not expected as an overall load for the Bornholm I and II OWF foundations due to the 

location in the open waters and assumed distance between foundations (>1km). Further 

the ice cover estimate predicts less than 80% ice cover. Thermal loads shall be 

considered for structures adjacent to the main structure and for jackup structures.  

Horizontal load from a fast ice cover subject to water level fluctuations and arch effect is 

not expected for the Bornholm I and II OWF foundations due to the location in the open 

waters (coast distance >10km) on water depth of more than 15m. Further the ice cover 

estimate predicts less than 80% ice cover. 

Horizontal load from moving ice shall be evaluated based on the assessment of ice 

thickness, frequency, movement, and ice strength for Bornholm I and II OWF as 

described in the report. The ice movement is described for free moving ice. When the ice 

floes interact with the foundation structures the movement (speed) will be affected 

(reduced) and this effect shall be incorporated when assessing the resulting ice 

movement and resulting ice strength ref. [123].  

Pressure from hummocked ice and ice ridges due to both subduction and ridging pro-

cesses is covered by the assessment of the magnitude of ice ridges and ice strength. 

Vertical force from fast ice covers subject to water level fluctuations is covered by the 

assessment of water level fluctuations and ice strength. 

 

 

Ice ridge keel depth 1/100y 8.45 8.45 [m] 10.2 

Marine icing  0-100 0-100 [mm] 11 

Atmospheric icing  30 30 [mm] 11 
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Nomenclature 

Abbreviations 

BHS Bundesamt für Seeschifffahrt und Hydrographie 

CFSR Climate Forecast System Reanalysis 

DLC Design load case  

ECMWF European Centre for Medium-Range Weather Forecasts 

ERA5 European Environment Agency fifth generation 

EWM Extreme wind speed model  

F Fatigue 

GMSL Global mean sea level  

IPCC Intergovernmental Panel on Climate Change 

N Normal  

NCEP The National Centers for Environmental Prediction 

NSIDC National Snow and Ice Data Center 

NTM Normal turbulence model  

NWLR Normal water level range  

OWF Offshore wind farm 

PSMSL Permanent Service for mean sea level  

RCP Representative Concentration Pathways 

SMHI Sveriges meteologiska och hydrologiska institut  

SOK The Danish national defence marine department  

U Ultimate strength  

WTG Wind turbine generator  

Symbols 

𝐴 Contact surface  

𝐴𝑙𝑜𝑐𝑎𝑙 Local area 

𝑎 Slope of frost index distribution  

𝑏 Offset of frost index distribution  
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𝑏𝑘 Width of the base of the keel  

𝐶𝑅 Ice strength coefficient 

𝑐 Apparent keel cohesion, Section 10.2 or chord length, Section 11 

𝐷 Width of the ice feature  

𝐸𝑓  Effective elastic modulus  

𝑒 Keel porosity 

𝐹𝐺 Global horizontal crushing ice load  

𝐹𝑐 Action component due to the consolidated part of the ridge 

𝐹𝑘 Keel action component 

𝑓 Frequency  

𝑓𝐴𝑅 Empirical term in relation to determine 𝑝𝐺  

𝑔 Gravitational acceleration 

𝐻, 𝐹 Ice action  

𝐻0 Peak value of ice action 

𝐻𝑘 Keel depth 

𝐻𝑚𝑎𝑥 , 𝐹𝑚𝑎𝑥 Maximum value of ice action  

𝐻𝑚𝑖𝑛 Minimum value of ice action 

𝐻𝑠 Sail height  

ℎ, 𝑡, 𝑡𝑜𝑝𝑒𝑛 Ice thickness, ice thickness in open waters or time in Section 9.4 

ℎ𝑐 Consolidated layer thickness 

ℎ𝑘 Vertical distance between the base of the consolidated layer and the base of 

the keel 

ℎ𝑝 Parent ice floe thickness  

ℎ𝑠 Sail height 

𝐾,𝐾𝑚𝑎𝑥 Frost index summarized in a winter period  

𝑘 Stiffness of the structure at the waterline 

𝑛,𝑚 Empirical exponents to take account of the size effect in relation to 

determine 𝑝𝐺  

𝑝𝐷 Ridge-building action per unit width 
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𝑝𝐺  External global ice pressure 

𝑝𝑙𝑜𝑐𝑎𝑙 Characteristic local ice pressure for use in design in design against moving 

ice 

𝑅 Coefficient in relation to determine 𝑝𝐷, Section 10.1 or rotor radius, Section 

11 

𝑆 Security surcharge 

𝑆𝐵 Bulk salinity after completed ice growth  

𝑇 Period of ice action 

𝑇𝑅 Return period 

𝑈 Impact velocity 

𝑈𝑐 Current speed 

𝑈𝑤,10𝑚 Wind speed 10 m above water 

𝑈𝑤𝑖𝑛𝑑  Wind speed 

𝑢 Structure displacement  

𝑢𝑤 Waterline displacement  

𝑉ℎ𝑢𝑏 Mean wind speed at hub height 

𝑉𝑏 Vertical load limited by the bending strength if the ice is broken in a ring 

around the support structure 

𝑉𝑖𝑐𝑒 Free ice floe speed 

𝑉𝜏 Vertical load limited by shear strength at adhesion to the support structure 

𝑣0 Reference volume 

𝑣𝑏 Ice brine volume 

𝑤 Width of the structure  

𝛾𝑆 Compliance parameter 

𝛾𝑒 Effective buoyancy 

∆𝐻 Difference between maximum and minimum values of ice action 

∆𝑧 Water level difference  

𝜀 Strain rate, depending on the rate of interaction (ice drift velocity) 

𝜃 Coefficient in relation to determine 𝜉𝑛   

𝜃𝑓 Freezing temperature of water  
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𝜃𝑘 Keel angle from horizontal 

𝜇𝐸 Mass distribution on the leading edge of the rotor blade at half the rotor 

radius  

𝜇𝑑 Dynamic friction coefficient 

𝜇𝑑0 Constant depending on the structure surface 

𝜇𝜙 Passive pressure coefficient 

𝜉𝑛 Damping of the n’th eigenmode as a fraction of critical damping 

𝜌𝑖 , 𝜌𝐸  Ice density 

𝜌, 𝜌𝑤 Water density 

𝜎0 Reference strength  

𝜎𝑏 Bending strength of ice 

𝜎𝑐 Crushing (compressive) strength of ice  

𝜎𝑓 Bending (flexural) strength of ice 

𝜎𝑡 Tensile strength of ice 

𝜏 Adhesive shear strength, Section 9.2 or duration of loading/unloading cycle, 

Section 9.4 

𝜏𝑚𝑒𝑎𝑛 Mean air temperature (24h) in a frost period 

𝜗𝐴 Ice temperature, averaged over the ice thickness  

𝜙 Angle of internal friction 

𝜙𝐵 Ice porosity  

𝜙𝑛𝐶 Magnitude of the n’th eigenmode at the ice action point 
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1 Introduction 
The present report contains an ice assessment study for the Energy Island 

Baltic Sea project for the two offshore wind farms (OWF) Bornholm I and II for 

design of the wind turbines support structures (cylindrical structures). The sites 

are located in the Danish waters of the Baltic Sea approximately 15 km south-

west of the island Bornholm. The ice assessment is based on the MetOcean 

study provided by DHI [1] for Bornholm I and II OWF, ice observation reports,  

data from the atmospheric model NORA3, literature, and standards. 

1.1 Codes, standards and references 
Normative standards: 

• IEC International Standard, IEC 61400-3-1 Edition 2019, Wind Energy 

Generation Systems – Part 3-1: Design Requirements for Fixed Offshore 

Wind Turbines 

• ISO 19906:2019 Petroleum and natural gas industries - Arctic offshore 

structures 

• DNV-ST-0437 Edition 2016-11, Amended in 2021-11 (Loads and site 

conditions for offshore wind turbines) 

• DNV-RP-0175 Edition 2017-12, Amended in 2021-10 (Icing of wind turbines) 

• GL IND SERVICE IV-6-7. Rules and Guidelines Industrial Services Part 6-

Offshore Installations Chapter7-Guideline for the Construction of fixed 

Offshore Installations in Ice Infested Waters. Edition June 2005. 

A complete list of references can be found in Section 13. 
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The input data include follow different types of data sets: 

• Ice observation reports 

• Model data 

• Measured data 

2.1 Ice observation reports 
Yearly ice observation reports [4] are available from the Danish national 

defence marine department (SOK) since year 1861 for Danish and adjacent 

waters including the Swedish and German waters. The ice coverage, ice 

thickness, ice structure, hinderance for ship traffic and other parameters are 

based on subjective visual inspections for each winter. 

Further, ice observations are available Sveriges meteologiska och hydrologiska 

institut (SMHI) for the Swedish waters and adjacent waters including the Danish 

waters, where observations of maximum ice distribution and summary of ice 

winters for each year can be found in the period 1980 to today and 1970 to 

today respectively, [8]. 

Ice observations for Danish waters are also available from Bundesamt für 

Seeschifffahrt und Hydrographie (BSH). The German Ice Atlas [6] make an 

overview of the observations in the period 1961 to 2010. Ice coverage, ice 

thickness, ice structure, and other parameters are presented for typical ice 

winter years. For the period after 2004/2005 separate ice reports by BSH [3] are 

available for all winters with sea ice. Ice charts [3] are available for days with 

sea ice since year 2009.  

Common for all ice reports and ice charts are that the observations are based 

on subjective and generalized observations of ice thickness and type of ice. The 

records depend on where the observations are made either from onshore 

stations, vessels, flights and satelites. The observations have historically 

primarily been made as a service to ship traffic.    

2.2 Model data 
The model data are based on the NORA3 and ERA5 and have been provided 

by DHI [1]. The model data parameters delivered are wind speed and direction, 

water level, surface current speed and direction, seawater temperature and 

salinity, air temperature and relative humidity. The DHI metocean hindcast data 

have been calibrated and validated against various measurements’ stations, 

being FINO2 and Arkona buoy measurements ref. Figure 2-2 and Figure 2-3, 

and the LOT3 and LOT4 measurements provided by Energinet ref. Figure 3-1, 

ref. [1]. 

2.2.1 ERA5 model data 

ERA5 is an atmospheric model which is the fifth generation ECMWF (European 

Centre for Medium-Range Weather Forecasts) reanalysis for the global climate 

ref. Figure 2-1 and weather for the past 8 decades. Data is available from 1940 

and onwards. The data set is a reanalysis dataset. Reanalysis combines model 

data with observations from across the world into a globally complete and 

2 Input data 
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consistent dataset using the laws of physics. ERA5 provides hourly estimates 

for a large number of atmospheric and land-surface quantities.  

 

Figure 2-1 ERA5 model data global coverage.  

2.2.2 NORA3 model data 

The NORA3 atmospheric dataset, made available by The Norwegian 

Meteorological Institute, is generated using a process called high-resolution 

atmospheric dynamic downscaling, [9]. This technique refines data from the 

advanced ERA5 reanalysis dataset provided by the ECMWF. In this process, 

the NORA3 model acquires boundary values from ERA5 at 6-hour intervals but 

retains detailed hourly output data, with certain data points saved every third 

hour. The NORA3 model domain encompasses almost the entire northern 

expanse of the Atlantic Ocean and boasts a horizontal resolution of 3x3 

kilometres, spanning 65 vertical layers of the atmosphere. 

The NORA3 dataset was validated against measurements from the local EIBS 

SeaWatch Wind LiDAR Buoys (LOT3 and LOT4) and against FINO2 and 

Arkona stations, showing a very good agreement between model and 

measurements. 

2.2.3 Data availability 

The model data have been delivered by DHI for Bornholm I and II OWF, as 

hourly values. For the wind and air data time series is delivered for 44-year 

period, 1979-2022, whereas water level, and surface current speed and 

direction, seawater temperature and salinity have been delivered for a 25-year 

period, 1998-2022. The assumed layout of for Bornholm I and II OWF and 

locations of analysis point and measurement points are shown in Figure 3-1. 

The model data include the following data:  

• Water level [mMSL] 

• Current Speed (surface at 1m depth) [m/s] 

• Current direction (surface at 1m depth) [°N- to]  

• Water temperature (surface at 1m depth) [°C] 

• Water salinity (surface at 1m depth) [PSU] 

• Wind speed at 10m [m/s] 

• Wind direction at 10m [°N- from] 

• Air Temperature at 2m [°C] 

• Relative Humidity at 2m [%] 
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2.3 Measured data 
Measured data are used from the following stations: 

• FINO2 platform (Figure 2-2) 

• Arkona Becken buoy (Figure 2-3) 

• Arkona lighthouse (Figure 2-4) 

• LiDAR buoys LOT3 and LOT4 (Figure 3-1)  

2.3.1 FINO2 platform  

The research platform FINO2 was built in 2007 and since 2010 DNV have been 

awarded the operation and maintenance of FINO2. The platform is stationed at 

the location 55.01°N, 13.15°E, which is 33 km north of the island Rügen in the 

southern edge of Kriegers Flak and about 80-100 km from the Bornholm I & II 

OWFs , see Figure 2-2. The FINO2 platform provides estimates of water 

temperatures, salinity, Oxygen saturation, chlorophyll, turbidity, current and 

meteorology. 

 

Figure 2-2 – Location of the FINO2 platform, Eniro. 

2.3.2 Arkona Becken platform and buoy 

The semi-submersible buoy at Arkona Becken was launched in September 

2002 by BHS and is stationed at the location 54°53' N, 13°52' E next to the 

Arkona Becken platform about 50 km from Bornholm I & II OWFs, see Figure 

2-3. Arkona Becken measuring station provides hourly estimates for, water 

temperatures, salinity, Oxygen saturation, chlorophyll, turbidity, current and 

meteorology. 
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Figure 2-3 – Location of the Arkona Becken measuring station, Eniro. 

2.3.3 Arkona Lighthouse 

The onshore Arkona Lighthouse has available data since September 1973 by 

BSH. (Location 54°40' N, 13°25' E, see Figure 2-4) about 80km from Bornholm I 

& II OWFs. Arkona Lighthouse measuring station provides hourly estimates for 

a number of meteorological data including air and water temperatures. 

 

Figure 2-4 – Location of the Arkona Lighthouse measuring station, Eniro. 
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2.3.4 LOT3 and LOT4 air temperature data 

The air temperature is measured at the project LiDAR buoys LOT3 and LOT4 
(ref. Figure 3-1). A scatter plot between air temperatures of the NORA3 dataset 
and LOT3 and LOT4 measured data is shown below in Figure 2-5 and Figure 
2-6 respectively, both for the period ranging from November 2022 to November 
2022. The comparisons show that the model results being in the same order of 
magnitude and follow a similar trend as the measurements, [1]. The LOT3 and 
LOT4 data sets does not include many data of negative air temperatures that 
are relevant for the ice assessment analysis, therefore the NORA3 hindcast 
data is calibrated against the Arkona Becken Bouy in the next section 2.3.5. 
 

  

 

Figure 2-5 Time serial and scatter plot of air temperature data (NORA3 versus LOT3 

measurements), [1]. 
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Figure 2-6 Time serial and scatter plot of air temperature data (NORA3 versus LOT4 

measurements), [1]. 

2.3.5 Air temperature calibration  

The NORA3 hind cast model data show a tendency of not to correlate for the 

negative temperatures as illustration in Figure 2-7. The NORA3 negative air 

temperature data is therefore calibrated against the measured data from Arkona 

Becken buoy (see location in Figure 2-3). The Arkona Becken buoy is selected 

for the calibration since the dataset include more air temperature data for 

periods with negative air temperatures. 
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Figure 2-7 Comparison of temperature data below -0.4 ˚C (NORA3 versus Arkona Becken buoy 

measurements). 

Based upon the comparison of measured and NORA3 data the NORA3 data 

will be scaled with TUse = (TNORA3 +0.1)/0.9 

2.3.6 Wind data 

The model wind data have been provided by DHI and comes from the NORA3 

data model. The data is hourly mean at 10 m height. The output of the model is 

validated against the local measurement stations LOT3 and LOT4, the FINO2 

and Arkona Becken measurement at 10 m. The measured wind speed has 

been converted by the power law using α=0.08 to get the wind speed and 

direction at 10 mMSL, [1]. A direct comparison between the wind speed at 10 m 

height of the NORA3 dataset and the two stations LOT3 and LOT4 

measurements is shown below in Figure 2-8 and Figure 2-9 respectively, with 

for the period ranging from January 2021 to November 2021. The NORA3 

model captures the wind speed and direction in the region to a satisfying 

degree, showing a high correlation and is therefore used as it is. 
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Figure 2-8 Wind speed correlation analysis (NORA3 versus LOT3 measurements), [1]. 

 

Figure 2-9 Wind speed correlation analysis (NORA3 versus LOT4 measurements), [1]. 
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2.3.7 Current speed data 

The surface current speed and direction data have been provided by DHI and 

comes from DHI 3D hydrodynamic model (HDEIBS) ranging from 1998-2022. The 

current model data is calibrated and validated against the LOT3 and LOT4 

measurements provided by Energinet, see location in Figure 3-1, and the 

FINO2 and Arkona Becken measuring stations were also used for this purpose, 

[1]. A comparison between the current speed dataset at 10m below sea surface 

and the LOT3 and LOT4 measurements data is shown below in Figure 2-10 and 

Figure 2-11, for the period ranging from January 2022 to June 2022.  

 

Figure 2-10 Current speed at 10 m depth below sea surface correlation analysis (DHI 3D HDEIBS 

model versus LOT3 measurements), [1]. 

 

 

Figure 2-11 Current speed at 10 m depth below sea surface correlation analysis (DHI 3D HDEIBS 

model versus LOT4 measurements), [1]. 
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A mistiming between the two datasets, is reflected in Figure 2-10 and Figure 

2-11. The reason for the poor time correlation is due to the complexity of the 

current in the Baltic Sea. Though the DHI 3D HDEIBS model results of the 

surface current data is still considered to represent a realistic picture of the 

surface current speed and direction therefore is deemed to be acceptable. 
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For the Energy Island Baltic Sea Baltic Sea project, the site of the Bornholm I 

and II OWF are located in the Danish waters of the Baltic Sea approximately 15 

km southwest of the coast of the Danish Island Bornholm, as shown in Figure 

3-1. The area of Bornholm I and II OWF is divided into two areas, being 

Bornholm I toward north and Bornholm II toward south. The water depths at the 

Bornholm I and II OWF site range from -37 mMSL to -47 mMSL and -34 mMSL 

to -57 mMSL respectively, see Figure 3-1 

 

Figure 3-1 Map of assumed layout for Bornholm I and II OWF, Bathymetry and location of 

measuring stations. 

In Figure 3-2 Bornholm I and II OWF surroundings is shown. To the south-west 

of the site of Bornholm I south OWF, the existing German Arkona Becken and 

Wikinger OWF’s are located, whereas the site of Bornholm I north OWF and 

Bornholm II OWF, do not have any (existing) close neighbouring OWF, see 

Figure 3-2. 

3 Project site 

LiDAR Buoy 3 (LOT3)  

LiDAR Buoy 4 (LOT4)  
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Towards southwest the distance to the shoreline of Germany (Rügen) is 50-60 

km. The distance to the Swedish coast is 50-80 km. Two planned offshore wind 

farms called Windanker and Wikinger Süd in the German waters will be located 

at distance of approximately less than 5 km toward south-west of the Bornholm 

I south OWF. Open water is prevailing in the area around Bornholm I and II 

OWF for Energy Island Baltic Sea project.  

The MetOcean data used for the analysis are generated for coordinates 

representing the LiDAR Buoy 3 (LOT3) and 4 (LOT4) locations as shown in 

Figure 3-1. Mentioned above other wind farms exist and are planned near the 

site of the Bornholm I and II OWF. These wind farms will interfere with ice 

movements and ice ridge generation, which will affect Bornholm I and II OWF. 

The foundation structures in OWF's will slow down or stop the ice movements 

depending on the number of involved structures and the external forces (wind 

and current). Further blocked ice will increase the tendency of ice ridge 

generation. The effects for Bornholm I and II OWF is not analysed in the this 

report. 

 

Figure 3-2 Map of Bornholm I and II OWF and the surroundings ( www.4coffshore.com, 15-06-

2023). Colour description: purple: concept/early planning, grey: development zone, blue: consent 

authorised, orange: under construction and green: fully commissioned. 

 

 

Bornholm II OWF 

Bornholm I Nord OWF 

Bornholm I South OWF 

http://www.4coffshore.com/
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4 Sea ice observations 
The site of Bornholm I and II OWF are located approximately 15 km from the 

the Island of Bornholm. In ice winters, ice will preliminary be generated near the 

coasts and spread to deeper locations over time depending on the severity and 

length of the ice period. Ice will also be generated in the open waters but will 

stay for a shorter period due to the water movement.     

For the analysis of ice observations, the Bornholm I north and south OWF will in 

this section be addressed as one Bornholm I OWF, since in the perspective of 

historical ice observations, these two areas are close and little or no difference 

in characteristic of ice formation between the two is expected.  

The Bornholm I and II OWF areas is located in a region dominated by the inflow 

from the North Sea to the Baltic Sea and return flow depending on wind 

direction and level of water in the Baltic Sea. The dominating flow direction is 

toward west and east. The in/out flow will affect the current, water level 

temperature and salinity in the region. 

Global warming is affecting the ice generation and a clear tendency of reduced 

ice coverage and frequency is observed since the year 1942. It is found 

sufficiently conservative to base the ice assessment on the period from year 

1979 until 2022. Any reduction in frost days and frequency since year 1979 is 

not considered.  

4.1 General ice observations 
Ice formation and ice navigation observations are made by the Danish, German 

and Swedish authorities for the Danish waters. Observations for the Danish 

waters are available from the Danish national defence marine department 

(SOK), where yearly ice observation reports have been made since year 1861, 

[4].   

Observations from German sources are available from Bundesamt für 

Seeschifffahrt und Hydrographie (BSH). The German Ice Atlas [6] provides an 

overview of the observations in the period 1961 to 2010. Ice coverage, ice 

thickness, ice structure, and other parameters are presented for typical ice 

winter years. For the period after 2004/2005 separate ice reports by BSH [3] are 

available for all winters with sea ice. Ice charts [3] are available for days with 

sea ice since year 2009.  

Observations from Swedish sources are available from “Sveriges meteologiska 

och hydrologiska institute” (SMHI), where observations of maximum ice 

distribution and summary of ice winters for each year can be found in the period 

1980 to today and 1970 to today, respectively [8].  

Very severe winters occurred in the years 1940, 1941, 1942 and 1947, but the 

tendency is that the severity and frequency of ice winters are reduced in the 

recent years. In light of the general tendency and the global warming it is 

evaluated that it will be safe to concentrate on the recent 40 years (from year 

1979 and onward) when analysing the ice conditions for the Bornholm I and II 

OWF for the coming 30-40 years. Ice analysis used for reference are however 

made for different periods and output from these will be included as found 

appropriate.  
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In Figure 4-1 the ice volume sum for the German east seacoast (1879-2019) 

Ref [4] is included to illustrate the severity of the winters since year 1878.  

In Figure 4-2 the frost index for Arkona Lighthouse, Bornholm I OWF (1979-

2022) are shown to illustrate the severity of the winters since year 1979. The 

frost index is based on the method as described in Section 5.1.  

 

Figure 4-1 German ice volume sum for the German east seacoast (1879-2019) with date (years) on 

the x-axis and the y-axis is the accumulated areal ice volume (m*N), where it is the ice thickness m 

multiplied with the ice concentration N, Ref [3]. 

 

 

Figure 4-2 Frost Index for Arkona Lighthouse and Bornholm I OWF (1979-2022). 

In Figure 4-3 the relative frequency of ice occurrence in the winter period is 

shown based on German ice observations from year 1965 to 2005. For the 

Bornholm I and II OWF reference points for Metocean data (LOT3 and LOT4 

measuring stations) are located at 54.995°N, 14.356°E and 54.717°N, 14.588°E 

respectively, see blue points. Figure 4-3 shows an ice occurrence with a 

frequency of 20-30% for both areas, where Bornholm II OWF also borders on to 

an area with an ice occurrence of 15-20%. This implies that an average 

occurrence once per 4 years of winters is expected. The frequency of ice 

occurrence has reduced in the recent years and are estimated to reduce further 

in the coming years due to the global warming. The amount of ice during ice 

winters is described in this section. 
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Figure 4-3 Relative frequency of ice occurrence in the period from year 1956 to 2005. Blue dots: 

Bornholm I and II OWF. Ref. [7] Figure 8.4. 

The following ice charts shown in Figure 4-4, Figure 4-5 and Figure 4-6, show 

the observed ice occurrence in the years 1985, 1986 and 1987 respectively 

according to the Danish observations, [4]. 
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Figure 4-4 Ice observations the 20th of February 1985 ref. [4]. Blue dots: Bornholm I and II OWF. 

 

Figure 4-5 Ice observations the 3rd March 1986 ref. [4]. Blue dots: Bornholm I and IIOWF. 
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Figure 4-6 Ice observations the 13th March 1987 ref. [4]. Blue dots: Bornholm I and II OWF. 

The Danish ice chart on Figure 4-4 show level ice for the 20th of February 1985 
for both Bornholm I and II OWF areas, though Bornholm II are just at the edge 
to open waters. In year 1986 on the 3rd of March, the Danish ice chart on Figure 
4-5 shows compact ice and rafted ice for the area of Bornholm I OWF, where 
level ice is observed in the area of Bornholm II. On the 13th of March in 1987, 
see Figure 4-6, the Danish ice chart shows a combination of new ice, level ice 
and open waters in the area of Bornholm I OWF, where Bornholm II OWF is 
situated in open waters and borders on to registered level ice. 
 

In the following, the relevant German observations [6] of ice occurrence in the 

very strong ice winter 1986/1987 are described in Table 4-1 and shown in 

Figure 4-8 to Figure 4-17. 

The German ice observations for the period 11.12.1986 – 11.01.1987 shows 

that the water around and at the Bornholm I and II OWF site is free of ice and 

therefore for this period ice observations maps will not be presented in this 

section. The first occurrence of ice in the waters around the Bornholm I and II 

OWF is seen on the ice observation made the 21.01.1987, which is shown on 

Figure 4-8. In relation to Table 4-1 describing the very strong ice winter, Figure 

4-7 shows an overview of the air temperature for 1987. The German ice 

observations are considered as governing from Bornholm I and II OWF due to 

the vicinity to the German observation points and the illustrative and systematic 

ice charts (Figure 4-8 to Figure 4-17) produced by the German ice observation 

institute. 
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Figure 4-7 Overview of Arkona lighthouse air temperature during winter year 1987. 

 

Table 4-1 Overview of ice distribution in the winter of 1987. Based on German observations. 

Date Illustration Summary of the ice winter 1987 in the south Baltic Sea 

01.01 Figure 4-7 The frost period has started  

11.01  Fast ice and new ice have been generated in bay to the right of 

the city Stralsund.  

21.01 Figure 4-8 Compact ice has been generated near the coast stretching from 

Arkona down to Swinoujscie, where an ice thickness of 20-40 

cm has been observed. Rafted ice has occurred south of 

Arkona. The waters north of Poland and Germany is open, 

where close to the coast open ice have been observed. There is 

5-15 cm of compact ice observed in the Danish straits and 15-30 

cm in Køge Bay. New ice has been generated near the coast of 

Sweden and ridged ice has occurred east of Trelleborg. There is 

no ice observed in the area of Bornholm I and II OWF. 

23.01 Figure 4-7 A short (5 days) melting period has started. 

01.02 Figure 4-9 The ice occurrence is still severe with an ice thickness up to 15-

30 cm is observed at more locations. Rafting has occurred north 

of Rostock. Ice ridges are observed south of Arkona and north of 

Swinoujscie. Open ice is observed in the Danish straits. For the 

area of Bornholm I and II OWF no ice is observed. 

06.02 Figure 4-7 A longer (10 days) melting period has started. 

11.02 Figure 4-10 Open water is observed along the German coast from Arkona to 

Rozewie and south of Sweden. Very open ice is observed west 

of Arkona and in the Danish straits. Also, for the area of 

Bornholm I and II OWF is situated in open waters. 
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16.02 Figure 4-7 A mild freezing period (10 days) has started. 

21.02 Figure 4-11 Open water is observed north of Arkona and new ice are 

generated near the coast of Sweden. Open water and very open 

ice are observed in the Danish straits. In the area Bornholm I 

and II OWF no ice is observed. 

01.03 Figure 4-7 A severe frost period (20 days) has started. 

01.03 Figure 4-12 More new ice is generated near the coast of Sweden and near 

the coast of Germany. Compact ice is generated in the low water 

areas in Germany and Denmark. No Ice observed in the area of 

Bornholm I and II OWF.  

11.03 Figure 4-13 Compact ice has been generated in larger areas. 10-30 cm 

compact ice is observed north of Germany and in the Danish 

straits. Rafting ice has occurred north of Germany and south of 

Sweden. Hummock ice have formed south of Arkona and east of 

the coastline of Skåne. The waters north of Poland is open, but 

compact ice is generated near the coast. Close ice and rafted 

ice are observed in the area of Bornholm I OWF, having an ice 

thickness around 10-20 cm. For the area of Bornholm II OWF 

open ice, new ice and level ice with an ice thickness of 10-15 cm 

is observed, though no rafted ice.   

19.03 Figure 4-7 The melting period has started, and the ice winter has come to 

an end. 

21.03 Figure 4-14 Open water and very open ice are observed north of Germany 

and in the Danish straits. Formations of level ice is observed 

south of Bornholm and south of Sweden close ice is found with a 

thickness of 10-20 cm. Compact ice is still observed in the low 

water areas, hummock and rafted ice is observed along the of 

Sweden. In the area of Bornholm I OWF both open waters and 

level ice with a thickness of 5-30 cm is observed, where for 

Bornholm II OWF only level ice, with the same thickness, is 

observed. 

01.04  For the observation made on the 01.04.1987 and observations 

dated later, no ice was observed in the area of the Bornholm I 

and II OWF. 

 

 

Figure 4-8 Ice conditions in the western and southern Baltic Sea on the 21st of January 1987, [6]. 

Blue dots: Bornholm I and II OWF. 
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Figure 4-9 Ice conditions in the western and southern Baltic Sea on the 1st of February 1987, [6]. 

Blue dots: Bornholm I and II OWF. 

 

 

Figure 4-10 Ice conditions in the western and southern Baltic Sea on the 11th of February 1987, [6]. 

Blue dots: Bornholm I and II OWF. 

 

 

Figure 4-11 Ice conditions in the western and southern Baltic Sea on the 21st of February 1987, [6]. 

Blue dots: Bornholm I and II OWF. 
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Figure 4-12 Ice conditions in the western and southern Baltic Sea on the 1st of March 1987, [6]. Blue 

dot: Bornholm I and II OWF. 

 

 

Figure 4-13 Ice conditions in the western and southern Baltic Sea on the 11th of March 1987, [6]. 

Blue dots: Bornholm I and II OWF. 

 

 

Figure 4-14 Ice conditions in the western and southern Baltic Sea on the 21st of March 1987, [6]. 

Blue dot: Bornholm I and II OWF. 

For comparison with Swedish ice charts, these are shown in Figure 4-15, Figure 

4-16 and Figure 4-17 made by SMHI, which shows the observations of 

maximum ice distribution charts for the years of 1985, 1986 and 1987 

respectively, where ice have been present in the area of both Bornholm I and II 

OWF, [8]. 

Observations of maximum ice distribution chart shows in relation to the 

Bornholm I OWF area on Figure 4-15 that level ice with a thickness of 10-20 cm 
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was registered and for the area of Bornholm II OWF new ice and open waters 

was observed on the 21st of February 1985. Further, no ice ridges and rafted ice 

in the area around the Bornholm I and II OWF was observed. The following year 

1986 on the 27nd of February, see Figure 4-16, a combination of compact ice 

with a thickness of 10-20 cm, level ice and open pack ice was observed in the 

area of Bornholm I OWF. For the site of Bornholm II OWF open pack ice and 

open waters was observed. Further to the north of Bornholm I OWF rafted ice 

was observed.  

Year 1987 on the 13th of March, the Swedish maximum ice chart on Figure 4-17 

shows close and open packed ice in the area of Bornholm I OWF and for the 

site of Bornholm II OWF level ice and open packed ice observed. To the north 

and northeast of Bornholm I OWF rafted ice and ice ridges close to the coast of 

Sweden the same year. 

SHMI observations made on the 13th of March 1987, see Figure 4-17, shows in 

general the same distribution of ice, rafted ice and ridged ice as for the 

observations made by BHS date 11th of March 1987, see Figure 4-13. Though 

deviating is the area close to the coast east of Arkona, where rafted ice is 

observed and no hummock ice. 

 

 

Figure 4-15 Ice conditions in the western and southern Baltic Sea on the 21st of February 1985 by 

SMHI, [9]. Blue dots: Bornholm I and II OWF. 

 

 

Figure 4-16  Ice conditions in the western and southern Baltic Sea on the 27th of February 1986 by 

SMHI, [9]. Blue dots: Bornholm I and II OWF. 
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Figure 4-17  Ice conditions in the western and southern Baltic Sea on the 13th of March 1987 by 

SMHI, [9].  Blue dots: Bornholm I and II OWF. 

 

The Danish ice observation, previous presented in Figure 4-6, from the 13th of 

March 1987, can be compared to the German observations on the 11th of March 

and the 21st of March 1987, shown in Figure 4-13 and Figure 4-14 respectively 

and to the Swedish observation from the 13rd March 1987 shown in Figure 4-17. 

The comparison shows that the observation differs as the German and Swedish 

observations in general agrees showing close ice, level ice and open ice on the 

11th and 13rd March in 1987. The German observations show a mix of open 

water and level ice on the 21th March 1987 in the area of interest. While the 

Danish ice charts observations shows a combination of new ice, level ice and 

open waters in the area of Bornholm I OWF, where Bornholm II OWF is situated 

in open waters and borders on to registered level ice on the 13th March 1987.  

Thus, the comparison of the Danish ice charts with the German and Swedish 
ice charts illustrates the difficulties of estimating the ice occurrence over this 
large area. Based on the evaluation of the ice winters 1985-1987 it is estimated 
that the 1/50y ice thickness shall be in the range of 20-30 cm for Bornholm I and 
II OWF.  In Section 5.2 the design 1/50 year ice thickness will be derived for the 
Bornholm I and II OWF. 
 

4.2 Local ice observations 
Local ice observations at strategic spots for the German waters are available for 

the period 1961-2010. Here the measurement station at Arkona Lighthouse is 

considered to be the most representative for the Bornholm I and II OWF. Figure 

4-18 shows all the German observation spots as well as the relevant Danish 

observation spots.  

The Swedish Ice Atlas made by SMHI [5] have made detailed records of ice 

thickness distribution for the period of year 1963 to 1979. Here the Baltic Sea 

and Kattegat have been divided into areas, whereas area 16 will be used for 

compassion, since this is the area closest to the location of Bornholm I and II 

OWF, also marked on Figure 4-18. The full figure and table of data for area 16 

can be found in Annex A. 

Ice observations have been made for the Danish waters at strategic spots each 

year from year 1861 ref. [4]. The observation points have not been exactly the 

same for all the years, however the locations as listed below represent the ice 
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observation locations. For the Bornholm OWF the following observations spots, 

shown on Figure 4-18, are the most representative: 

• Møn Lighthouse 

• Rønne 

• Hammerodde Lighthouse 

• Dueodde Lighthouse 

• Arkona Lighthouse 

• Area 16 

 

Figure 4-18 Location of ice observation spots near Bornholm I and II OWF. Red dots show Danish 

observation spots, Green dots show the German observation spots and area 16 represent the south 

Baltic Sea also marked in the figure. Blue dots: Bornholm I and II OWF. 

 

The main flow direction at the Bornholm I and II OWF site is towards east or 

west through Øresund and Storebælt. The Danish ice observations has since 

year 1983 been noted according the general accepted Baltic Sea Ice Code 

(ASTK), and the ice observations ref. [4] for the Danish observations points are 

listed in Table 4-2, where Rønne and Dueodde Lighthouse being the 

observation point closest in relation to Bornholm I and II OWF. 

  

 

Bornholm I OWF 
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Table 4-2 Ice observations during ice winters in the period 1983 - 2019 ref. [4]. 
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Table 4-2 shows that the largest ice thickness observed is 50 – 70 cm found in 

the waters close to Hammerodde Lighthouse in the winter 1984-1985 and 1995-

1996. The observations from the waters off the coast at Møn Lighthouse, 

Rønne and Dueodde Lighthouse indicate a maximum ice thickness of 30-50 

cm, which was observed the successive winters of 1984-1985, 1985-1986 and 

1986-1987, which are considered to be most representative in relation to the 

Bornholm I and II OWF, see Table 4-3. 

  

Table 4-3 Largest observed ice thickness in the period 1983 - 2019, Ref. [4]. 

Observation point 

Møn 

Lighthouse, 

waters outside 

Dueodde 

Lighthouse 

Hammerodde 

Lighthouse 

Rønne, water 

outside 

Largest measured 

ice thickness [cm] 
30-50 30-50 50-70 30-50 

 

For the Swedish observations for area 16 the ice thickness distribution is shown 

in Figure 4-19, where the distribution of different ice thickness is presented in 

percentage during the winter period, to which presence of ice is expected. For 

area 16 south of Skåne Figure 4-19 shows that the largest ice thickness 

reported is 21-30 cm in March. 

 

Figure 4-19 Percentage of ice thickness distribution for area 16 during the winter year 1963-1979, 

[5]. 

The German ice observations [3] is the result of a statistical evaluation of ice 

data for a 50-year period. Further, the German observations include a 

comparison of the three 30-year periods 1961-1990, 1971-2000 and 1981-2010. 

The data is collected from 14 observation spots along the southern Baltic Sea 

coast and from offshore waters, hereof 11 observation spots are illustrated on 

Figure 4-18 (green dots). The dataset consists of digitised German and Polish 

ice charts.  

Similarly, the ice thickness is reported in the German observations [3]. This is 

illustrated in Figure 4-20, which shows the mean ice thickness for all winters 

and only for winters with ice as well as the maximum ice thickness. 
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Figure 4-20 Mean and extreme values of ice thickness at costal for nine (9) observation spots on 

the southern German Baltic Sea coast during the period 1961-2010 [3]. 

From Figure 4-20 it is seen that the maximum ice thickness reported at Arkona 

is approximately 55 cm for the period 1961-2010. This value lies above the 

interval of 21-30 cm reported by the Swedish observations and the interval of 

30-50 cm, which is the maximum reported at Møn Lighthouse, Rønne and 

Dueodde Lighthouse in the Danish observations.  

The Swedish observations of ice thickness is reported for an offshore area 

(area 16), whereas the Danish and German observations are for near shore 

locations, which give the difference in ice thickness intervals. The German 

observations [3] includes a comparison of the ice conditions for the 30-year 

periods 1961-1990, 1971-2000 and 1981-2010 (Figure 4-21).  

 

Figure 4-21 Mean ice thickness for winters with ice and extreme values for the ice thickness at 

observation spots on the southern German Baltic Sea coast ref. [3]. 

Figure 4-21 shows that the maximum ice thickness of 55 cm observed at 

Arkona Lighthouse is part of the dataset for the period 1961-1990. Thus, this 

value is most likely observed in the very severe winter of 1962-1963. For the 

other 30-year periods, 1971-2000 and 1981-2010, the maximum ice thickness 

observed was approximately 35 cm which corresponds with the interval of 30 – 

50 cm observed at Møn Lighthouse, Rønne and Dueodde Lighthouse, cf. Table 

4-3, and are closer in range of the interval of 21-30 cm stated by the Swedish 

observations, cf. Figure 4-19. It shall be noted that the ice thickness generally is 

higher near the coast that offshore. 

The German observations [3] also includes information on the first and last ice 

occurrence. The median and extreme values for the beginning and end of the 

ice occurrence is shown in Figure 4-22 for the different observation spots. 
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Figure 4-22 Median and extreme values of the beginning and end of ice occurrence at observation 

spots on the southern German Baltic Sea coast [3]. 

Figure 4-22 shows that the earliest beginning of ice occurrence at Arkona 

happens slightly earlier than the 31/12, while the latest end of ice occurrence is 

reported around the 30/3. These dates are similar to those reported by the 

Danish observations in [4]. For the Swedish observations shown in Figure 4-19, 

the presence of ice expected starts at the 01/02 and ends at the 11/04. It can 

according Figure 4-13 to Figure 4-17 be seen that for Bornholm I and II OWF 

the maximum ice thickness is observed the period from middle of February to 

middle of March. This is considered typical for the location. 

Though the Swedish observations covers a large area, whereas the Danish and 

German observations are for specific locations, which may explain the 

difference in beginning and end of ice occurrences. As mentioned in relation to 

the ice thickness, it should be taken into account that the extreme values 

reported by the German observations might be for winter of 1962-1963 and not 

be applicable for comparison with the Danish and Swedish observations. 

However, the comparison between the three 30-year datasets only shows a 

weak trend of an earlier occurrence for the extreme value of the earliest ice 

occurrence, while no trend was observed for the extreme value of the latest ice 

occurrence. Thus, the German, Danish and Swedish observations are 

considered to be comparable. The ice observations are primarily made from 

onshore stations where the ice thickness and ice deformation will be more 

severe compared to an offshore locations. 

4.3 Observed types of ice 
From the ice observations presented in Table 4-2 it can be seen that the 

following ice types are observed:  

• Hummocked or ridged ice 

• Compacted slush or shuga, or compacted brash ice 

• Rafted ice  

 

The latter two types of ice are observed more times and for more days for the 

majority of the included observation stations. Since the ice is moving around, it 

cannot be ruled out the ice ridges will occur at Bornholm I and II OWF. Further 

the ice maps included in Section 4.1 also include signatures for rafted ice 

observations close to Bornholm I and II OWF. 
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Ice ridges due to blocking effects in the wind farm or neighbouring windfarms 

may also occur as described in Section 10. 

4.4 Climate change effects 
Climate change effects (increased average global temperature) affect the ice 

occurrence in the Baltic Sea. A tendency of reduced frost index, ice thickness 

and ice coverage can be observed in more data sets, e.g., in the Danish ice 

observation reports [4]. For the frost index at the Bornholm I and II OWF Figure 

4-23 shows how the average frost index is diminished since year 1980. A 

considerable scatter is seen in the dataset due to the random nature of ice 

winters. 

 

Figure 4-23 Frost index and trend for the Bornholm I and II OWF site for the years 1980-2022.  

According to the German Climate Atlas [122] made by the Deutscher 

Wetterdienst, DWD, concerning climate change effects for Germany, the 

average temperatures during winters have been analysed since year 1881 until 

year 2022 and estimated until year 2100 based on the different emission 

scenarios. Figure 4-24 and Figure 4-25 shows the measured and predicted 

temperatures for a low emission Intergovernmental Panel on Climate Change 

(IPCC RCP2.6) scenario and a high emission (IPCC RCP8.5) scenario 

respectively. Both estimates predict that future winters in the future will be 

warmer, on average, than the winters in the past 40 years.   
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Figure 4-24 Average winter temperatures for the period 1881-2022 and estimates for a low emission 

scenario, (IPCC) RCP2.6, until year 2100 [122]. 

 

 

Figure 4-25 Average winter temperatures for the period 1881-2022 and estimates for a high 

emission scenario, (IPCC) RCP8.5, until year 2100 [122].  

DMI [118] has estimated the number of frost days in the period until year 2100 

as shown in Table 4-4. 

Table 4-4 Estimated number of future frost days for the given year according to DMI, [118]. 

Estimate for 

year 

1990 2050 2100 

Frost days 

[day/year] 

85 (+/- 8) 61 (+/- 7) 29 (+/- 5.3) 

 

Due to the scatter of ice winters, it is not considered safe to use the tendency of 

the recent ice winters to predict the future frost index. It is conservatively 

selected to base the design frost index analysis on the winters since year 1980 

for Bornholm I and II OWF.  

Climate changes are as well described in the Metocean report [1] section 9 

based on the analysis by IPCC, as summarized the following section. 

According to IPCC, the change in surface wind in the Medium Term (including 

year 2055) as predicted by the climate models, does not show a clear trend, 

and the climate models show a low agreement (i.e. a large scatter) in their 

predictions. 

According to IPCC, the change in sea surface temperature in the Medium Term 

(including year 2055) will amount to 1.4 °C (median) with a variation between 

0.3 °C (5 percentile) and 2.6 °C (95 percentile) and the climate models show a 

robust agreement. 

According to IPCC, future changes in salinity will depend on changes in the 

wind patterns over the Baltic Sea region, river runoff from the Baltic Sea 

catchments, and mean sea level rise relative to the seabed of the sills in Danish 

straits. Due to the large uncertainty in projected changes in wind fields over the 

Baltic Sea region, freshwater supply from the catchments, and global sea level 

rise, salinity projections show a large variation. Ensemble studies that consider 

all potential drivers predict no significant changes in ensemble mean salinity. 

Among climate models, no systematic changes were projected for either the 
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saline-induced stratification or the overturning circulation in the Baltic Sea when 

considering all drivers of salinity changes, including wind, river runoff, and 

global sea level rise. 

4.4.1 Gulf Stream weakening. 

The Gulf Stream System is considered to provide 2-5 degree higher 

temperatures in the Baltic region compared to expected temperature based on 

the latitude. The system is also known as the Atlantic Meridional Overturning 

Circulation (AMOC) Figure 4-26, has weakened by 15 percent in recent 

decades. This is likely due to an influx of cool freshwater from melting ice 

sheets in the Aetic region that reduces ocean salinity and thus the density of the 

water, which inhibits the sinking, thus weakening the flow of the Gulf Stream 

System. The heat transfer by the Gulf Stream is considered to be the main 

driver for a milder climate in the northern Europe than expected for the given 

latitude. 

The complexity of the Atlantic meridional overturning circulation (AMOC) system 

and uncertainty over levels of future global heating make it impossible to 

forecast the date of any collapse for now. It could be within a decade or two, or 

several centuries away. 

 

Figure 4-26 Illustration of the North Equatorial current (Britannica) 
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5 Frost index and ice 
occurrence 

5.1 Frost index 
As a basis for the design for ice loads, the frost index K according ISO 19906 

[103] will be used. The frost index is derived from the frost days - defined as the 

actual accumulated number of days for a winter, where the 24h average air 

temperature is below the freezing temperature of the water.  

 

 𝐾 = |∑(𝑇𝑎 − 𝑇𝑓)|   𝑓𝑜𝑟  𝑇𝑎 < 𝑇𝑓 (4.1) 

Where: 

𝐾:  Frost index summarized in a winter period (deg. days) 

Where: 

𝑇𝑎:  The daily average air temperature [˚C day] 

𝑇𝑓:  The freezing temperature of the underlying water [˚C day]  

In which the sum is made only over the days for which the air temperature is 
less than the freezing temperature of the water. 𝑇𝑓 is -0.4 ˚C calculated from 

salinity,  

The frost index exhibit variability from year to year and may be represented by 

its probability distribution. 

The frost index with return period 𝑇𝑅 in units of years is defined as the 
(1/𝑇𝑅) quantile in the distribution of the frost index, i.e., it is the frost index 

which probability of exceedance in one year is 1/𝑇𝑅. It is denoted 𝐾(𝑇𝑅) and is 

expressed as 

 

 
𝐾(𝑇𝑅) = 𝑎 ∗ ln (

1

𝑇𝑅

) + 𝑏 
(4.2) 

Where: 

 

𝐾(𝑇𝑅):  Frost index for return period 𝑇𝑅  (deg. days) 

𝑎:  Slope of frost index distribution (-) 

𝑏:  Offset of frost index distribution (-) 

 

As a comparison and reference for the frost index analysis for the Bornholm I 

and II OWF project, the frost index for Arkona onshore Lighthouse is used. The 

frost index is based on formulae (4.1) 

For the Bornholm I and II OWF project data for 40+ years are generated from 

the data set described in Section 2.2.3. The frost index for Bornholm I and II 
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OWF are shown in Figure 5-1 and compared with the average data for Arkona 

lighthouse for the same period. The Arkona is a land station and therefore 

expected to be colder.  

 

 

Figure 5-1 Frost index for Bornholm I and II OWF Arkona Lighthouse from year 1979 to 2021. 

Based on the frost index in Figure 5-1 the frost index distribution for Bornholm I 

and II OWF and Arkona Lighthouse is presented in Figure 5-2 where the data is 

arranged according to the probability of occurrence formulae (4.2). 

 

 

Figure 5-2 Return period plot of frost index for Bornholm I and II OWF and Arkona Lighthouse. Only 

the 10 coldest winters is used for the extreme analysis. Marked with a darker colour.   
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According to Figure 5-1 and the derived trend lines the following frost indexes 

are found: 

Table 5-1: Frost index and return period for BHI, BHII and Arkona Lighthouse for comparison. 

Return period  Frost Index 

BHI 

[deg. days] 

Frost Index 

BHII 

[deg. days] 

Frost Index 

Arkona  

[deg. days] 

5 51 56 100 

50 224 223 250 

100 276 273 295 

 

 

 

5.2 Ice thickness (50-year return period) 
According to ISO 19906 [103] and Annex D.3 IEC 61400-3-1 [102] the ice 

thickness, t, at the end of a frost period may be estimated as: 

𝑡 = 0.032√0.9𝐾 − 50  (4.3) 

Where the ice thickness, t, has a unit of metres and the frost index according to 

formulae (4.2), K, has a unit of days deg. It shall be noted that the formula (4.3) 

applies for both open and closed waters. 

Based on analysis [105] of sea ice occurrence in open waters in Denmark in the 

winters from year 1941 to 1942, it was found that the formula (4.3) leads to a 

too conservative design ice thickness for open waters. On this basis it is 

suggested to modify the formula for ice thickness for Bornholm I and II OWF:  

𝑡𝑜𝑝𝑒𝑛 = 0.024√0.9𝐾 − 50  (4.4) 

For reference and as an alternative to the above formula (4.4) the sea ice 

thickness can be calculated according the Lebedev formula (4.5) specified by: 

“National Snow and Ice Data Center (NSIDC)”. The Lebedev formula (4.5) 

derives the sea ice thickness, t, based on the frost index, K ref. formula (4.2), as 

follows: 

𝑡 = 0.0133 ∗ 𝐾0.58  (4.5) 

The key conclusion of the analysis [105] is shown in Table 5-4. 
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Table 5-2 Estimated and observed sea ice thickness for Kriegers Flak (west of Bornholm) ref. [105]. 

The ice thickness calculated according to equation (4.3), (4.4) and (4.5). 

Winter 
Year 

Frost 
Index 

Calculated ice 
thickness 

Observed max ice 
thickness 

Observed ice thickness of 
fast ice 

 
Days 
deg. 

(4.3) 

m 

(4.4) 

m 

(4.5) 

m 
m m 

1941-42 495 0.64 0.48 0.49 - 
0.48 but 0.40 in semi-open 

waters 

1978-79 220 0.39 0.29 0.30 0.40 0.21-0.30 

1984-85 275 0.45 0.34 0.35 0.15-0.50 0.15-0.30 

1985-86 190 0.35 0.26 0.28 0.20-0.30 0.15-0.30 

1986-87 265 0.44 0.33 0.34 0.30-0.50 
0.15-0.30 (Danish source) 

0.10-0.20 (Swedish source) 

 

It is found that the modified equation (4.4) for open waters (factor 0.024) and 

the NSIDC estimate ref. equation (4.5) of the sea ice thickness compare better 

to the observed sea ice thickness for open waters than equation (4.3). 

Based on the above formulas the ice thickness can be calculated for Arkona 

Lighthouse for reference as shown in Table 5-3. The ice thickness with one-

year return period is considered as zero. 

Table 5-3 Estimated ice thickness for Arkona onshore Lighthouse. 

Arkona - data 1979-2019 

Return period 5 50 100 y 

Frost Index 100 250 295 deg days 

Ice thickness, closed waters, eq.  (4.3) 0.2 0.42 0.47 m 

Ice thickness, open waters, (factor 0.024), eq (4.4) 0.15 0.32 0.35 m 

Ice thickness (NSIDC) eq. (4.5) 0.19 0.33 0.36 m 
 

For Bornholm I and II OWF the same analysis leads to the sea ice thickness as 

shown in Table 5-4.  

Table 5-4 Estimated ice thickness for Bornholm I and II OWF respectively. The bold is the value 

used in the summary Table 5-1.  

Bornholm I/II OWF - data 1979-2019 

Return period 5 50 100 y 

Frost Index 51/56 224/233 276/273 deg days 

Ice thickness, closed waters, eq.  (4.3) 0/0.01 0.39/0.39 0.45/0.45 m 

Ice thickness, open waters, (factor 0.024), eq. (4.4) 0/0.01 0.3/0.29 0.34/0.34 m 

Ice thickness (NSIDC) eq. (4.5) 0.13/0.14 0.31/0.31 0.35/0.34 m 
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From Table 5-3 it can be seen that BHI and BHII are almost identical. They are 

very close located, which therefor make sense. Is does not make sense to 

differentiate between the two locations regarding ice thickness. Compared with 

the data from Arkona Lighthouse Table 5-4 BHI/II are a couple of centimetres 

lower. Which is to be expected since Arkona Lighthouse is a land station.   

5.3 Ice occurrence distribution 
Observation of ice occurrence have been made carefully by the Swedish 

Meteorological and Hydrological Institute, SMHI, for the period 1963 to 1979 ref. 

[5]. The observations summarise and generalise the ice conditions over 17 

years for strategic locations in the Swedish waters. The observation point Area 

16 (ref. Annex A) is located close to the Bornholm I and II OWF with quite 

identical conditions for ice generation. The average ice cover and days with ice 

has changed significantly over the period 1963-2019 and a reduction of ice 

cover frequency is seen. To evaluate the difference for the two periods the 

extent of ice cover and the number of days with ice have been analysed for two 

periods: 1963-1979 and 1979-2019. This analysis was conducted by averaging 

the ice extent from Table 4-3 for each of the two periods, this gives a reduction 

factor of 0.5 of ice occurrence (Table 5-5).   

Table 5-5 Ice floe thickness distribution based area 16 [5] (with 0.5 reduction factor).  

Ice floe thickness       

Center Range Hours in   

[cm] [cm] [cm] 25 years Occurrence 

3.00 0.00 5.00 934 40.20% 

6.75 5.00 9.50 1214 52.27% 

12.00 9.50 15.50 160 6.87% 

18.75 15.50 24.50 13.5 0.58% 

30.00 24.50 - 1.9 0.08% 

      Total: 2322   

 

It is noted that the ice thickness of 30 cm with a recurrence of 1.9 hours/25 

years in Table 5-5 is conservative considering this is close to the 50-year ice 

recurrence. 

The ice speed distribution as shown in Table 5-6 is based on data for the wind 

and current speed and direction over the years 1979-2021 for the winter months 

(January-April) and have been determine as described in Section 5.5. 
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Table 5-6 Bornholm I & II OWF - Ice floe speed distribution. 

Bornholm I OWF - Ice floe speed Bornholm II OWF - Ice floe speed 

Center Range Occurrence Center Range Occurrence 

[m/s] [m/s] [m/s] [%] [m/s] [m/s] [m/s] [%] 

0.010 0.00 0.02 0.84% 0.010 0.00 0.02 0.84% 

0.030 0.02 0.04 2.52% 0.030 0.02 0.04 2.73% 

0.050 0.04 0.06 4.06% 0.050 0.04 0.06 4.19% 

0.070 0.06 0.08 5.34% 0.070 0.06 0.08 5.39% 

0.090 0.08 0.10 6.34% 0.090 0.08 0.10 6.31% 

0.125 0.10 0.15 18.31% 0.125 0.10 0.15 19.66% 

0.175 0.15 0.20 17.55% 0.175 0.15 0.20 19.93% 

0.225 0.20 0.25 14.53% 0.225 0.20 0.25 15.39% 

0.275 0.25 0.30 10.90% 0.275 0.25 0.30 9.86% 

0.325 0.30 0.35 7.19% 0.325 0.30 0.35 5.94% 

0.375 0.35 0.40 4.52% 0.375 0.35 0.40 3.73% 

0.450 0.40 0.50 4.68% 0.450 0.40 0.50 3.59% 

0.550 0.50 0.60 1.95% 0.550 0.50 0.60 1.44% 

0.650 0.60 0.70 0.79% 0.650 0.60 0.70 0.67% 

0.750 0.70 0.80 0.24% 0.750 0.70 0.80 0.20% 

0.850 0.80 0.90 0.14% 0.850 0.80 0.90 0.12% 

0.950 0.90 1.00 0.07% 0.950 0.90 1.00 0.02% 

1.125 1.00 1.25 0.01% 1.125 1.00 1.25 0.00% 

1.375 1.25 1.50 0.00% 1.375 1.25 1.50 0.00% 

1.750 1.50 2.00 0.00% 1.750 1.50 2.00 0.00% 

2.200 2.00 2.40 0.00% 2.200 2.00 2.40 0.00% 

 

The ice floe thickness distribution and ice floe velocity distribution according to 

Table 5-5 and Table 5-6 shall for the detailed design simulations (ref. Section 

12) of combined wind and ice load be split in the wind turbine operational 

modes: idling, strong misalignment and power production depending on wind 

turbine related criteria as listed below:  

• Idling (or strong misalignment) (usual damping estimate say 2 % for 1 

mode) 

• Uwind < 4 m/s (No production) 

• Downtime power production (failures) (Typically assumed to 2 % of time 

but to be updated for detailed design based on WTG design and grid 

connection) 

• Downtime power production (Uwind > 25 m/s) (not actual) 

• Downtime power production (icing turbine). This could be estimated to 

2-4 % of situations with significant ice 

• Strong misalignment (say > 45°) 

• Power production (usual damping estimate say 7% for 1 mode) 
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5.4 Ice floe size 
It is a common practice to use a 2 km diameter ice floe size in open Danish 

waters including the open waters southern of Denmark. According to the ice 

observations as listed in Table 4-2 ice floes of this size or bigger has been 

observed in ice winters. The observations points are located on land and may 

not represent the open water location at Bornholm I and II OWF correctly. To 

follow the normal Danish practice the ice floe size for Bornholm I and II OWF 

area is specified to: 2 km in diameter. 

5.5 Free ice floe speed 
Sea ice movement and speed is mainly driven by wind forces from wind blowing 

over the ice supplemented by the current in the upper water layers. When the 

ice floes meet structures, they will be stopped, or the speed will be reduced 

depending on the external forces and the blocking effect ref. [123].  

In the following section only the free flow ice speed will be analysed. The 

resulting ice speed shall be evaluated based on the pattern of blocking 

structures at or near the wind farm.  

As an estimation of the free ice floe speed (in the absence of any structures) 
can be calculated as a vector summation from  2.5% of the wind speed, 𝑈𝑤,10𝑚, 

(10 m above the water (see [102])) and the surface current speed, 𝑈𝑐 (1 m 

below the water). See the equation below, [123]. 

𝑉𝑖𝑐𝑒⃗⃗ ⃗⃗ ⃗⃗  = 𝑈𝑐 + 0.025 𝑈𝑤,10𝑚
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (4.6) 

The free ice floe speed of the actual thickness <30 cm is not considered to be 

affected by the thickness of the ice. 

The free ice floe movement analysis is based on the four winter months of 

January to April as this is where sea ice is expected in the area. 

In the following pages illustrations of the estimated ice floe probability and floe 

movement pattern are presented. The following can be concluded for the ice 

floe movement in the area of the Bornholm I and II OWF: 

• The dominant wind direction is from west to east (cold air). The 

secondary wind direction is from east. 

• The dominant current direction is toward east and west (approximately). 

This is as expected based on the in and out flow from the Baltic Sea. 

• The ice movements are dominated by the wind forces. 

• The dominant ice floe direction is toward east, and a secondary 

direction is toward west (approximately). 

• When the wind speed increases the ice floe direction gets clearly 

governed by the wind direction. At low wind speed the ice floe direction 

is also affected by the sea current direction. 

In Figure 5-3 and Figure 5-4 the probability of ice floe speed for the four 

winter months January-April is shown for Bornholm I and II OWF 
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respectively with input data from the years 1998-2022 based on the current 

and wind speed. 

 

Figure 5-3 Bornholm I OWF: Directional distribution of current, wind and ice movements (all toward 

directions) for the 4 winter months (January-April) in the period 1998-2022. The colour indicates the 

concentration of the occurrences (blue: low, yellow: high). 

 

 

Figure 5-4 Bornholm II OWF: Directional distribution of current, wind and ice movements (all toward 

directions) for the 4 winter months (January-April) in the period 1998-2022. The colour indicates the 

concentration of the occurrences (blue: low, yellow: high). 
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Figure 5-5 Bornholm I OWF: Probability of ice floe speed. Data for the period 1998-2022 (January-

April). 1h/1y = 1/(4*30*24) = 3.47*10-4. 

 

 

Figure 5-6 Bornholm II OWF: Probability of ice floe speed. Data for the period 1998-2022 (January-

April). 1h/1y = 1/(4*30*24) = 3.47*10-4. 

 

In Table 5-7 and Table 5-8 the free ice floe speed is listed versus the wind 

speed at 10 m for Bornholm I and II OWF respectively. 
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Table 5-7 Bornholm I OWF – Free ice floe speed vs. wind speed at 10 m based on hourly data 

1998-2022 (January-April). 
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Table 5-8 Bornholm II OWF – Free ice floe speed vs. wind speed at 10 m based on hourly data 

1998-2022 (January-April). 
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In Table 5-9 and Table 5-10 the free ice floe speed versus the ice floe direction 

is listed for Bornholm I and II OWF respectively. 

Table 5-9 Bornholm I OWF – Free ice floe speed vs. ice floe direction based on hourly data 1998-

2022 (January-April). 
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Table 5-10 Bornholm II OWF – Free ice floe speed vs. ice floe direction based on hourly data 1998-

2022 (January-April). 
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In Table 5-11 and Table 5-12 the misalignment of wind vs. ice floe directions 

are listed for Bornholm I and II OWF respectively. 

Table 5-11 Bornholm I OWF – Ice floe speed vs. misalignment wind/ice directions based on hourly 

data 1998-2022 (January-April). 
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Table 5-12 Bornholm II OWF – Ice floe speed vs. misalignment wind/ice directions based on hourly 

data 1998-2022 (January-April). 
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6 Climate properties 
Climate and ice properties relevant for estimating sea ice load are based on 

general available information for the southern part of the Baltic Sea and project 

specific data [1]. Air properties can be found in Table 6-1. Water level 

information’s can be found in Figure 6-1, Figure 6-2 and Table 6-2.  

6.1 Air properties 
Table 6-1 Air properties [1]. Data from NORA3 except Air density which is standard values in the 

region. 

 Parameter Units Mean Min Max 

Air temperatures normal (°C) 8.7/8.8 -13.0/-12.1 24.6/25.4 

Air density (kg/m3) 1.25 1.17 1.38 

Relative humidity (%) 83.6/83.5 33.1/31.8 100/100 

6.2 Water levels and tidal range 
The principal cause of water level fluctuation is meteorologically induced surge 

associated with surface wind forcing and response to atmospheric pressure 

fluctuations.  

The water level distribution is based on data as described in Section 2.3.7. The 

used input data for the water level analysis represent the 4 winter months 

(January – April) for the years 1979-2021. For the one-year return period of still 

water level the fluctuation is found to be: +1.07 + |-1.02| = 2.09 m. ref. Figure 

6-1 and Figure 6-2. 

 

Figure 6-1 Exceedance probability (hourly) of high water level January to April, 1979-2021. Events: 

117136. Probability 1h/1y:  1/(4*30*24) = 3.5*10-4 
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Figure 6-2 Exceedance probability (hourly) of low water level for January to April, (4 months) 1979-

2021. Events: 117136. Probability 1h/1y:  1/(4*30*24) = 3.5*10-4 

 

In Table 6-2 the average daily mean water variation for the winter months is 

shown.  

Table 6-2 Water level values for the winter months (January to April). 

Parameter BHI Level 

mMSL 

BHII Level 

mMSL 

Average high water level +0.1 [m] +0.09 [m] 

Mean 0.00 0.00 

Average low water level -0.11 [m] -0.11 [m] 

 

6.2.1 Sea level rise due to climate changes. 

Sea level rise due to climate changes are described in the Metocean report [1] 

section 9 based on the Intergovernmental Panel on Climate Change (IPCC). 

According to IPCC, the sea level rise in Northern Europe will amount to 

between 0.0m (5 percentile) and 0.5m (95 percentile) with a median of 0.25m in 

year 2055. 

6.3 Temperature 
Design water temperature:                                            -5°C < Tsea,design < 20°C 

Freezing point temperature of sea water (8.5 PSU):             -0.45°C 
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6.4 Salinity 
FINO2 measurement station has salinity probes at various depths. The average 

salinity at a 2m depth during the winter months is 8.5 PSU, which is equivalent 

to 0.85%. The same salinity is applicable for Bornholm I & II OWF which is 

confirmed by short term measurements at Bornholm II OWF. 

6.5 Seawater and ice density 
Seawater density variation: 1003-1013 kg/m3 

Seawater typical density [104]: 1007 kg/m3 

The sea ice density depends on salinity, temperature, and the age of the ice. 

Typical values are in range of 912 kg/m³ to 925 kg/m³ [104]. For the west Baltic 

sea the value of 920 kg/m3 can be used as an average value [104]. 
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Ice properties as described in this section are defined according to ISO 19906 

[103]. The properties can be used to determine the ice strength if the required 

information about: Ice brine volume, Porosity, Poisson ration and Young’s 

modulus is available. In the present document alternative guidelines to 

determine the ice strength based on measurements is described in Section 8.   

7.1 Ice brine volume 
The ice brine volume 𝑣𝑏  [ppt] of enclosed saline brine influences porosity and 

density of sea ice. Typical brine volumes are in the range of 20 to 100 ppt, 

depending on salinity, temperature, type, and age of the ice. From salinity and 

ice temperature, 𝑣𝑏 can be estimated by:  

  𝑣𝑏 = 41.64 𝑆𝐵
0.88|ϑA|−0.67  (6.1)  

Where:  

SB:  Bulk salinity after completed ice growth [ppt].  

ϑA: Ice temperature, averaged over the ice thickness [°C]. 

See Section 1.3.2.4. of [104]. 

7.2 Porosity 
Naturally grown sea ice contains various inclusions and irregularities which lead 

to a porosity 𝜙𝐵 [ppt] of typically 3 to 20 ppt, approximately described by: 

  𝜙𝐵 = 19.37 + 36.18𝑆𝐵
0.91|𝜗𝐴|

−0.69   (6.2) 

Where SB und ϑA are as defined under Section 7.1. 

See Section 1.3.2.5. of [104].  

7.3 Poisson ratio 
Poisson ratio of sea ice [111] and [103]:  0.33 

Range: 0.3 – 0.35 

7.4 Young’s modulus 
Effective elasticity ref. ISO 19906 A.8.2.8.9 [103] 

 𝐸𝑓 = 5.31 − 0.436𝑣𝑏
0.5 (6.3) 

𝐸𝑓: is the effective elastic modulus 

𝑣𝑏: is the brine volume fraction 

With an ice salinity of 2% and an ice temperature of -3 °C the recommended 

effective elasticity modulus is: 2.7 GPa 

Local range: 2 GPa – 4 GPa 

7 Ice properties 
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7.5 Ice friction coefficient 
The friction coefficient is usually described as static friction coefficient μs and 

dynamic friction coefficient μd. The dynamic friction coefficient has usually been 

considered to be a constant but newer investigations, Nakazawa et al (1993) 

[106] and Frederking & Barker (2002) [107] have shown that μd is strongly 

dependent upon the velocity between the structure and the ice. The velocity 

estimate shall include the eventual velocity of the structure due to structural 

deflection. The following estimate may be proposed: 

μd = 2 μd0, 1 m/s ≤ Vice  μd = μd0 (2 - log Vice), 10-3 m/s < Vice < 1 m/s  

where μd0 is a constant depending on the structure surface, see Table 7-1. 

Table 7-1 Friction coefficients between ice and structures.  

Surface of structure 
Static friction 

coefficient μs 

Dynamic friction 

factor μd0 

Dynamic friction 

coefficient μd 

Ice velocity (m/s) - - 0.01 0.1 1 

Concrete 0.3 0.05 0.20 0.15 0.1 

New uncoated steel 0.3 0.03 0.12 0.09 0.06 

Painted steel 0.25 0.02 0.08 0.06 0.04 

Corroded steel 0.45 0.05 0.20 0.15 0.1 

Ice-ice <0.1 <0.1 0.1 <0.1 <0.1 
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Ice strength depend on the ice breaking mechanism and can be divided into: 

• Bending (flexural) strength,  

• Tensile strength and  

• Crushing (compressive) strength 

 

These are basic properties of sea ice used in any analytical or empirical model. 

Approximation methods to calculate these values are given in ISO 19906 [103], 

however due to difficulties to determine the ice properties, the ice strength 

properties for the project are derived from tests and measurements as 

described in the following section. 

8.1 Bending strength 
According to ISO 19906 [104] the bending (flexural) strength 𝜎𝑓 [MPa] of saline 

ice can be approximated from: 

𝜎𝑓 = 1.76 ∗ 𝑒
−5.88√

𝑣𝑏
1000 = 1.76 ∗ 𝑒−0.19√𝑣𝑏 

(7.1) 

Where:  

𝑣𝑏: Brine volume [ppt] ref. Section 7.1 

Typical values for 𝜎𝑓 are in range of 0.5 to 2 MPa. 

The bending strength is according to ISO 19906 specified on the basis of the 

brine contents related to sea ice temperature and salinity – see above. But the 

difficulties of determining these parameters and the variation of the ice 

temperature and salinity gives such large scatter that the procedure gives 

unreliable results. Therefore, a more robust estimate is suggested. This 

originates from the ice design basis applied for Danish Belt crossing projects as 

shown in Table 8-1. The results are reasonably consistent with the rough 

estimates which may be found from ice temperature/salinity estimates. 

Table 8-1 Ice Design Basis applied for Great Belt and Øresund Links [110]. 

Return period (years) 5  10  50  100  500 700 1000 1320  

Kmax (-°C 24 hours) 170 245 410 480 665 700 721 744 

σc (MPa)  

(no account to snow) 

1.00 1.50 1.90 2.00 2.25 2.30 2.35 2.40 

σf (MPa) 0.25 0.39 0.50 0.53 0.60 0.61 0.62 0.64 

h (m) 0.33 0.42 0.57 0.63 0.75 0.77 0.78 0.80 

h ru  0.33 0.63 1.08 1.26 1.69 1.77 1.83 1.92 

h2 rf
 0.04 0.07 0.16 0.21 0.34 0.36 0.38 0.41 

 

 

 

8 Ice strength 
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Where:  

σc: the crushing strength of the ice (MPa) 

σf:  the bending strength of the ice (MPa) 

h:   calculated ice thickness h = 0.032 (0.9 Kmax –50)0.5 (m) 

Kmax: frost index = the sum of the 24-hour average temperature (in oC) during 

the frost period (<0°C). 

 

Based on the design values as listed in Table 8-1 the following distribution of 

the bending strength vs. frost index can be found as shown in Figure 8-1. 

 

Figure 8-1 Bending strength vs. frost index (dots for Frost Index of 170, 245, 410 and 480) ref. 

Table 8-1. 

For the Bornholm I and II OWF projects the frost indexes of 224/223 and 

276/273 are estimated for the 1/50y and 1/100y return periods for Bornholm I & 

II OWF respectively ref. Section 5.2 hence the bending strength of σf,50y = 

0.36/0.35 MPa and σf,100y = 0.42/0.41 MPa can be applied ref. Figure 8-1 for 

Bornholm I & II OWF. Due to limited documentation of the reduced bending 

strength for lower frost indexes and smaller ice floe thickness the bending 

strength is generally set to minimum 0.30 MPa for all ice thickness estimated for 

Bornholm I and II OWF. 
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8.2 Tensile strength 
According to ISO 19906 [104] the tensile strength 𝜎𝑡 [Mpa] of saline ice can be 

approximated from: 

  𝜎𝑡 = (1 − √
𝑣𝑏

𝑣0
)
2

∙ 𝜎0 + 𝑆  (7.2) 

Where:  

𝑣𝑏: Brine volume [ppt] as given in Section 7.1. 

𝑣0: Reference volume between 100 and 142 ppt; for calculation purposes a 

value of 142 ppt should be used.  

𝜎0: Reference strength 2.5 Mpa.  

S:  Security surcharge; S=0.4. 

Typical values are in range of 0.5 to 3 Mpa. 

Due to the difficulties to determine the brine volume, reference volume, 

reference strength and security surcharge an alternative method is suggested 

below. 

According to the formulas of ISO 19906 [103] the tensile strength is about 10-

20% lower than the bending strength. However due to the scatter of measured 

ice strength it is recommended using the same strength values for tensile and 

bending. 

The tensile strength can conservatively be assumed to be equal to the bending 

strength from section 8.1 e.g., 0.36/0.35 MPa and 0.42/0.41 MPa for 

respectively the 1/50y and the 1/100y return period events for Bornholm I & II 

OWF.  

8.3 Ice strength coefficient 
According to ISO 19906 [104] the compression strength over a structure can be 

expressed by the ice strength coefficient 𝐶𝑅  [MPa] of saline ice and can be 

approximated from: 

   𝐶𝑅 = 2700 ∙ 𝜀̇1/3 ∙ 𝜙𝐵
−1  (7.3) 

Where:  

ε: Strain rate, typically ε = 10−3 s−1, depending on the rate of interaction (ice 

drift velocity)  

𝜙𝐵: Ice porosity as given in Section 7.2 

Typical values for 𝜎𝑐  are in range of 0.5 and 12 MPa.  

Due to difficulties of estimating the ice porosity, methods to estimate the ice 

strength coefficient based on experiments are included below.  

As the ice load models in ISO 19906 [103] are only representative for locations  

with heavy ice each year, the ISO 19906 [103] estimate has to be modified for 

Bornholm I and II OWF, with only heavy ice around every 5 - 8 years or less. 

According to ISO 19906 [103] the ice strength coefficient is determined by the 

return period of ice occurrence. This has been described for areas with severe 

ice coverage but not for the Bornholm I and II OWF area. To cover the gap 
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reference is made to Gravesen and Kärna (2009) [105]. The main conclusion 

yields CR
SB = 1.0 MPa for South Baltic compared to CR

NB = 1.3 MPa for the 

North Baltic for a 5 years return period.  

Based on similar frost indexes and ice coverage for the South Baltic Sea 

compared to the Bornholm I and II OWF area it is considered safe to use the 

conclusion of the reference [105] for Bornholm I and II OWF. For a lower return 

period (1-2 years) Figure 8.2 show a CR value of 0.64 MPa, 0.98 MPa and 1.05 

MPa for return period 1, 50 and 100 years respectively. The conventionally 

used compliance and velocity safety factors of 1.2 and 1.11 respectively are to 

be applied. With applied safety factors used leads to 0.64 * 1.2 * 1.11 = 0.85 

MPa which is considered suitable for Bornholm I and II OWF. 

 

Figure 8-2 Two modes for ice strength coefficient CR as function of the return period. [105] Figure 5. 

The evaluation of the ice strength coefficient can be further supported by the 

measured Norströmsgrund data as illustrated in Figure 8-3. 

 

Figure 8-3 CR values based on measured Norströmsgrund data on overall load for ice thickness h< 

0.8 m [120]. 
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By considering the Norströmsgrund data (Figure 8-3) and [120] creating the 

basis for ISO 19906 [103] it cannot be recommended to apply a CR design 

value of less than 0.85 MPa for an extreme load and no less than 0.66 MPa for 

the average load. 

According to ref. [105] both laboratory data and field data show that ice loads 

acting on a vertical structure will increase if the compliance of the structure 

increases. Accordingly, it can be concluded that the apparent ice strength will 

increase if the waterline displacement uw is higher than 0.5 % of the ice 

thickness [105]. A generalised empirical curve shown in Figure 8-4 is proposed 

for narrow monopile foundations that are a common option for offshore wind 

turbines. The compliance parameter γS shown in Figure 8-4 is used as a 

multiplication factor on the ice strength coefficient - CR. 

 

 

Figure 8-4 Compliance factor γs. versus relative deformation in water level for quasistatic ice load 

(Gravesen and Kärna (2009)) Ref. [105].  

The ice strength coefficient shall be multiplied with the compliance factor ref. 

Figure 8-4 or the load model shall include the ice strength coefficient 

amplification related to the dimension of the structure and the water level 

variation. 

Three different ice crushing phenomena may occur, depending on the ice speed 

ref. Figure 8-4. Low ice speed below 0.04-0.05 m/s may lead to intermittent 

crushing. Moderate ice speed in the range of 0.04 m/s to 0.1 m/s may lead to 

frequency lock-in depending on the structural response. Higher ice speed of 

more than 0.05 – 0.1 m/s will lead to continuous brittle crushing. For more 

details refer to ISO 19906 [103]. 
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Figure 8-5 Illustration of various ice crushing mechanisms depending on ice floe speed. Intermittent 

crushing and frequency lock-in may occur up to about 0.05 m/s ice floe speed. 
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9 Ice loads 

9.1 Horizontal ice loads 

Calculation of ice loads are not fully standardised. For this reason, the main 

sections of the relevant standards, extensions and notes are included below.  

ISO 19906 [103] A.8.2.4.3.2 includes a rational design method for calculation of 

horizontal ice loads from crushing ice based on field measurements now 

implemented in IEC 61400-3-1 [102] D.4.4.  

Ice strength coefficient can be estimated based on measured and calibrated ice 

load data. 

The global horizontal crushing ice load is calculated as: 

  𝐹𝐺 = 𝑝𝐺 ∗ 𝑤 ∗ ℎ   (8.1) 

Where: 

𝑝𝐺 : is a value of the external global pressure (MPa),   

𝑤: is the width of the structure (m),  

ℎ:  is the thickness of the ice sheet (m) 

Data obtained from full-scale measurements in Cook Inlet, the Beaufort Sea, 

the Baltic Sea and Bohai Bay have been used to determine upper bound action 

values for scenarios where a first-year or multi-year sheet ice acts against a 

vertical structure. The data have also been used to analyse how the ice 

thickness and the width of the structure influence the global ice action. Based 

on these studies, the global ice pressure can be determined from equation 

(8.2). The formula for 𝑝𝐺  is according to ISO 19906 [103]: 

𝑝𝐺 = 𝐶𝑅 [ (
ℎ

ℎ1

)
𝑛

(
𝑤

ℎ
)
𝑚

+ 𝑓𝐴𝑅] (8.2) 

Where:   

𝑝𝐺 : is a value of the external global pressure (MPa),   

𝑤:  is the width of the structure (m),  

ℎ:  is the thickness of the ice sheet (m), h1=1 m  

𝑚, 𝑛: 𝑛 are the empirical exponents to take account of the size effect. 

𝑚 = −0.16, 

𝑛 = −0.50 + ℎ/5 for ℎ < 1.0 m and 𝑛 = −0.30 for ℎ ≥ 1.0 m,  

𝐶𝑅: is the ice strength coefficient, in MPa (in different ice regimes) 

𝑓𝐴𝑅: is an empirical term for 

 𝑓𝐴𝑅 = 𝑒
−𝑤

3ℎ√1 + 5
ℎ

𝑤
   (8.3) 

 If w/h > 5 the term fAR can be disregarded. 
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Observations of ice interactions on relatively narrow lighthouse structures 

(structures width < ~2m, ice thickness <~1m) in the north Baltic Sea support the 

inclusion of the fAR term (8.3) in the formula (8.2).  

The ice strength coefficient CR can be derived according to Section 8.3. 

According to ISO 19906 [103] one should combine a safe estimate of the (1/50-

1/100year) ice thickness with CR(1/1y) and a 1/1year ice thickness with a 

1/100year CR value. However, for Bornholm I and II OWF there is no ice 

thickness for 1/1year so this combination is not relevant. 

9.2 Vertical ice loads 
According to IEC 61400-3 [102] D.4.5 the vertical load in case of fluctuating 

water level with a fast ice cover frozen to the support structure is limited either 

by the shear strength at adhesion to the support structure surface, 𝑉𝜏, or by the 

bending strength if the ice is broken in a ring around the support structure, 𝑉𝑏. 

The lower of the two alternatives is decisive and should be used. 

𝑉𝜏 = 𝐴𝜏 (8.4) 

Where: 

𝜏: is the adhesive shear strength (MPa)  

𝐴 = 𝜋𝐷ℎ: is the contact surface for a circular vertical support structure (m2). 

𝐷: is the diameter (m)  

ℎ: is the ice thickness (m)  

The adhesive shear strength 𝜏 can be set to: 

  0.8 MPa for steel – freshwater ice, 

  0.3 MPa for steel – saline ice, or to 

  1     MPa for concrete – saline ice  

  

𝑉𝑏 = 0.6𝐴√𝜎𝑏𝜌𝑔∆𝑧 (8.5) 

Where: 

𝐴:  is the contact surface (m2). 

𝜎𝑏: is the bending strength of ice, not less than 0.26 σc (MPa). 

𝜌: is the water density (kg/m3). 

𝑔:  is the gravitational acceleration(m/s2).  

∆𝑧:  is the water level difference (m). 

Note that ice can grow between braces in multi-legged structures. 

9.3 Local ice pressures 
According to IEC 61400-3 [102] Section D.4.4.4 the support structure should be 

designed for the following local ice pressure: 
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𝑝𝐶,𝑙𝑜𝑐𝑎𝑙 = 𝜎𝐶 (1 +
5ℎ2

𝐴𝑙𝑜𝑐𝑎𝑙

)

0.5

< 20 MPa 
(8.6) 

  

Where: 

𝑝𝐶,𝑙𝑜𝑐𝑎𝑙 is the characteristic local ice pressure for use in design against moving 
ice (MPa) 

σc 
Is the characteristic crushing strength for local ice pressure. Σc = 1.2 MPa is 

suggested (MPa). 

h is the characteristic thickness of the ice (m) 

𝐴𝑙𝑜𝑐𝑎𝑙 is the local area considered (m2) 

 

9.4 Dynamic ice loads  
The wind turbine should be checked for dynamic effects from ice loading. When 

assessing whether dynamical effects can occur, and how often, it is often 

necessary to consider ice mobility, floe sizes, ice concentration, misalignment 

between ice drift- and wind-direction, as well as ice types. In particular, 

conclusions cannot be based on information on ice concentration alone. 

 

It can be helpful to note that if the appropriate type of mobile ice is present at a 

site, frequency lock-in is almost always possible since the ice speeds required 

are usually small, e.g., of the order of 0.1 m/s. Although frequency lock-in is 

possible due to the factors above, it does not necessarily occur all the time: An 

assessment of this can be made based on the homogeneity of the ice. As a 

further guidance, frequency lock-in does normally not occur for ice 

concentrations below 7/10. All relevant ice speeds, in combination with 

durations and ice thicknesses, should be considered. Below some simplified 

equations are given for dynamic load simulation which can be used if statistical 

data, sufficiently advanced numerical models, or measurements are not 

available.  

The criterion for susceptibility to frequency lock-in for the ice acting on a single 

point is: 

 

 𝜉𝑛 ≤
𝜙𝑛𝐶

2

4𝜋𝑓𝑛𝑀𝑛
∙ ℎ ∙ 𝜃                               (8.7) 

where: 

𝑓𝑛 is the n’th eigenfrequency [Hz], 

𝑀𝑛 is the modal mass of the n’th eigenmode in [kg], 

𝜉𝑛 is the damping of the n’th eigenmode as a fraction of critical 

damping [s], 

𝜙𝑛𝐶 is the magnitude of the n’th eigenmode at the ice action point, 

ℎ is the ice thickness [m], and 

𝜃 is a coefficient with the suggested value of 40·106 kg/m·s. 

 

Thus, the design procedure for analysing frequency lock-in consists of the 
following steps: 
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a) Solve the eigenvalues and modes of vibration.  
b) Identify the modes that could be susceptible to frequency lock-in 

using the criterion above: i.e., if a mode’s damping is smaller than 
or comparable to the right-hand side of equation (8.7), it could be 
susceptible to frequency lock-in. 

c) Calculate the dynamic response.  
 

Simplifying forcing functions: 
The simplified forcing function from Figure 9-1 can be used for determination of 
response of the vertical structure under frequency lock-in vibrations. The 
frequency f = 1/T, of the forcing function corresponds to the frequency of one of 
the susceptible natural modes with a natural frequency below 10 Hz, as derived 
from equation (8.7). The maximum force Hmax, as well as the amplitude ∆H = Hmax 
− Hmin, can be assumed constant. The peak values can be determined according 
to equation (8.6). The forcing function should be long enough to assure a steady-
state response of the structure. The amplitude ∆H depends on the vibrational 
modes of the structure and on the ice velocity. It can be expressed as a fraction 
q, of the maximum force Hmax. The amplitude ΔH should be scaled so that the 
velocity response at the waterline is 1.4 times the highest ice velocity. This should 
assure conservative results in terms of the structural response.  

 

Figure 9-1 Ice load history for frequency lock-in conditions. 

 
A cone at the waterline can reduce the magnitude of ice-induced vibrations 
relative to the analogous vertical structure. However, structures with narrow 
cones at the waterline can still experience ice-induced vibrations. The vibrations 
are enhanced when stable ice rubble does not form on the front face of the cone. 
The time history for this kind of ice action is presented in Figure 9-2. The dynamic 
response of the structure excited by this random forcing function is less than for 
an analogous structure due to frequency lock-in on an analogous vertical 
structure.  
 

 

Figure 9-2 Time history of horizontal force component of ice load acting on a conical structure. 

 

H(t) 

t 

T 

∆H 

Hmax 

Hmin 

T – period of ice action 

Hmin – minimum value of ice action 

Hmax – maximum value of ice action 

∆H – difference between maximum 

and minimum values of ice action 

 

H(t) 

t T 

H0 

Hmin 

τ 

τ – duration of loading/unloading cycle 

T – period of ice action 

H0 – peak value of ice action 

Hmin – minimum value of ice action 
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The time-varying action, H(t), is a function of several parameters, including the 
width of the structure, slope angle and the frictional actions involved.  
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The dynamic behaviour of ice introduced vibrations are further described in the 
guidelines from ISO 19906 [103] Section A.8.2.6.1.1, A.8.2.6.1.2 and A.8.2.6.1.3, 
that are included in the following. 
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Figure 9-3 ISO 19906 [103] Section A.8.2.6.1.1 Dynamic ice actions. 

 

 
 
 

 
 

 

Figure 9-4 ISO 19906 [103] Section A.8.2.6.1.2 Time-varying interaction process. 
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Figure 9-5 ISO 19906 [103] Section A.8.2.6.1.3 Dynamic response to intermittent crushing. 

 

Loads from shock impact of a large ice floe should be checked with a transient 

load approach as suggested below.                                     
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Where: 
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U is the impact velocity,  

t  is the time, 

k  is the stiffness of the structure at the waterline.  

 

Recommendations for detailed design: 

Above formulas represents a simplified safe methodology to assess dynamic 

ice loads.  

For a nearby project called Baltic 2 (Kriegers Flak D) a more advanced 

methodology was applied: 

For cone structures ice load time series were produced based on ice model 

tests time series from a research project, see Gravesen et al (2003) [110]. It 

was realised that the corresponding ice model tests results for vertical 

structures were not reliable probably due to a to large model ice flexibility. 

For vertical structures a model calibrated based on ice field tests is required. 

Kärna (2008) [112] developed an integrated stochastic model of ice load and 

turbine dynamics. The results from this model have been applied for vertical 

structures in Baltic 2 as illustrated in Kärna et al (2010) [113] and in Gravesen, 

Helkjaer and Kärna (2011) [114] The key assumption is a stochastic ice 

crushing load as sketched in Figure 9-6 below: 

 

Figure 9-6 Mean value of the full-thickness ice pressure as a function of relative ice speed 

(ice speed relative to foundation speed)[112]. 

For Kriegers Flak DK a model developed by Hayo Hendrikse was used for 

monopiles without cones, see Willems and Hendrikse (2019) [116].  

But in addition to the required more advanced modelling of ice crushing, it is 

important to understand that the ice field measurements are showing relative 

few periods with lock-in between the ice load and the structure vibrations. So 

there exist in practice not the stationary conditions assumed in the simplified 

models proposed in the standards. This aspect is important for the design 

because it means that ice fatigue loads are overestimated if the simplified 

models are used for detailed design. 

It is proposed that both the extreme ice loads as well as the fatigue ice loads 

are estimated by a dynamic ice load simulation including the structural and 

damping conditions of the structure loaded by an advanced ice load like in the 
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models from Kärna and Hendrikse. Account to lack of stationary lock-in should 

be included. 

Reference is also made to the comments in Annex D. Here it is discussed when 

the wind turbine is idling (mainly due to U_nacelle less than 4 m/s, but account 

should also be given to other events without power production or with a high 

misalignment between wind direction and ice drift direction). This is because the 

1 mode damping then usually is assumed to be say 2% instead of saying 7 % 

for 1 mode oscillations when the wind turbine is in operation (due to 

aerodynamic damping).  

The conditions are further complicated by that the maximum ice forces from ice 

floes of importance for mainly fatigue occurs for Vice < 0.1 m/s. But with that 

low incident velocity at least vertical structure has a large resistance so the ice 

floes are stopped after a limited penetration and few force oscillations. This 

occurs even though a certain amount of ice rubble behind the design ice floe 

can give a limited contribution to increased penetration and more oscillation on 

the ice force. Rough estimates of potential scenarios are mentioned in Section 

4.5. 
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10 Ice ridges  
Ice ridges generated by the nearshore effect or ice packing are expected to 

occur in ice winters. It is further found relevant to evaluate the ice ridge 

generation by the blocking effect from the wind turbine foundations in the wind 

farm and eventual neighbouring wind farms.  

In general, ice engineering is based on few field measurements typically made 

in regions with severe sea ice. In the best case the standards include estimates 

of characteristic values, the uncertainties to these and the actual probability are 

not defined. For the Bornholm I and II OWF region, the sea ice occurrence is 

moderate, and the ice parameters shall be selected based on these less 

consistent design parameters. For ice ridge design this includes selection of: 

basic ice thickness and assumed thickness of consolidated layer, assumed ice 

floe maximum size, etc.  

The selected characteristic parameters for the ridge design are found in 

accordance with recommendations in ISO 19906 [103]. 

The estimated ice ridge properties are based on ice analysis for wind farms 

located in the south-western part of the Baltic Sea ref. [119]. The ice conditions 

in this area are considered similar to the area at Bornholm I and II OWF.    

Bornholm I and II OWF will be located near other offshore wind farms and more 

will be added in the future, see Figure 10-1. The wind farm is assumed to be 

exposed to ice ridge creation from any direction.  

 

Figure 10-1 Planned offshore windfarms near Bornholm I and II OWF ( www.4coffshore.com, 15-06-

2023). Colour description: purple: concept/early planning, grey: development zone, blue: consent 

authorised, orange: under construction and green: fully commissioned. 

It can be assumed that a substantial number or foundations will add to the 

generation of ice ridges no matter of the direction of the ice movement in the 

Bornholm II OWF 

Bornholm I Nord OWF 

Bornholm I Syd OWF 

http://www.4coffshore.com/
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Bornholm I and II OWF. When neighbouring windfarms are built, the blocking 

effects from a large number of additional foundations shall be included. 

10.1 Ice ridge generation pressure 
The ice ridge generation pressure can be derived from ISO 19906 [103] Section 

A.8.2.4.6 which include an equation (A.8-65) for ice ridge generation pressure. 

It shall be commented that the ice ridge generation method of ISO 19906 [103] 

is based on ice thickness of 1 m and above. For the Bornholm I and II OWF 

projects the ice thickness is less 0.15 m – 0.35 m and it is not verified that the 

method can be used directly for the actual case. 

 

Figure 10-2 Ridge building equation ref. ISO 19906 [103]. 

 

 

Figure 10-3 Ridge building action illustration ref. ISO 19906 [103]. 
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10.2 Design loads for ice ridge 
The ice ridge loads can be calculated according to ISO 19906 [103] Section 

A.8.2.4.5.1 equation A.8-49. 

 

 

Figure 10-4 Ridge loads ref. ISO 19906 [103]. 

 

 

Figure 10-5 Idealised geometry of a first-year ice ridge ref. ISO 19906 [103]. 
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Figure 10-6 Ridge keel load equation ref. ISO 19906 [103]. 

Ice ridge parameter guidelines are described in ISO 19906 [103] as shown in 

Figure 10-7.  
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Figure 10-7 Ice ridge parameter guidelines ref. ISO 19906 [103]. 

Ice ridge assessment were prepared by Toumo Kärnä for the nearby Arkona 

OWF project in year 2012 where a consolidated layer of 45 cm and a parent ice 

thickness of 10 -15 cm were suggested. According to the Kriegers Flak ice ridge 

assessment [119] a consolidated ice thickness of 43 -67 cm is suggested and 

are formed of ice blocks of 20 cm in thickness. Both the Arkona and Kriegers 

Flak ice ridge assessments are based on data from much more severe ice 

locations (North Baltic Sea, Beaufort Sea, and Sea of Okhotsk). Further ice 

ridge measurements have not been made for OWFs where the ice is blocked by 

several structures located in a random structure seen from the ice. We consider 

the methods described in ISO 19906 [103] being very conservative with respect 

to ice ridge generation for Bornholm I and II OWF. But due to lack of analysis of 

ice ridge generation for the area of Bornholm I and II OWF it is suggested to 

specify the ice ridge parameters in line with ISO 19906. 

Consolidated layer thickness: hc50y = 0.3 * 1.6 = 0.48 m 

Consolidated layer thickness: hc100y = 0.34 * 1.6 = 0.54 m 

Parent ice floe thickness: hp = 0.2 m (usually assumed to be hc/3) 

Sail Height: hs = 4.2 * sqrt(hp = 0.2) = 1.88 m  

Keel depth: hk = 4.5 * 1.88 = 8.45 m 

The ice keel porosity has been measured to reduce from 0.45 to 0.29 in a 

month for a newly generated ice keel. A design value of 0.35 ref. [108] is 

suggested for a ten to fifteen days old ridge. 

The internal friction and keel cohesion are selected based on the investigations 

as listed in ref. [108] “Table 4 Summary of Strength Properties of Ice Rubble” 

and discussions in ref. [108]  for moderate sea ice conditions as considered for 

the Bornholm I and II OWF location. 

Suggested parameters for the ice ridge loads for 1/50y and 1/100y case: 

- Thickness of consolidated layer (1/50y):  hc = 0.48 m 
- Thickness of consolidated layer (1/100y):  hc = 0.54 m 
- Depth of the ridge keel:   Hk = 8.45 m 
- Keel porosity:    e = 0.35 
- Internal friction of the keel:   φ = 300 
- Keel cohesion:    c = 5 kPa 
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Due to the relative short period with critical ice conditions, we estimate that the 

strength of the consolidated layer is corresponding to the generated ice sheet 

layer and not the assumed thickness of the consolidated layer.  

Please be aware that for a down-bending cone the forces from breaking the 

consolidated layer is increased due to the rubbles in the ridge so this force 

component is approximately equal to the force component from an up-bending 

cone, see Croasdale et al 2019 [109]. 

The overall analysis shows in general (Annex B) that all foundations in 

Bornholm I and II OWF has a risk of being exposed to ice ridges, so ice ridge is 

a standard design case. 

In the case that Bornholm I and II OWF foundations are constructed with cones 

the risk of ice ridge generation is reduced. Surrounding wind farm with 

foundations constructed without cones will increase the risk of ice ridge 

generation. 
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11 Icing (marine and 
atmospheric) 

Ice accretion (or icing) refers to the accumulation of ice or snow on a structure. 

Icing can be categorised into two types: the atmospheric icing and the marine 

icing. Atmospheric icing includes freezing rain, supercooled fog, and snow, 

while marine icing mainly occurs by freezing sea spray from breaking waves 

and/or strong winds blowing over the sea surface. Atmospheric icing occurs 

when rain, fog, or snow freezes upon contact with a surface. 

Required conditions for atmospheric icing are low air temperatures between      

-20°C and 0°C combined with low wind speeds (less than 10 m/s). 

Marine icing occurs when sea spray from breaking waves or strong wind 

blowing over the sea surface freezes upon the contact with a surface. Required 

conditions for marine icing are wind speed greater than 10 m/s, air 

temperatures less than the freezing point of seawater, i.e. -0.4°C and sea 

surface temperature smaller than 8°C. 

The occurrence of atmospheric icing in Europe is shown on Figure 11-1. It is 

assessed that the nearby onshore conditions for atmospheric icing can be 

extended to Bornholm I and II OWF. Hence the risk of atmospheric icing is 

moderate, corresponding to 2-7 days/year. 

 

 

Figure 11-1 Atmospheric icing map of Europe. 
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Table 11-1 Type of snow or ice ref. DNV-ST-0437, [101]. 

Type of snow or ice Area Thickness and density 

Marine icing 

Ice from freezing sea 

spray. 

At sea level to highest wave 

elevation: 

From highest wave elevation:  

Linearly reduced up to +60mMSL: 

100 mm 

 

100 mm 

0 mm 

Density:               850 kg/m3 

Atmospheric icing  

 

In the full height of the structure 

from the water surface to the top of 

the WTG tower, nacelle, and 

blades. 

Thickness:           30mm,  

Density:               700 kg/m3 

 

The recommended praxis DNV-RP-0175 [111] can be used for designing issues 

related to icing. However, this recommendation is not fully aligned with the load 

standard DNV-ST-0437 [101] and it is recommended to follow [101] where 

discrepancies are found. 

For atmospheric icing on WTG blades, it is recommended to follow DNV-ST-

0437 [101] ref. Figure 11-2. 

 

Figure 11-2 Atmospheric icing for WTG blades ref. DNV-ST-0437 [101]. 
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12 Design load cases 
Ice loads shall be evaluated for different ice load situations according to IEC 

61400-3-1 [102] Table 3 as copied in Table 12-1 below. Identical listing of 

design loads for ice conditions can be found in DNV-ST-0437 [101]. The DNV-

RP-0175 [111] provides additional recommendations to consider for the ice 

loads assumptions. To perform the load analysis, wind turbine loads shall be 

combined with the ice loads on the support structure as specified in Table 12-1 

and Table 12-2. In this report the ice load input is provided to enable the 

foundation designer to perform the required analysis of the combined model. 

Table 12-1 Ice design load cases (DLC) according to IEC 61400-3-1 [102] (Table 3). 

 

To be added: DLC D9 Power production (as defined in Table 12-2, from DNV-

RP-0175 (Table 3-1), [111]). Pressure from hummocked ice and ice ridges. 

Most situation where pressure from hummocked ice and ice ridges may occur is 

corresponding to Power production. 

In the following, an initial assessment of the design load cases (DLC’s) are 

made though without knowledge about the wind turbine to be mounted on the 

foundation. Any of the DLC’s [102] can be design driving; however, DLC D1 and 

DLC D5 are likely not design driving due to the moderate water level and 



 

 

 

Sweco | Bornholm I and II OWF 

Project Number: 41007612 

Date: 16/02/2024 Document no.: 41007612-001 Ver: 03 

Document Reference: c:\data\sweco\temp\ice assessment bornholm energiø ver 03.docx  89/99 

temperature variations. For the Ultimate Limit State (ULS) DLC the ice load 

input in Table 1-1 is provided for calculation of DLC D2, D3, D5 and D6. DLC 

D3 is most likely dominant relative to DLC D6 due to the higher shear loads 

from a running turbine. Loads from passing or service vessels shall be taken 

into consideration. 

Dynamic ice load analysis ref. Section 9.4 shall be carried out to check the load 

response. It is required to carry out dynamic analyses including an integrated 

dynamic model for DLC D3, D4, D6 and D7 based upon the load matrix. This 

calculation shall preferably be carried out by the WTG supplier to integrate the 

sea ice dynamic with the WTG dynamic model. 

For a monopile structure without ice cone it is recommended to carry out model 

simulation analysis with dynamic ice crushing for all important frequencies of ice 

and structure interaction and the associated damping estimates. At present the 

Vanilla model is assumed to be most accurate. It is necessary to carefully 

evaluate how to treat the non-linearities and associated plastic deformation in 

the soil support, in case this leads to changed stiffness of the structure during 

the load simulation. 

The main conclusion from other ice load calculation projects is that the major 

ice loads for vertical structures is ice loads from intermittent ice crushing or 

frequency lock-in. It only occurs with an ice floe velocity between 0.01 and 0.06 

m/s (Figure 13-5). Continuous crushing results in ice forces much lower (order 

of magnitude 50 %) and with very limited fatigue components (Figure 13-5). So  

load case Table 12-1  can be misleading for vertical structures with respect to 

the load cases (D3, D4, D7 and D8). It has been seen from recent projects that 

the cases where the ice floe velocity is between 0.01 and 0.06 m/s are very rare 

been in the order of 1-10 events of 10 minutes during the foundation lifetime. 

So, the load cases with maximum ice load have a character of an accidental 

load case rather than an ULS case, but this must be proven in detailed design. 

Further, it is very likely that more critical ULS events only may occur for a 

design ice thickness 10-20% lower than the 50 year ice thickness, see 

Gravesen et al ref. [123] Ice drift and ice action on offshore wind farm 

structures. 

Ice ridges load are assumed to be quasistatic as the rubble parts of the ice 

ridge are assumed to induce damping of the structure and consequently the 

dynamic effect may be disregarded.  

Table 12-2 Additional load case for icing during operation according to DNV-RP-0175 Table 3-1 

[111]. 
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Annex A Recorded ice data, Area 16 

Figure 13-1 shows location of areas in the Baltic Sea, Kattegat, Skagerrak and 

Lake Vänern where ice thickness distribution is detailed recorded, ref. the 

Swedish Ice Atlas [5]. Comparison with Area 16 is made in Section 4.2 since this 

is the nearest location with detailed recorded ice conditions.  

 

 

Figure 13-1 Numbered regions for calculated ice thickness distribution, [5]. 

For area 16 the distributions of ice thickness are further given in tabular form, 

which is shown in Table 13-1, [5], where probabilities over the cases with ice are 

given in percentage for nine thickness classes and mean level ice thickness in 
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cm are listed. In the top of the table are listed the given month and date to which 

the distribution of ice thickness is given. Furthermore, also the number of years 

with data and the number of thickness values used for estimating the distribution 

is listed in the table at the bottom. 

Table 13-1 Table for Area 16 for calculated ice thickness distribution, [5]. 
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Annex B Ice ridge case study 

 Ice ridge generation in a wind farm. 

The blocking effect is related to the shape of the foundation and the number of 

foundations that add to the blocking effect and thereby the ice ridge generation. 

A foundation with an ice cone will break the ice and is not considered to create 

ice ridges. 

A foundation without an ice cone will have a considerably higher blocking effect 

and is in special situations considered to generate ice ridges. In this annex 

examples of typical relevant wind turbine foundations are considered to 

evaluate the blocking effect. In both cases the total blocking effect is a 

summation of the blocking effect by the individual foundations in the direction of 

the ice floe. 

The ice floe movement is primarily generated by the wind acting on the ice floe. 

 Ice blocking effect for Bornholm I and II OWF 

Ice floe drift from all directions can create the ice ridge building pressure as 

there are minimum 3 number of foundations in a row in nearly all directions.  

It can also be assumed that the distance to shore has a sufficient length, so ice 

ridge exposure is possible for all incident ice drift directions. 

Additionally, neighbouring wind farm foundations will influence the ice blocking 

and ice ridge generation. There is a risk that ice ridges can be released from a 

neighbouring wind farm depending on the wind and current direction.  

There exists no way of analysing if and when the ridges are released. It is 

generally assumed that the ridges most frequently are generated in periods with 

heavy frost and are frozen together with the ice sheet in the wind farms. The 

most likely release occurs with milder weather potentially associated with waves 

and different wind patterns. 

 Foundations with cones 

The basis for calculating the ice ridge generating pressure is described in 

Section 10. 

The resistance for relevant foundations (dia. 9m) with cones is typically 0.02 MN 

on foundation for an ice sheet of 10 cm and typically 0.042 MN for an ice sheet 

of 15 cm.  

So, for structures with cones the ice scenario will be that the ice sheets will be 

pressed trough the wind farm without generating a ridge. It is further considered 

statistically unlikely that there is a sufficient number of repeated passings of the 

ice sheets so the broken pieces from the cone effect can create an ice ridge. 

In the case that Bornholm I and II OWF are constructed with cones and the 

surrounding wind farms are with vertical structures without cones it cannot be 

excluded that ice ridges been created from wind farms without cones can move 

over to Bornholm I and II OWF. It is deemed that the risk for ice ridges 

generated in other wind farm is moving to Bornholm I and II OWF is much 

lesser than if Bornholm I and II OWF are constructed without cones. 
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 Monopiles and jackets without cones 

The resistance for relevant foundations without ice cones is typically 0.9 MN for 

a monopile with diameter of 9 m and an ice sheet of 10 cm and typically 1.1 MN 

for an ice sheet of 15 cm. A jacket will have ice forces of the same order of 

magnitude. 

This means that typically 11 foundations (range 4 to 18) are required to create 

the ridge generation pressure for ice thickness of 10 cm and typically 15 

foundations (range 5 to 25) for an ice thickness of 15 cm, see Section 9 Ice 

ridges for ice ridge generation pressure. With assumed 1,5 turbines per 1500 m 

a wind farm with say 10 rows of foundations (range 3 to 15) can generate the 

ridge building pressure.  

 Summation of ice ridge blocking effects 

The ice ridge blocking effects analysis can be summarized in Table 13-2. 

Table 13-2 Numbers of foundations to create forces sufficient to ice ridges generation. 

Examples of ridge blocking   Case 1 Case 2 

Flow size (load length) D m 1500 1500 

Ridge generation factor Rmin 
 

2 2 

Ref. ISO 19906 Figure A.8-21 Rave 
 

6 6 

 Rmax 
 

10 10 

Ice thickness h m 0.1 0.15 

Ridge generating load acc. ISO 19906 formulae 

(A.8-65) 
 

Load minimum for Rmin Fmin MN 3.3 5.4 

Load average for Rave Fave MN 9.8 16.2 

Load maximum for Rmax Fmax MN 16.3 27.0 

Blocking effect for structures with cones Cone 

Blocking load per foundation Fcone MN 0.02 0.042 

Number of foundations, Minimum Nmin 
 

163 128 

Number of foundations, Average Nave 
 

488 385 

Number of foundations, Maximum Nmax 
 

813 642 

Blocking effect for straight structures Vertical 

Blocking load per foundation Fvert MN 0.9 1.1 

Number of foundations, Minimum Nmin 
 

4 5 

Number of foundations, Average Nave 
 

11 15 

Number of foundations, Maximum Nmax 
 

18 25 
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It is concluded that Bornholm I and II OWF has to be designed for ice ridges if 

constructed without cones. But mainly due to risk of ice ridges at present. The 

risk for that the wind farm can induce ice ridges by itself is considered limited.  

Order of magnitude for Ice ridge on structure with basic diameter of 9 m: 

Ice ridge keel force:   1.8 MN 

Cone down-bending:   0.3 MN rubble increases the load 

by a 2 factor 

Cone up-bending:   0.6 MN 

Vertical structure consolidated layer:  2.3 MN 

Total load up- or downbending cone  2.4 MN 

Total load vertical structure:   4.1 MN 
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Annex C Discussion of dynamic ice loading scenarios 

The dynamic design ice condition shall be found for: 

- Idling with low damping of first system mode (this can occur due to wind 

velocity at nacelle less than 4 m/s, general error incl. errors at 

transformer stations, icing at rotor or other reasons for no production) 

- power production with higher damping of first system mode 

- power production with low damping of first system mode due to large 

misalignment 

The incident kinetic energy even from larger ice floe (of km size) is very small 

for low Vice so only a limited amount of load circles occur before the ice floe are 

stopped. Weak wind and current also means that it is unrealistic to assume that 

the required additional shear stress to an ice rubble field behind the ice floes 

can maintain the velocity. So at least at smaller ice velocities the ice floes are 

stopped within few metres penetration. During this transition until the ice floes 

are stopped, very different ice velocities will cause a limited number of load 

circles with incident ice velocities between 0 and 0.1 m/s, where the ice force is 

maximum. 

The different scenarios have to be selected interactive with the detailed 

dynamic ice loading carried out interactive with the turbine model (idling or 

production) so the final scenarios have to await the results from the detailed 

modelling. Below is given some rough estimates. 

Incidence of ice floes:  

There does not exist information on the extend of ice rubble behind incident ice 

floes. A rough estimate could be that for fatigue load one assumes: 

- for 70 % of the cases a 500 m ice floe with maximum 5 km open to 

close pack ice exposed to the shear force corresponding to the ice 

velocity considered (tau (pa) = 3 Vice2, vice in m/s) (no kinetic energy 

contribution is assumed for the pack ice) 

- For 20 % of the cases a 500 m floe with 5 km area of ice floes in close 

contact + shear force 

- For 10 % of the cases a 500 m floe with 10 km area of ice floes in close 

contact + shear force 

For ULS a rough estimate could be a 2 km ice floe with 5 km ice rubble behind.  

Incidence of ice ridges:  

Apply the estimate of the ice ridge geometry only for ULS and only as a 

equivalent static load as the rubble in the ridge will create that large damping so 

there will not be coincidence of maximum ice ridge load and high dynamic ice 

loads from failure of the consolidated layer.  

Assume a 5 km zone of ice sheet with a thickness of typical 15 cm behind the 

ridge. Include shear stress corresponding to the Vice. Calculate which incidence 

ice velocities (Vice) will make it possible for the ice ridge to penetrate so 

maximum ice ridge forces is obtained. In case the maximum ridge force can 

only be obtained for rare combinations of high ice velocities, the risk could be 

less than 1/50 y so the ice ridge design should be carried out without a partial 

coefficient or with reduced partial coefficients. 

Owen, C.C., and Hendrikse, H. has made a study of the transition ice speed 
from intermittent crushing to frequency lock-in vibrations based om model-scale 
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experiments. [117]. From there the following four figures are included to 
illustrate the shift in intermittent crushing, frequency lock-in and continuous 
brittle crushing during ice floe movements. 
 

 

Figure 13-2 Comparison of simulated and experimental observations. [117] Figure 3.  

 

 

Figure 13-3 Comparison of global ice load and structural displacement. [117] Figure 4. 
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Figure 13-4 Results on effect of change in structural properties [117] Figure 6. 

 

 

Figure 13-5 Example case (trial T01 and T02) [117] Figure 8. 

 
Above figures (Figure 13-2, Figure 13-3, Figure 13-4 and Figure 13-5) 
illustrates that the structural conditions may limit the frequency lock-in to quite a 
narrow ice floe range or in certain cases it does not occur. 
 
The conditions are further complicated for the actual OWF: 

• There are rarely ice concentrations above 0.8 even at the reference 
Area 16 and intermittent crushing require heavy ice conditions, where 
an ice concentration of less than 0.8 maybe will make intermittent 
crushing to a very rare event. 

• Even if there is a potential for intermittent crushing and frequency lock-

in the kinetic energy in the incoming ice floes is that low so ice 

penetration stops after 1-2 dynamic events. Even if a certain 1-few km 

ice belt is behind the incoming ice floes, the penetration will stop after a 

few force oscillations. For larger incoming velocities there is a risk that a 

few load cycles in the frequency lock-in range can occur when the floe 

velocity is de-accelerated and hit the 0.02-0.06 m/s range. 

 


