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List of abbreviations and parameter descriptions 

Abbreviations  
AME Absolute Mean Error 

AMOC Atlantic Meridional Overturning Circulation 
BACC BALTEX Assessment of Climate Change for the Baltic Sea basin 
BSPR Baltic Sea Physics Reanalysis 
CC Correlation Coefficient 

CMEMS Copernicus Marine Environment Monitoring Service 
COD Commercial Operation Date 
COV Coefficient of Variation 
DJF December-January-February 
DLC Design Load Case 
DMI Danish Meteorological Institute 

DVR90 Dansk Vertikal Reference 1990 (Danish Vertical Reference 1990) 
EE Energinet Eltransmission A/S 

ELIE Extreme Level Ice Event 
EVA Extreme Value Analysis 
EWS Early Warning Signals 
FEED Front-End Engineering Design 
FLS Fatigue Limit State 
HS Hesselø South 

IPCC Intergovernmental Panel on Climate Change 
ibid. From Latin ŔĤŔĬĲůШыљŔŰШƣőĲШƚċůĲШƓũċĦĲњьЯШŔƣШŔƚШƨƚĲĬШƣŸШƚċƻĲШƚƓċĦĲШŔŰШƣĲǂƣƨċũШ

references to a quoted work that has been mentioned in a previous reference 
ILA Integrated Load Analysis 
MSL Mean Sea Level 
NC Non-compliant 

OWF Offshore Wind Farm 
ppm Parts per million 
ppt Parts per thousand 
QQ Quantile-Quantile 
RCP Representative Concentration Pathways 

RMSE Root Mean Square Error 
SSP Shared Socioeconomic Pathways 
SST Sea Surface Temperature 

SMHI Sveriges Meteorologiska och Hydrologiska Institut  
SWL Still Water Level 
ULS Ultimate Limit State 
WTG Wind Turbine Generator 

 
Latin parameters  

ὃ Weibull scale parameter 
ὅ Current drag coefficient 
ὅ Crushing ice strength coefficient 
ὅȟȟ  1-year crushing ice strength coefficient for noncompliant support structures 
ὅȟȟ 1-year crushing ice strength coefficient for compliant support structures 
ὅȟ ȟ  50-year crushing ice strength coefficient for noncompliant support structures 
ὅȟȟ  Average ice strength coefficient for noncompliant support structures 
#3  Surface current speed 
ὅ  Wind drag coefficient 
Ὀ Diameter at ice action elevation 
Ὀ  Days in the Ὤ  bin 

Ὀ ȟ  Days of occurrence for each ice thickness bin in the lifetime of the wind farm 
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Ὀ ȟ  Days of ice thickness interval, for interval [0-15[ cm 
Ὀ ȟ  Days of ice thickness interval, for interval [15-30[ cm 
Ὀ ȟ  Days of ice thickness interval, for interval [30-50] cm 
Ὀ  Days of thickness interval 
Ὁ òŸƨŰŊќƚШůŸĬƨũƨƚШŸŉШƣőĲШŔĦĲШƚőĲĲƣ 
Ὂᴆ Vector of the drag force on the ice, caused by current, per unit horizontal area, 

acting horizontally on the ice 
Ὂᴆ  Vector of the drag force on the ice, per unit horizontal area, acting horizontally on 

the ice 
Ὂ Global ice force 
Ὂᴆ Vector of the drag force on the ice, caused by wind, per unit horizontal area, acting 

horizontally on the ice 
Ὄ  Keel depth 
Ὄ Sail height 
ὒ  Design lifetime of the wind farm 
ὒ Latent heat of melting for ice 
ὔ Number of points 
ὖὒᴆ Pack ice force vector 
ὖ Global ice pressure 
Ὑȟ  50-year consolidated layer thickness ratio to sheet ice thickness 
Ὓ Cumulative freezing degree days 
Ὕ Air temperature 
Ὕ Freezing temperature of saline water 
Ὕȟ  Upper SST limit for thermal ice growth 
Ὕ  Sea surface temperature 
Ὕ  Total number of days with mobile ice per year 
Ὗ Ice speed 
Ὗȟ  Mean ice drift velocity of mobile ice 
Ὗᴆ Current speed vector 
Ὗᴆ Wind speed vector 
ὠ Vertical force from sea ice 
ὠ Ice bending vertical force  
ὠ Adhesive vertical force  
ὧ Apparent keel cohesion 
Ὡ Porosity of ice rubble 
Ὢ  Empirical term for ice pressure 
Ὣ Acceleration of gravity 
Ὤ Sheet ice thickness 
Ὤ  50-year sheet ice thickness 
Ὤ  Ice thickness bin 
Ὤȟ  50-year consolidated layer thickness 
Ὤ Consolidated layer thickness 
Ὤȟ  Maximum consolidated layer thickness 
Ὤ  Maximum sheet ice thickness 
Ὤ  Hub height 
Ὤ Distance between the base of the consolidated layer bottom and the base of the 

keel 
Ὤ  Maximum ice thickness in winter 
Ὤ Reference thickness 
Ὧ Weibull shape parameter 
ά Empirical exponent 
ὲ A number which depends on the ice thickness 
ὸ Time 
ύ Projected width of the support structure 
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ɝᾀ SWL range for ULS DLCs 
Greek parameters  

—  Ice direction (coming from direction) 
—  Wind direction (coming from direction) 
”  Density of ice 
”  Density of water 
” Density of air  
„ Flexural strength of the ice sheet 
‍ Thermal conductivity factor 
‖ Thermal conductivity of ice 
† Adhesive strength 
‰ Angle of internal friction 
’ ÂŸŔƚƚŸŰќƚШƖċƣŔŸШŉŸƖШŔĦĲШƚőĲĲƣ 
‘  Coefficient of kinetic friction, ice-concrete 
‘ Coefficient of kinetic friction, ice-ice 
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Executive summary 

The present section contains a summary of the sea ice-related site conditions, including 
references to where in the present report the information is taken from. 
 

Sea ice parameters  Reference 
50-year sheet ice thickness, Ὤ . 
 

Ὤ  = 38 cm Section 6.3 

1-year ice (crushing) strength coefficient  for non-
compliant  structures and/or large relative velocity 
between support structure and ice, ὅȟȟ . 
 

ὅȟȟ  = 0.99 MPa Section 8.1 

1-year ice (crushing) strength coefficient for compliant  
structures and/or small relative velocity between 
support structure and ice, ὅȟȟ. 

ὅȟȟ: Not established. To 
be determined as a part of 
an Integrated Load 
Analysis. 
 

Further 
detailed in 
Section 8.1 

50-year ice (crushing) strength coefficient for non-
compliant structures and/or large relative velocity 
between support structure and ice, ὅȟ ȟ Ȣ 
 

ὅȟ ȟ : Not established. See footnote 1 

Average ice (crushing) strength coefficient  for non-
compliant  structures and the large relative velocity 
between support structure and ice, ὅȟȟ . 
 

ὅȟȟ  = 0.65 MPa Section 8.2 

50-year design ice ridge geometry. 
 

Table 7-1 Section 7 

Ice velocity. Table 11-1 Sections 11.1 
and 11.2 

Sheet ice thickness distribution. 
 

Table 6-6 Section 6.4 

Wind-ice drift directional misalignment and 
occurrence frequencies. 
 

Table 10-2 Section 10 

Mobile ice duration. 
 

100 % of observed days Section 6.4.1 

Parameters for flexural failure. 
 

Table 9-1 Section 9 

Wind-ice drift coming directional misalignment values, 
and their combination with hub height wind speeds, 
with wind directions, with ice action speeds, and the 
durations of these combinations. 
 

See the text in bold in 
Section 11.3 

Section 11.3 

Wind-ice drift coming directional misalignment values, 
and their combination with hub height wind speeds, 
and with ice action speeds. 
 

See the text in bold in 
Section 11.4 

Section 11.4 

 

 
1 The 50-year ice crushing strength is only to be used if the 1-year ice thickness is greater than 0 according to 
[ISO19906], which is not the case for the evaluated site. 
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1. Introduction 

EŰĲƖŊŔŰĲƣШEũƣƖċŰƚůŔƚƚŔŸŰШ оÉШыEEЯШŸƖШљƣőĲШ9ũŔĲŰƣњьШőċƚШċƓƓŸŔŰƣĲĬШ9ΞìŔŰĬШ ƓÉШы9ΞìŔŰĬьШ
to carry out Site Ice Conditions Assessment for the Hesselø South Offshore Wind Farm 
(HS) project, located in Kattegat. The purpose of this document is to serve as 
documentation of the sea ice conditions to be used for Front-End Engineering Design 
(FEED) of Wind Turbine Generators (WTGs) including the substructure and foundation. It 
contains sea ice parameters for support structures with or without, an ice cone. 
 
In general, this report cannot be used as a basis for the design of an offshore substation 
or cable design. This is mainly due to the derived parameters in this report which target 
the design load cases for WTGs. However, some parameters can still be used for the 
design of other structures than WTGs. 
 
The design sea ice conditions at the site are established based on: 
ü Observations of sea ice- and navigational conditions, which are summarised in 

Appendix A. 
ü Air- and Sea Surface Temperatures (SST) from measurements or model data.  
ü Hindcast model data for the site in [HCWWDATA] and [HCCUDATA]. 
ü Wind statistics data from [WA], which also forms input to the SCA for the site. 
ü National and international standards. 
ü Journal papers, reports, and other publicly available sources. 

 
The data sources used to determine the sea ice conditions are described in more detail 
in Section 4. 
 
1.1 Geographical location 
The HS area for investigation is located off the North coast of Zealand, Denmark, see 
Figure 1-1. 
 

 
Figure 1-1: Overview of the HS site.  
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2. General considerations 

2.1 Vertical reference 
All elevations specified in this report are in the DVR90 elevation system unless otherwise 
noted. 0 mDVR90 is taken as being equal to 0 mMSL. This simplification does not 
introduce a significant bias as the applicable vertical reference, DVR90, is approximately 
equal to MSL at the site. 
 
2.2 Assumed hub height 
In accordance with the caption text of Table 1 of [WA], the WTG hub height is assumed to 
be: 
 
▐ἒἽἪ = 150.0 mDVR90. 

 
Where relevant, atmospheric parameters have been extrapolated to this elevation. 
 
The results in the present report are assessed to be applicable without change for a hub 
height interval of ± 5 m about Ὤ  stated immediately above. 
 
2.3 Conventions 
Unless noted otherwise, the following conventions are used throughout the report. 
ü Elevations are given as distances above DVR90 in metres (mDVR90). 
ü Directions are relative to North (0°) with clockwise direction as positive when seen 

from above (e.g. East is 90°), 
- Wind:    °N coming from. 
- Current:   °N going towards. 
- Ice drift coming:  °N coming from. 
- Directional bins of 30°:  See Table 2-1. 

 

 
Figure 2-1: Compass directions and directional convention. 

  

 

 

North, 0° 

East, 90° 

Wind, ice drift  

Coming from 

 
 

Current direction: Going to 
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Directional bin centre   Directional bin  interval  

[°N] [°N] 
0 ΟΠΡШӅ q < 15 
30 ΝΡШӅШq < 45 
60 ΠΡШӅШq < 75 
90 ΤΡШӅШq < 105 
120 ΝΜΡШӅШq < 135 
150 ΝΟΡШӅШq < 165 
180 ΝΣΡШӅШq < 195 
210 ΝΦΡШӅШq < 225 
240 ΞΞΡШӅШq < 255 
270 ΞΡΡШӅШq < 285 
300 ΞΥΡШӅШq < 315 
330 ΟΝΡШӅШq < 345 

Table 2-1: Directional bin definitions. 

Density (scatter) plots throughout this report will show normalised densities according 
to the colour bar in Figure 2-2, where the normalisation is so that the maximum point 
density in each figure is unity. 
 

 
Figure 2-2: Colour bar showing the density of points in density (scatter) plots throughout the present report. 
Please note that the scatter point densities are normalised so that the maximum density is unity. 

Intervals of numbers are denoted according to Item 2-7.7 of [ISO800002] for closed 
intervals, and the optional notation of Items 2-7.8 through 2-7.10 of ibid. for half-open 
and open intervals2. For example, the interval from 0 to 1 is denoted: 
 
ü [0;1] if both endpoints are included in the interval. 
ü [0;1[ if 0 is included in the interval, but 1 is not. 
ü ]0;1] if 0 is not included in the interval, but 1 is. 
ü ]0;1[ if neither end point is included in the interval. 

 
2.4 Terms and definitions 
Throughout this report, some key terms are used and are defined in the following list: 
 
ü Danish Sea ice code: The sea ice registration method before 1983 when the 

method was switched to the Baltic Sea ice code. 
 
ü Baltic Sea ice code: General sea ice registration method used by several 

countries around the Baltic Sea. Adopted by Denmark in 1983. 

 
2 That is, the notation used for intervals of numbers is the second option here: 
https://en.wikipedia.org/wiki/Interval_(mathematics)#Including_or_excluding_endpoints, using 
semicolon as separator of endpoints as allowed by: 
https://en.wikipedia.org/wiki/Interval_(mathematics)#Notations_for_intervals. 

https://en.wikipedia.org/wiki/Interval_(mathematics)#Including_or_excluding_endpoints
https://en.wikipedia.org/wiki/Interval_(mathematics)#Notations_for_intervals
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ü Competent ice:  Sea ice types that are competent of inducing non-negligible 

loads to the support structure and furthermore have not been rafted, compacted, 
or broken up and then refrozen. This is further explained in Section 5.1.3. 

 
ü Ice winter : Winter with at least 1 day of competent ice. 

 
ü Mobile sea ice:  Sea ice that is movable (e.g. not frozen in place). 

 
ü Immobile sea ice:  Sea ice that is not movable (e.g. frozen in place). 

 
ü Ice-induced vibrations:  In the present report, no clear distinction of the 

individual phenomena potentially leading to ice-induced vibrations is made; all 
are simply referred to as ice-induced vibrations as long as they can induce 
significant dynamic ice load effects on the WTG support structures. 
 

ü Compliant structures:  Structures that will deform significantly during ice 
interaction meaning that the relative velocity between the structure and the sea 
ice is reduced. 
 

ü Non-compliant structures:  Structures that will deform slightly during ice 
interaction meaning that the relative velocity between the structure and the sea 
ice is almost equal to the ice drift velocity. 
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3. Applied standards and guidelines 

The present document is made in accordance with the following design standards and 
guidelines: 
 
[IEC6131] IEC 61400-3-1 Ed. 1: Wind energy generation systems - Part 3-1: 

Design requirements for fixed offshore wind turbines, (2019-04-05). 
[ISO19906] ISO 19906:2019(E): Petroleum and natural gas industries - Arctic 

offshore structures, (2019). 
[DNV0437] DNV-ST-0437 - Loads and site conditions for wind turbines, (Edition 

May 2024). 
 
In case of discrepancy between the standards and guidelines above, the hierarchy of 
standards and guidelines is so that documents high on the list overrule documents lower 
on the list. 
 
3.1 Design load cases 
Following the standards and guidelines outlined above, the Design Load Cases (DLCs) 
where sea ice inputs are relevant are outlined in Table 3-1. Two sets of DLCs are shown: 
 
ü D3 to D8 are references to the DLCs outlined in Table 3 of [IEC6131]. 
ü SeIc.1 to SeIc.6 are references to the DLCs outlined in Table 9-3 of [DNV0437]. 

 
The individual DLCs from [IEC6131] and [DNV0437] are in Table 3-1 shown in two 
different rows. Where a DLC is shown from both sources, the inputs to the DLC are the 
same. For example, DLC D3 equals DLC SeIc.1. 
 
According to the hierarchical order of the standards, the DLCs to consider in the design 
of the WTG support structure are those from [IEC6131] since this is the governing 
standard in Denmark according to [BEK1773] and its normative requirements. This 
means that the DLCs from [DNV0437] are optional but not a requirement to obtain a 
certification according to [IECRE502]. The reason for including the [DNV0437] DLCs in 
Table 3-1 as well, is that the required inputs to the DLCs in [DNV0437] have a higher level 
of detail outlined compared to the inputs to the DLCs from [IEC6131] that require 
additional interpretation.  
 
It must be noted that from  [IEC6131] no DLC corresponds to the [DNV0437] SeIc.3 DLC 
is found. The SeIc.3 DLC is a DLC which combines power production with an ice ridge 
event. Since the WTG is expected to be in the power production condition far more often 
than the parked condition, the probability of an event with power production combined 
with the loads from an ice ridge is higher than the probability of an ice ridge exposure 
combined with parked WTG condition as covered by DLC D6/SeIc.6. Therefore, it is the 
recommendation from C2Wind that DLC SeIc.3 is included in the load basis for design of 
the WTG support structure. Due to this, necessary sea-ice inputs to SeIc.3 are included 
in this report. 
 



 
 

 

Hesselø South | Sea Ice Site Condition Assessment   14 | 109 
  

The reason for not including DLC D1 and D2 in Table 3-1 is that they require no 
environmental inputs. In addition, it is argued in Sections 12.1 and 12.2 that these DLCs 
are negligible. 
 
Please be aware that the ice crushing strength coefficient, ὅ, is only necessary for 
vertical structural geometry in the ice-structure interaction zone (no ice-cone) and the 
flexural failure mode parameters are only necessary for sloping structural geometry in 
the ice-structure interaction zone (with ice-cone). All other parameters are independent 
of the ice-structure interaction geometry. 
 

Sea ice parameter  Reference 
D3 D4 D5 D6 - D7 D8 

SeIc.1 SeIc.2 - SeIc.6 SeIc.3 SeIc.5 SeIc.4 
50-year sheet ice 
thickness, Ὤ  

Section 6.3 x  x    x 

1-year ice crushing 
strength coefficient, ὅȟ Section 8.1 x      x 

Average ice crushing 
strength coefficient, ὅȟ Section 8.2  x  x x x  

50-year ice ridge 
geometry 

Section 7    x x   

Ice velocity Sections 11.1 
and 11.2 

x x    x x 

Sheet ice thickness 
distribution  Section 6.4   x    x  

Wind-ice drift directional 
misalignment and 
occurrence frequencies 

Section 10  x    x  

Mobile ice duration Section 6.4.1  x    x  
Flexural failure mode 
parameters 

Section 9 x x x x x x x 

Table 3-1: Overview of primary sea ice related parameters necessary for each DLC. The DLCs denoted D3 
to D8 are according to Table 3 of [IEC6131] whereas the DLCs denoted SeIc.1 to SeIc.6 are according to 
Table 9-3 of [DNV0437]. 
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4. Overview of data sources 

In order to obtain the necessary environmental parameters outlined in Table 3-1, a range 
of different data sources are used. The data sources are a mixture of e.g. historical sea 
ice observations, historical temperature measurements, and hindcast model data. The 
sea ice observations are primarily recordings of the number of days where a specific type 
of sea ice have been observed at stations across Denmark hosted by the Danish authority 
Istjenesten. The historical temperature measurements are either air- or sea surface 
temperatures (SSTs), where the air temperatures are from DMI, and the SSTs are from 
various sources. The primary environmental data applied to determine each sea ice 
parameter is outlined in the overview of Table 4-1. 
 

Sea ice parameter  Sea ice 
observations  

Air 
temperature  

Sea surface 
temperature  

Salinity  Current  Wind 

50-year sheet ice 
thickness, Ὤ  

x x x x   

1-year ice crushing 
strength coefficient, ὅȟ x      

Average ice crushing 
strength coefficient, ὅȟ       

50-year ice ridge 
geometry x x x x   

Ice velocity     x x 
Sheet ice thickness 
distribution  

x      

Wind-ice drift directional 
misalignment and 
occurrence frequencies 

    x x 

Mobile ice duration     x x 
Flexural failure mode 
parameters       

Table 4-1: Overview of primary data types used as input to calculate and justify the sea ice parameters. 
The empty rows denote sea ice parameters which are independent of site-specific environmental inputs. 

The source of each of the environmental datasets applied in the present study is 
summarised in Table 4-2. 
 

Primary data type  Detailed description  Reference 
Sea ice observations Section 4.1 [ISBES], [SMHIAT] 
Air temperature Section 4.2 [DMIMET] 

Sea surface temperatures Section 4.3 [DMIOCE], [SMHIOCE], [SPARRE], [MADSEN], 
[CMEMS] 

Salinity Section 4.4 [CMEMS] 
Current 

Section 4.5 
[HCCUDATA] 

Wind [HCWWDATA] 
Table 4-2: Brief overview of the sources used in the present report. Further elaborations on the data are 
provided in the outlined sections. 

The locations of the meteorological-, oceanographic-, and sea ice observation stations 
from which historical data records are collected for use in the present study, are 
summarised in Figure 4-1. 
 

http://www.forsvaret.dk/istjenesten/
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In addition to a detailed description of each data source, the availability of each 
individual data source, for the winters selected for detailed analysis in this report, is 
outlined in Section 4.6. 
 

 
Figure 4-1: Overview of the location and type of the primary data sources used for the sea ice assessment. 
Included are: The location of the sea ice observation stations, the meteorological stations measuring the 
air temperature, and the oceanographic stations or models providing the sea surface temperature (SST) 
and salinity. 

4.1 Sea ice observations 
The sea ice observations are taken from [ISBES] supplemented with ice atlases from 
[SMHIAT] where the observation stations shown in Figure 4-2 are chosen as 
representatives for the HS site. An overview of the sea ice observations from the stations 
is shown in Appendix A where a brief introduction to the data is outlined as well.  The sea 
ice observations provide key inputs to define the start- and end dates of the winter period 
in which the sea ice is modelled using the thermal ice growth model. 
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Figure 4-2: Overview of the sea ice observation stations from [ISBES] that are chosen to be representative 
of the HS site. 

4.2 Air temperature 
The air temperature, Ὕ, is another primary input needed for the thermal ice growth 
model. Historical recordings of the air temperature are available in the datasets provided 
through the open-data service of [DMIMET] for several observation stations; these are 
referred to as DMI stations in the following. One of the closest observation stations to the 
HS ƚŔƣĲШŔƚШћFornæs FyrѢ which is located approximately 30 km East of the HS site as seen 
in Figure 4-3ЮШfƣШŔƚШŰŸƣĲĬЯШƣőċƣШƣőĲШůĲċƚƨƖŔŰŊШŸŉШċŔƖШƣĲůƓĲƖċƣƨƖĲШċƣШћFornæs FyrѢ was 
discontinued the 1st of January 2000, why the air temperature measurements after this 
date ċƖĲШŉƖŸůШƣőĲШћGnibenѢЮmeteorological observation station, located approximately 30 
km Southwest of the evaluated site (see Figure 4-3). The historical availability of the air 
temperature data is discussed in Section 4.6. The air temperature measurements from 
the aforementioned DMI stations are assessed to be representative of the air 
temperature at the evaluated HS site since both are located within proximity to the site 
and mostly surrounded by seawater. ÑőĲШћ ċťťĲőŸƻĲĬЮ[ǃƖѢЮmeteorological observation 
station is used for the air temperature validation performed in Section 5.2 and thus 
depicted in Figure 4-1 and Figure 4-3 as well. 
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Figure 4-3: Overview of the meteorological observation stations from which datasets are extracted from 
[DMIMET] and applied as input to the thermal ice growth model. 

4.3 Sea surface temperature 
In the thermal ice growth model, the sea surface temperature (SST), Ὕ , is used to limit 
the timestamps where the ice can thermally grow. Historical measurements of the SST 
with sufficiently high quality are scarce. However, recordings of the SST are available in 
the datasets of [DMIOCE] and [SMHIOCE] ŉŸƖШƣőĲШћHornbæk HavnќШċŰĬШѡÑƖƨĤċĬƨƖĲŰЮ7ŸŢѢ 
respectively, see Figure 4-1. fŰШċĬĬŔƣŔŸŰЯШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШƣőĲШћAnholt Nord ш 
uŰŸĤѢ lightship are available for the early winters, cf. [MADSEN] and [SPARRE]. The 
historical availability of the SST data is discussed in Section 4.6. 
 
TőĲШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШћcŸƖŰĤĢťЮcċƻŰѢ are applied to the winters of 2009/2010 
ċŰĬШΞΜΝΜоΞΜΝΝЯШƽőĲƖĲċƚШƣőĲШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШћÑƖƨĤċĬƨƖĲŰЮ7ŸŢѢ are used for the 
winters of 1978/1979 and 1984/1985. ÑőĲШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШƣőĲШћAnholt Nord ш uŰŸĤѢ 
lightship are used for the evaluation of the winters 1962/1963, 1965/1966, 1969/1970, 
and 1981/1982. Note however, that the SST data ŉƖŸůШƣőĲШћAnholt Nord ш uŰŸĤѢЮlightship 
in the aforementioned winters is limited due to the common practice of retracting 
lightships to their harbours for periods of present sea ice, applied at the time. The validity 
of the SST measurements for use in the thermal ice growth model is examined in detail 
in Section 5.3. Here the modelled SST data from the Baltic Sea Physics Reanalysis (BSPR) 
product of [CMEMS] is used to assess if the various SST measurements are applicable at 
the site. 
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Figure 4-4: Overview of the oceanographic observation stations from which datasets are extracted from 
[DMIOCE], [SPARRE], and [MADSEN]. The SST has also been extracted from the Baltic Sea Physics 
Reanalysis model (BSPR) in  [CMEMS] where the location of the extraction point is shown in the figure as 
well. All SST measurements are applied as input to the thermal ice growth model. 

4.4 Salinity and freezing temperature 
The thermal ice growth model is highly dependent on the freezing temperature of the 
saline water, Ὕ. The freezing temperature of the saline water will however vary based on 
the salinity of the sea water. In the inner Danish waters, the salinity of the seawater varies 
with the eastbound inflow of saline water from the North Sea and the westbound outflow 
of less saline water from the Baltic Sea. As this flow is to some extent affected by the 
changing seasons, the freezing temperature for the saline water is determined by the use 
of data from the winter periods only. The salinity at the HS site is available in the hindcast 
data of [HCCUDATA]. However, this data suggests a salinity level significantly higher than 
other sources, which for the purpose of establishing the freezing temperature for saline 
water, will be non-conservative. Instead, the modelled salinity included in the dataset of 
[CMEMS] is used. The modelled salinity between 2006 and 2016 from this dataset is 
depicted in Figure 4-5. 
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Figure 4-5: Salinity of the HS site from the modelled dataset of [CMEMS]. The individual winters from 
January to March are marked by unique colours. The 25% lower quantile of the modelled salinity is marked 
with a horizontal red line for each winter. As a conservative measure, the salinity level of 14 ppt is selected 
for use in the thermal ice growth model. 

By the use of Eq. D.1 in [IEC6131], the freezing temperature of the saline water of the HS 
site is determined to Ὕ = -0.76°C. The upper SST limit for when the ice can thermally grow, 
Ὕȟ , is chosen by adding +0.5°C to Ὕ resulting in a value of -0.26°C. This is done as a 
conservative choice to account for measuring accuracy. This means that any potential 
ice growth for timestamps where Ὕ Ὕȟ   is disregarded for all winters. 
 
4.5 Hindcast dataset 
The wind- and current data is used to determine the wind-ice drift directional 
misalignment, the ice drift velocity, and the duration of mobile sea ice as indicated in 
Table 4-1. These datasets are available in the hindcast datasets provided by the Client 
found in [HCWWDATA] and [HCCUDATA]. Individual hindcast datasets are available for 
each of the three reference locations of HS depicted in Figure 4-6, which is a partial 
reproduction of Figure 3-1 from [MA]. The hindcast data is examined in more detail in 
Section 5.5. 
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Figure 4-6: Overview of the reference locations for the metocean hindcast timeseries for HS. Partial 
reproduction of Figure 3-1 from [MA]. 

4.6 Data availability for evaluated winters 
Some of the datasets used as inputs in the present report have demonstrated both longer 
periods of unavailability as well as invalid data. The availability of the various data 
sources used is depicted in Figure 4-7. 

 
Figure 4-7: Overview of the availability of the various data sources used in the present evaluation. Air 
temperature availability from meteorological observation stations is marked with a blue colour scheme 
and Ὕ is appended to the station name. The avaibility of SST from oceanographic observation stations, 
including the BSPR model is marked with a red colour scheme and Ὕ  is appended to the station name. 
The availability of the hindcast timeseries is shown as well. Winter periods used for the present evaluation 
are indicated by the vertical grey areas. 

The data sources depicted in Figure 4-7 include both air temperature- and SST datasets. 
The prioritization of the datasets is indicated in the figure as the top station for either air- 
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or SST data is the preferred station, the second station from the top is the second 
prioritization, etc. From Figure 4-7 it is noted that the winters of 1985/1986 and 
1986/1987 are not covered by available SST measurements. The validity of the various 
datasets is examined in more detail in Section 5.2 and Section 5.3 before these are used 
as inputs to the thermal ice growth model. 
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5. Pre-processing of input data and review of data quality 

Before the data presented in Section 4 is used to describe the sea ice condition at the HS 
site, pre-processing of the individual data types is performed. If possible and relevant, 
this includes a verification of the datasets. Each of the subsections presented below will 
be used in the sea ice calculations in this report. 
 
5.1 Sea ice observations 
Fundamentally, the sea ice observations from [ISBES] represent somewhat subjective 
historical records of the sea ice conditions at a given observation location for a specific 
winter. As for most records relying on human observations, some variance in the 
interpretation of the conditions is to be expected between the different observers. Thus, 
multiple sea ice observation stations are included in the study to reduce the risk of using 
erroneous recordings of sea ice conditions. This use of historical records from multiple 
observation stations requires a detailed preprocessing of the data before it can be 
applied as input to the analysis performed in this report. The outcome of the data pre-
processing can be interpreted as site-specific processed ice observations based on the 
historical recordings across multiple sea ice observation stations. The various 
methodologies applied to populate categories of the site-specific ice observations are 
discussed individually below. 
 
5.1.1 Selection of first and last ice observation date 
As an input to the thermal ice growth model, the first- and last date with observed ice is 
needed as an input. The conservative approach of using the maximum envelope between 
the selected observation stations is applied. Further conservatism is included by adding 
1 additional day to the last day with observed ice. By use of the first and last day envelope, 
the total number of observation days within this period is derived. Note that the 
observation period covers a full winter from the first- to the last date with observed ice, 
i.e., days without ice can occur in the observation period, see Section 5.1.2. 
 
For specific winters, ice atlases are used to correct the first- and last ice observation date 
to reduce the level of conservatism of the calculated sheet ice thickness. This is done for 
the winters of 1984/1985, 1985/1986, and 1986/1987 as shown in Table 5-1. The reason 
for using the ice atlases for these years is to limit conservatism in the thermal ice growth 
model since sparse, or none, information on SSTs for these years is available. It is noted 
that the first date of observed sea ice, from the ice atlases, is conservatively selected as 
the date of the last recording of ice-free waters before sea ice is present at the site. The 
last date of observed sea ice, from the ice atlases, is conservatively selected as the date 
of the first recording of ice-free waters following the last recording of sea ice at the site. 
The sea ice atlases for the affected winters in the present evaluation are found in 
Appendix D. 
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Winter with 
ice  First ice observation day  Last ice observation day  

Days in the ice 
observation 

period  
[year range] Date Station Date Station [days] 
1962 to 1963 07/Jan/1963 Anholt Fyr 06/Apr/1963 Nakkehoved Fyr 89 
1965 to 1966 19/Jan/1966 Fornæs Fyr 06/Mar/1966 Sletterhage 46 
1969 to 1970 08/Jan/1970 Hundested 26/Mar/1970 Nakkehoved Fyr 77 
1978 to 1979 03/Jan/1979 Fornæs Fyr 10/Mar/1979 Hundested 66 
1981 to 1982 17/Dec/1981 Hundested 07/Mar/1982 Hundested 80 
1984 to 1985 14/Jan/1985 SMHI ice atlas 08/Mar/1985 SMHI ice atlas 53 
1985 to 1986 06/Feb/1986 SMHI ice atlas 20/Mar/1986 SMHI ice atlas 43 
1986 to 1987 12/Jan/1987 SMHI ice atlas 23/Mar/1987 SMHI ice atlas 71 
2009 to 2010 06/Jan/2010 Hundested 22/Mar/2010 Anholt Fyr 75 
2010 to 2011 17/Dec/2010 Hundested 26/Mar/2011 Hundested 99 

Table 5-1: Summation of all evaluated ice winters from 1960 to 2023 including first- and last ice 
observation date, and the total number of days in the observation period. The SMHI ice atlas can be found 
in Appendix D. 

5.1.2 Number of days with observed ice 
Prior to the winter of 1983, ice observations were recorded by use of the Danish Sea ice 
code. After 1983, the ice observation methodology was changed to follow the more 
detailed Baltic Sea ice code. As a result, winters before and after 1983 must be handled 
slightly differently in the pre-processing.  
 
Before 1983, the number of days with ice is found as the sum of days of all categories for 
every winter. For the winter years after 1983, when the Baltic Sea ice code was 
implemented, the number of days with ice can be determined ŉƖŸůШċŰǃШŸŉШƣőĲШћAќЯШћSќЯШћTќШ
ŸƖШћKќШĦċƣĲŊŸƖŔĲƚШƚŔŰĦĲШƣőĲШŰƨůĤĲƖШŸŉШĬċǃƚШŔŰШĲċĦőШĦċƣĲŊŸƖǃШƚőċũũШůċƣĦőЮШìőĲŰШƣőĲШ
number of ice days has been determined for all observation stations, the maximum 
envelope is chosen to represent the number of ice days at the HS site. 
 

Winter with ice  Maximum envelope 
station  

Days with observed 
ice  

Days in the ice 
observation period  

[year range] [-] [days] [days] 
1962 to 1963 Sletterhage 79 89 

1965 to 1966 Sletterhage 28 46 

1969 to 1970 Anholt Fyr 36 77 

1978 to 1979 Sletterhage 45 66 

1981 to 1982 Nakkehoved Fyr 45 80 

1984 to 1985 Nakkehoved Fyr 53 53 

1985 to 1986 Sletterhage 43 43 

1986 to 1987 Hundested 71 71 

2009 to 2010 Hundested 37 75 

2010 to 2011 Hundested 92 99 
Table 5-2: Summation of days with ice for the ice winters. The days in the observation period from Section 
5.1.1 are shown as well to highlight that the days with observed ice are always less, or equal, to the days in 
the observation period. 
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5.1.3 Number of days with competent ice 
The number of days with competent ice is used primarily to determine which winters to 
consider in the calculation of sea ice condition parameters for the HS site. To establish 
the days with competent ice, the ice types defining the competence of the ice must be 
settled. Since the observation recording methodology changed in 1983, the ice type 
categories treated as competent ice also changed. The categories defined as competent 
sea ice before 1983 are outlined in Table 5-3. The number of days with competent ice for 
a given winter for a single observation station is the sum of the days for the competent 
ice categories. The methodology for finding the number of days with competent ice 
before 1983, for a given winter for the HS site, is outlined below: 
 

1. Determine the number of days with competent ice for each selected observation 
station by calculating the sum of the days for the competent ice categories. 

2. Calculate the mean number of competent ice days across all observation 
stations. 

3. Find the observation station with the number of competent ice closest to the 
mean value determined in Step 2. 

4. When the observation station is found in Step 3, the number of days with 
competent ice is chosen from that observation station. 

 
By following the method outlined above, all chosen observation stations are taken into 
account, and the resulting number of days with competent ice represents the ice 
observations from an actual observation station. The reason for not applying a maximum 
envelope approach is that some winters would end up having more days with competent 
ice than the number of days in the ice observation period outlined in Section 5.1.1, which 
would simply be incorrect. ÑőĲƖĲŉŸƖĲЯШƣőĲШљċƻĲƖċŊĲњШċƓƓƖŸċĦőШŔƚШapplied as outlined 
above. 
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Table 5-3: Categories before 1983 (Only available in Danish) where the chosen competent ice categories 
are highlighted.  

After 1983, the observation recording methodology changed to the Baltic Sea ice code. 
ÑőĲШћѢЯШћÉѢ ċŰĬШќÑѢ categories of the Baltic Sea ice cŸĬĲШĦŸƖƖĲƚƓŸŰĬШƣŸШƣőĲШћAmount and 
arrangement of sea iceѢЯШƣőĲШћStage ŸŉЮŔĦĲЮĬĲƻĲũŸƓůĲŰƣѢеЮċŰĬШћThe topography or form of 
ŔĦĲѢЮrespectively. Each category contains the subcategories ΣеЮΤеЮΥЮиЮάеЮñ, identifying a 
specific subcategory within each category. 
 
The first step in finding the days with potential competent ice for a given winter after 1983 
is to define ƣőĲШŰƨůĤĲƖШŸŉШĬċǃƚШŸŉШƓŸƣĲŰƣŔċũШĦŸůƓĲƣĲŰƣШƚĲċШŔĦĲШƽŔƣőŔŰШĲċĦőШŔŰĬŔƻŔĬƨċũШћѢеЮ
ѡÉѢеЮċŰĬШћÑѢЮcategory. The subcategories selected for potential competent sea ice are 
summarised in Table 5-4. 
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Table 5-4: §ƻĲƖƻŔĲƽШŸŉШƣőĲШћѢеЮѡÉѢеЮand ѡÑѢ subcategories chosen to represent potential competent sea ice 
conditions. 

The number of days with potential competent ice for a given winter is determined as: 
 

1. Determine the number of days with potential competent ŔĦĲШŉŸƖШĲċĦőШћAќЯШћSќШċŰĬШ
ћTќШĦċƣĲŊŸƖǃ, for each selected observation station, by calculating the sum of the 
days for the competent ice subcategories. 

2. Calculate the mean number of competent ice days between the observation 
ƚƣċƣŔŸŰƚШŉŸƖШĲċĦőШћAќЯШћSќШċŰĬШћTќШĦċƣĲŊŸƖǃЮ 

3. Determine the observation stations with the recorded number of competent ice 
days closest to the mean value found in Step ΞШŉŸƖШĲċĦőШћAќЯШћSќШċŰĬШћTќШĦċƣĲŊŸƖǃЮ 

4. When the observation stations are found in Step ΟШŉŸƖШĲċĦőШћAќЯШћSќШċŰĬШћTќШĦċƣĲŊŸƖǃЯШ
the number of days with competent ice is chosen from that observation station 
ŉŸƖШĲċĦőШћAќЯШћSќШċŰĬШћTќШĦċƣĲŊŸƖǃЮ 

5. ÖƚĲШƣőĲШůŔŰŔůƨůШĲŰƻĲũŸƓĲШŸŉШƣőĲШћѢЯШћÉѢЯШċŰĬШћÑѢ closest to mean categories to 
determine the number of days with competent ice for the given winter.  

 
An example of the method outlined above is shown in Figure 5-1. 

 
Figure 5-1: Example of the љċƻĲƖċŊĲњ approach applied to preprocess the observations from multiple sea 
ice observation stations after 1983 and find the number of days with competent ice. 



 
 

 

Hesselø South | Sea Ice Site Condition Assessment   27 | 109 
  

In the example of Figure 5-1, three stations with ice observations following the Baltic Sea 
ice code are given for a winter period. The subcategories within each of the ћAќЯШћSќШċŰĬШћTќ 
categories selected as the definition of competent ice are indicated by the white boxes 
in which some contain a recorded number of ice days. To the right of Figure 5-1, the 
processed observations are found. Initially, the number of competent ice days 
observations for each station is determined from the sum of days in the competent 
subcategories across the ћAќЯШћSќШċŰĬШћTќ categories following Step 1. From these, the 
mean values are determined as stated in Step 2. For this example case, the mean values 
are determined as 31.7, 41,3, and 25.3 for the ћAќЯШћSќШċŰĬШћTќ categories respectively. 
Following Step 3, the observation station with the number of competent ice observation 
days closest to this mean is determined for each of the ћAќЯШћSќШċŰĬШћTќ categories. These 
are indicated in purple, green, and blue in Figure 5-1, originating from the observation 
stations ћStation 3ѢеЮѡÉƣċƣŔŸŰЮΥѢеЮand ѡÉƣċƣŔŸŰЮΦѢ respectively. The number of days of 
competent ice within each ћAќЯШћSќШċŰĬШћTќ category is determined in accordance with Step 
4, and finally, the minimum envelope approach is applied to determine the number of 
days with competent sea ice for the given winterЯШŔŰШƣőŔƚШĲǂċůƓũĲШΞΤШŉƖŸůШƣőĲШћTќШĦċƣĲŊŸƖǃШ
of ћStation 3Ѣ indicated in blue. 
 
The reason for applying the minimum envelope approach is that all criteria of the ћAќЯШћSќШ
ċŰĬШћTќ categories must be fulfilled before competent ice is present. Please note that this 
leads to conservative upper bounds since correlations between the A-, S-, and T-
occurrences could have led to smaller numbers (e.g. a potentially severe A-category 
occurrence may have occurred at the same time as an insignificant S-category 
occurrence). 
 
As for the winters before 1983, the method outlined above takes all chosen observation 
stations into account, but the resulting number of days with competent ice is from an 
actual observation station. 
 
The number of days with potential competent ice is outlined in Table 5-5 for the winters 
with a resulting number of days of potential sea ice larger than 0 (zero). The winters 
shown in Table 5-5 will form the basis for the calculation of the sea ice condition 
parameters for the HS site. 
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Winter with 
ice  

Days with competent ice, 
ћAѢЯШћSѢ ċŰĬШћTѢ categories  Days with competent 

ice  
Observation station for 

competent ice  
A S T 

[year range] [days] [days] [-] 
1962 to 1963 - - - 43 Anholt Fyr 
1965 to 1966 - - - 10 Fornæs Fyr 
1969 to 1970 - - - 7 Nakkehoved Fyr 
1978 to 1979 - - - 15 Fornæs Fyr 
1981 to 1982 - - - 5 Anholt Fyr 
1984 to 1985 40 32 31 31 Sletterhage 
1985 to 1986 28 27 32 27 Fornæs Fyr 
1986 to 1987 46 54 51 46 Hundested 
2009 to 2010 5 4 9 4 Anholt Fyr 
2010 to 2011 5 4 8 4 Nakkehoved Fyr 

Table 5-5: Days with competent ice for the winters where the days with competent ice were not equal to 0 
(zero).  

5.1.4 ÂŸƓƨũċƣŔŰŊШƣőĲШћÉѢ category 
ÑőĲШћÉѢ category in the Baltic Sea ice code corresponds ƣŸШƣőĲШћStage ŸŉЮŔĦĲЮĬĲƻĲũŸƓůĲŰƣѢ. 
In this category, the number of days with different ice thickness intervals and types are 
recorded. These recordings are used to populate the durations for a defined number of 
ice thickness bins to be used in the Fatigue Limit State (FLS) DLCs D4 and D7 according 
to Table 4-1. The methodology for estimating a representative ѡÉѢ-category distribution 
for the HS site follows a somewhat similar method as outlined in Section 5.1.3 with small 
differences: 
 

1. Calculate the mean number of days for each subcategory of the ѡÉѢ-category 
across all observation stations. 

2. Determine the observation stations with the number of days closest to the mean 
value found in Step 1 for each subcategory of the ѡÉѢ-category. 

3. When the observation stations for each subcategory have been determined in 
Step 2, the number of days for the individual subcategories are selected to 
populate the subcategories of the site-specific processed ice observations. 

 
The approach is exemplified in Figure 5-2, in which the observations recorded in 
subcategory ћΧѢ ŸŉШ ƣőĲШ ћÉѢ category from three different observation stations are 
processed. 

 
Figure 5-2: Example of the љċƻĲƖċŊĲњШapproach applied to preprocess the observations from multiple sea 
ice observation stations and populate the ѡÉѢ-category of the Baltic Sea ice code. 

Based on the example recordings from the three sea ice observation stations exemplified 
in Figure 5-2, (12, 6, and 7 days) the mean value of 8.3 days is determined. The closest 
actual observation to the mean value of 8.3 days is the 7 days from observation station 
ћStation 3ќЯШƽőŔĦőШŔƚШƨƚĲĬШƣŸШƓŸƓƨũċƣĲШƣőŔƚШƚƨĤĦċƣĲŊŸƖǃШŔŰШthe site-specific processed ice 
observations. By following the method above, a populated ѡSѢ-category representative 
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for the HS site is found and used to distribute ice thicknesses in thickness bins in Section 
6.4. 
 
As previously discussed, the Danish Sea ice code was used for the ice recordings before 
1983. Thus, detailed information from the ѡÉѢ-category of the Baltic Sea ice code is not 
available for winters before 1983. To estimate the ѡÉѢ-category of these earlier winters, 
the concept of winter parring is introduced. Parried winters are determined for all winters 
before 1983, by parring the most comparable winter after 1983 based on the Kuldesum 
parameter т a measure for the severity of the given winter (see Appendix A). By use of the 
ice thickness records from the comparable paired winter, the ice details for the ѡÉѢ-
category in accordance with the Baltic Sea ice code for winters before 1983 can be 
estimated. The result of the pairing is outlined in Table 5-6 where the winters included 
are based on the winters with competent ice according to Section 5.1.3. 
 

Winter s before 1983/1984 Paired winter after 1983/1984  
Year range Kuldesum Year range Kuldesum 

1962 to 1963 300.3 1984 to 1985 273.4 
1965 to 1966 163.0 2009 to 2010 162.8 
1969 to 1970 208.4 1985 to 1986 193.3 
1978 to 1979 215.2 1985 to 1986 193.3 
1981 to 1982 218.7 1985 to 1986 193.3 

Table 5-6: Pairing of winters with competent ice before the winter 1983/1984 to winters with competent ice 
after the winter 1983/1984. The selection of winters with competent ice is outlined in Section 5.1.3. 

Based on the outlined methodology in this section, the ѡÉѢ-category is populated for all 
ice winters and shown in Table 5-7 for the subcategories needed in Section 6.4.2. Please 
note that the number of days with competent ice is less than the sum of the days in the 
ѡÉѢ-categories shown in Table 5-7 for some of the winters before 1983. This is due to the 
winter paring exercise and will be further discussed in Section 6.4.2.  
 

Winter with 
ice  

Days with 
competent 

ice  

Subcategory  3 
▐ = 15-30 cm 

Subcategory  4 
▐ = 30-50 cm 

Subcategory  8 
▐ = 15-30 cm  

with thicker ice  

Subcategory  9 
▐ > 15-30 cm  

with thinner ice  
[year range] [days] [days] Station [days] Station [days] Station [days] Station 
1962 to 1963 43 15 Sletterhage 11 Hundested 1 Sletterhage 0 Fornæs Fyr 
1965 to 1966 10 0 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 
1969 to 1970 7 12 Hundested 8 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 
1978 to 1979 15 12 Hundested 8 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 
1981 to 1982 5 12 Hundested 8 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 
1984 to 1985 31 15 Sletterhage 11 Hundested 1 Sletterhage 0 Fornæs Fyr 
1985 to 1986 27 12 Hundested 8 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 
1986 to 1987 46 30 Fornæs Fyr 3 Sletterhage 2 Fornæs Fyr 0 Fornæs Fyr 
2009 to 2010 4 0 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 
2010 to 2011 4 0 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 0 Fornæs Fyr 

Table 5-7: Days in the ѡÉѢ-category for the ice winters. The observation stations where the number of days 
originates from is also shown. The number of days in the subcategories before 1983 is based on the winter 
pairing method shown in Table 5-6. 

5.2 Air temperature timeseries 
The timeseries of air temperatures are key in the evaluation of the sheet ice thickness by 
use of the thermal ice growth model. The sources of the air temperature timeseries are 
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outlined in Section 4.2. Multiple meteorological observation stations can be utilized in 
the evaluation. When more meteorological observation stations are applied, these are 
used in a prioritized order based on their proximity to the site. As the historical 
temperature datasets may contain periods of inaccurate or missing data, the validity of 
each temperature dataset is evaluated before it is used as input to the thermal ice growth 
model. In case invalid or missing data is detected within the winter period being 
evaluated, the next highest prioritized temperature dataset is selected. This process 
continues until a temperature dataset with valid data covering the evaluated winter 
period is found. 
 
Erroneous air temperature measurements have previously been identified in some 
datasets for ћAnholtѢ from [DMIMET], why the validity of the applied air temperature data 
is examined by comparison to measurements from nearby stations for all relevant winter 
periods. The comparisons of the measured temperatures for the individual winter 
periods are given in Figure 5-3 and Figure 5-4. 
 

 
Figure 5-3: Comparison of air temperature measurements from two selected meteorological observation 
stations for the selected winters between 1962 and 1985. Note however, that ŰĲŔƣőĲƖШƣőĲШћ]ŰŔĤĲŰѢЮor 
ѡ ċťťĲőŸƻĲĬ FyrѢЮobservation stations have available data for the winter of 1981/1982, why only 
measurements from the ћ[ŸƖŰĢƚЮ[ǃƖѢЮstation are shown for this period. The blue line represents the primary 
air temperature dataset used as input to the thermal ice growth model whereas the red line represents the 
measurements from the secondary observation station used for the sanity check.  
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Figure 5-4: Comparison of air temperature measurements from two selected meteorological observation 
stations for the selected winters between 1985 and 2011. The blue line represents the primary air 
temperature dataset used as input to the thermal ice growth model whereas the red line represents the 
measurements from the secondary observation station used for the sanity check. 

In the air temperature measurements of Figure 5-3 and Figure 5-4 various outliers and 
periods of missing data are noted. In addition, it is noted that the temperature 
ůĲċƚƨƖĲůĲŰƣƚШŸŉШƣőĲШћ]ŰŔĤĲŰѢ observation station for the winter of 1978/1979 have been 
recorded with a different frequency than what is seen for the remaining winters. Despite 
some obvious outliers and the expected differences between the measurements from 
two stations located a distance apart, an overall acceptable agreement in the measured 
air temperature is found. As a result, it is concluded that the air temperature 
measurements from the chosen meteorological observation stations are suited as 
inputs for the thermal ice growth model. 
 
5.3 Sea surface temperature timeseries 
As mentioned in Section 4.3, the sea surface temperatures (SST) are used to limit the 
thermal ice growth. These are applied when available and are based on a prioritized list 
as discussed in Section 4.6. If no SSTs are available for a given period, it is disregarded in 
the calculation of the ice growth. Next, the validity of the SST data is examined in detail. 
 
The SST for the HS site is extracted from the Baltic Sea Physics Reanalysis (BSPR) product 
of [CMEMS]. These SST model data is used to justify the use of the SST measurements 
from stations located at a distance from the evaluated site. In addition, the modelled SST 
dataset is used to assess the validity of the measured SST datasets before these are used 
as inputs to the thermal ice growth model. The validity of the SST measurements from 
ћcŸƖŰĤĢťЮcċƻŰѢ is examined for the period from the 1st of December to the 1st of March 
for all winters from 2008 to 2013. The correlation between the measured and the 
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modelled SST data is given in the left plot of Figure 5-5. Note, that the selected year range 
overlaps with the winters in which the SST measurements from this dataset are applied 
in the analysis in this report. The SST measurements from ѡÑƖƨĤċĬƨƖĲŰЮ7ŸŢѢЮare applied 
for thermal ice growth for earlier winters, prior to the availability of the modelled SST data 
of BSPR. Thus, the sanity check cannot be performed for the winters in which this dataset 
is applied in this reportЯШċƚШƽċƚШƣőĲШĦċƚĲШŉŸƖШƣőĲШћcŸƖŰĤĢťЮcċƻŰѢЮdataset. Instead, the 
SST correlation is performed for the period from the 1st of December to the 1st of March 
for all winters from 2000 to 2004 where no winters with competent ice is observed. The 
results are presented in the right plot of Figure 5-5. 
 

 
Figure 5-5: Correlation between measured and modelled SST for the temperature range -2 °C to 4 °C. Left : 
the modelled data from [CMEMS] and measured data from [DMIOCE]. Right: The modelled data from 
[CMEMS] and the measured data from [SMHIOCE]. 

The SST data from the BSPR model ċŰĬШƣőĲШůĲċƚƨƖĲĬШÉÉÑШŉƖŸůШћcŸƖŰĤĢťЮcċƻŰѢе found 
to the left of Figure 5-5, are generally seen to agree in the low-temperature range from -2 
°C to 4 °C. However, the modelled SST data from Copernicus seems to be lower than the 
SST measurements for the lowest temperatures below 1 °C. However, based on the 
overall agreement in the data it is assessed that the SST measurements from ѡcŸƖŰĤĢťЮ
HavnќШċƖĲШƖĲƓƖĲƚĲŰƣċƣŔƻĲШŸŉШƣőĲШ§ì[ШƚŔƣĲШĬĲƚƓŔƣĲШƣőĲШƖĲũċƣŔƻĲШĬŔƚƣċŰĦĲ. 
 
The comparison between the SST data from the BSPR model and the measurements from 
ƣőĲШћTrubaduren BojќШŸĦĲċŰŸŊƖċƓőŔĦШobservation bouy is seen in the right plot of Figure 
5-5. Compared to the correlation plot for ћHornbæk Havnќ, a higher discrepancy in the 
datasets is noted. From Figure 5-5, it is seen how the modelled SSTs are generally lower 
than the measured SST for the entire temperature range depicted. This could indicate 
that the SSTs measured at the ѡÑƖƨĤċĬƨƖĲŰЮ7ŸŢѢ may be slightly higher than what is 
observed near the Hesselø South OWF site. To account for this, the measurements from 
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ƣőĲШћÑƖƨĤċĬƨƖĲŰЮ7ŸŢѢ are adjusted accordingly3 as -1°C is subtracted from the SST 
measurements before these are used as inputs to the thermal ice growth model. 
 
As evident in the data availability overview of Figure 4-7, no overlap is found for the SST 
ůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШƣőĲШũŔŊőƣƚőŔƓШŸŉШћAnholt Nord ш uŰŸĤѢ and the site-specific SSTs from 
the BSPR dataset. Thus, a correlation check of the SSTs from ѡ ŰőŸũƣЮ ŸƖĬЮш uŰŸĤѢ is not 
performed and the measured SSTs are used as is. The lack of a sanity check for these 
measurements is however acceptable, due to the limited number of SST measurements 
available from the lightship in the evaluated winters as is seen in Figure 5-6. 
 
5.4 Temperature timeseries for ice winters 
The air- and SST measurements used as inputs to the thermal ice growth model are 
summarised in Figure 5-6 and Figure 5-7. 
 

 
Figure 5-6: Air temperature, Ὕ, and sea surface temperature (SST), Ὕ , measurements from preferred 
meteorological- and oceanographic observation stations for the selected winters between 1962 and 1985. 
The freezing temperature of the seawater, Ὕȟ , found from Section 4.4 is also shown. Note, how the 
measuƖĲůĲŰƣƚШŸŉШƣőĲШћAnholt Nord ш KnobѢ lightship are missing in the periods in which sea ice is present, 
as a result of the common practice of retracting the lightships to the harbours applied at the time according 
to Section VII of [SPARRE]. 

 
3 The resulting Ὤ  has been evaluated for two additional scenarios using first: the uncorrected SST 
measurements, and second: excluding the SST measurements from the Trubaduren Boj. This resulted in a Ὤ  of 
0.37 m and 0.38 m for the two scenarios, respectively. 
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Figure 5-7: Air temperature, Ὕ, and sea surface temperature (SST), Ὕ , measurements from preferred 
meteorological- and oceanographic observation stations for the selected winters between 1986 and 2011. 
The freezing temperature of the seawater, Ὕ, found from Section 4.4 is also shown. No available source of 
qualitative SST data was found for the two winters of 1985/1986 and 1986/1987 as hinted in Figure 4-7. 

These air- and SST measurements, used as inputs to the thermal ice growth model, are 
repeated below each evaluated winter in the detailed overview plots found in Figure C-1 
and Figure C-2 in Appendix C. 
 
5.5 Selection of hindcast dataset 
In Section 4.5, hindcast datasets for three individual reference locations are identified 
for the HS site. The risk of subjecting the support structures at the site to ice-induced 
vibrations is increasing for low ice drift velocities. Thus, the hindcast dataset to use for 
the present evaluation is selected from an evaluation of the number of occurrences of 
ice drift velocities below 0.2 m/s. The ice drift velocity is estimated by use of both the 
paired wind- and current hindcast datasets for the three individual reference locations 
within the site. The approach of Eq. 3.3.3. of Section 3.3 of [VICE] is applied to determine 
the ice drift velocity of an ice floe from the wind- and current velocities. A reference ice 
floe of 1 km2 is used4 for assessing the ice drift velocity for all three reference locations. 
 
The histograms of the calculated ice velocities for the three reference locations are given 
in Figure 5-8. 

 
4 The choice of ice floe size is of minor importance since it is only used in the selection of the hindcast dataset 
and not anywhere else in this report. The used ice floe of 1 km2 is not necessarily a representative ice floe size 
for the HS site. 
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Figure 5-8: Histogram of the estimated ice drift velocities calculated from the wind- and current hindcast 
data for the three reference locations ѡHS-ΤѢеЮѢHS-ΥѢеЮand ѡHS-ΦѢЮwithin the HS site. All ice drift velocity bins 
below 0.2 m/s are indicated in orange, and the summed number of occurrences within these are stated in 
the figure label. 

From Figure 5-8, it is seen how the number of occurrences of the estimated ice drift 
velocitŔĲƚШĤĲũŸƽШΜЮΞШůоƚШŔƚШőŔŊőĲƚƣШŉŸƖШƣőĲШƖĲŉĲƖĲŰĦĲШũŸĦċƣŔŸŰШŸŉШћHS-2Ѣ. As a result, the 
wind- ċŰĬШĦƨƖƖĲŰƣШőŔŰĬĦċƚƣШĬċƣċƚĲƣƚШŉŸƖШƖĲŉĲƖĲŰĦĲШũŸĦċƣŔŸŰШћHS-2Ѣ are used for the 
evaluations of the present report.  
 
5.5.1 Selection of surface current 
According to Equation D.9 of [IEC6131], the current velocity 1 m below the lower ice 
surface shall be applied in the evaluation of the forces from currents on the sheet ice. In 
the 3D model hindcast data of [HCCUDATA], a total of 20 current bins are distributed 
evenly throughout the water column. A seasonal current profile, showing the winter-
average current profile for the months of December, January, and February, is created 
ŉƖŸůШƣőĲШőŔŰĬĦċƚƣШĬċƣċШŉŸƖШƣőĲШƖĲŉĲƖĲŰĦĲШũŸĦċƣŔŸŰШћHS-ΥѢ in Figure 5-9. A similar plot for 
ƣőĲШќHS-ΤѢ reference location is provided in Figure 6-16 of [MA]. 
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Figure 5-9: Seasonal current speed profile for the reference location of ѡHS-2Ѣ for the winter months of 
December, January, and February. 

In the hindcast model, the currents in the layers near the sea surface are affected by the 
wind. In the presence of ice coverage, the currents near the sea surface are not affected 
by the wind. Thus, for situations of ice coverage, the current is selected from an elevation 
for which the effect of wind is less pronounced and hence driven by tidal current. It is 
assumed that the effect from the wind is small at approximately -11 mMSL. In the 
presence of ice coverage, a slowdown of the current speeds in the near-surface layers is 
expected т similar to the current behaviour near the seafloor. This potential slowdown is 
neglected in the present report, and the surface current in the presence of ice coverage 
is assumed equal to the current for the layer of approximately -11 mMSL. Please note 
that it is conservative to choose a small current speed as outlined in Section 5.5. 
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6. Sheet ice thickness 

A step in the process of establishing several ice parameters as required in Table 3-1, is 
to establish the historical sheet ice thickness. The historical sheet ice thickness is used 
to find the following ice parameters: 
 
ü Sheet ice thickness for ULS DLCs for a 50-year return period, Ὤ . 
ü Bin size including upper bin bound for binning of ice thickness for FLS DLCs. 

 
The sheet ice growth is simulated for each ice winter using a thermal ice growth model 
which is explained in Section 6.1. The result of this analysis is an extreme thickness for 
each ice winter primarily used to determine Ὤ . In addition, it is used to determine an 
appropriate upper bin bound and bin size for the binning of ice thickness distributions to 
support the FLS DLCs. The FLS distributions though, are solely based on the sea ice 
observations as outlined in Section 5.1. 
 
6.1 Thermal ice growth model 
The thermal ice growth model is presented in Appendix B, where the air temperature, Ὕ 
is needed as an input. Ὕ is a function of time, that must be used as an input during the 
periods when the ice is expected to thermally grow. The start of the period can be 
determined in two different ways: 
 

1. First timestamp in the winter when the air temperature is smaller than the freezing 
temperature of saline water (Ὕ Ὕȟ ). 

2. Timestamp of first ice observation. 
 
Option 1 could lead to the model predicting ice growth despite the SST being larger than 
Ὕ. Furthermore, saline water, as that at the evaluated site, will not start to freeze before 
the temperature of the water column is smaller than Ὕ. Option 2 is chosen instead since 
this is a more accurate representation of the actual starting point of ice growth. The date 
range for the winters where ice may be present at the site is selected as detailed in 
Section 5.1.1. These dates are then used as the start- and end points for the thermal ice 
growth model using the methodology detailed in Appendix B. 
 
The number of days with observed ice is not necessarily equal to the number of days 
between the first and last ice observation dates as outlined in Section 5.1.2. If these 
number of days are not the same, it means that ice has not been present for the whole 
period between the first and last ice observation dates. An example of this is shown in 
Figure 6-1 for the winter of 1981/1982 where the number of days with observed ice is 45 
and the number of days from the first ice observation day (17th of December 1981) to, and 
including, the last ice observation day (7th of March 1982) is 80. Here, the grey areas show 
the selected days where the ice will not grow. The selection of these days is made 
through a ranking of the days with the lowest Ὕ for the given day. In the example shown 
in Figure 6-1, the 45 days with the lowest Ὕ are chosen for ice growth. By applying this 
method, it is ensured that the ice will grow in the days with the lowest air temperatures, 
which will ensure an upper bound for the thermally grown ice thickness is calculated. 
The values shown in the legend in Figure 6-1 for the winter of 1981/1982 are the maximum 
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sheet ice thickness, Ὤ , and the maximum consolidated layer thickness, Ὤȟ . The 
method used to calculate the consolidated layer thickness is discussed in Section 7.1. 
 
As outlined in Appendix B, the SST is not directly an input to the thermal ice growth model. 
In the original model by [STEFAN], the water temperature is used as the primary input, 
but since this is only occasionally available, the air temperature is used instead. The SST 
is still used as a limiting factor for ice growth, as the ice can only thermally grow if the SST 
is equal to, or below, the freezing temperature of the seawater determined in Section 4.4. 
This is evident in the example in Figure 6-1 where Ὕ Ὕȟ  in the first ~5 days but Ὕ
Ὕȟ  in that period. As a result, the ice does not grow in these first ~5 days. 
 
A summary of the inputs listed in Table 6-1 shall also be used as outlined in Appendix B. 
 

Parameter  Variable  Unit  Value Reference 
Thermal conductivity of ice ‖ [W/(mÖK)] 2.11 Table A.1 in [LEPP] 
Freezing temperature of saline water Ὕȟ  °C -0.26 Section 4.4 
Air temperature Ὕ °C - Sections 5.2 and 5.4 
Sea surface temperature Ὕ  °C - Sections 5.3 and 5.4 
Density of ice ”  [kg/m3] 917 Table A.1 in [LEPP] 
Latent heat of melting for ice ὒ [kJ/kg] 333.5 Table A.1 in [LEPP] 

Table 6-1: Input parameters to the thermal ice growth model. 

 
Figure 6-1: Example of thermal ice growth for the winter of 1981/1982. The grey areas are the selected days 
in which the ice will not grow due to the limiting number of days where ice can thermally grow. 

6.2 Sheet ice thickness model results 
Using the input data from Table 6-1, the sheet ice thickness as a function of time is shown 
in Figure C-1 and Figure C-2 for the ice winters. As for the example shown in Figure 6-1, 
the chosen days where the ice will not grow are marked with grey. The thickness of the 
consolidated layer in an ice ridge is shown in the same plots and will be discussed in 
Section 7.1. For each winter, Ὤ  is shown in the legend in Figure C-1 and Figure C-2. 
The modelled Ὤ  is reached on the last day where ice growth is modelled. Below each 
plot of the ice thickness for each winter with ice, the values of Ὕ, from [DMIMET] used for 
the calculation, are shown together with Ὕȟ . The meteorological observation station 
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from which the air temperature measurements originate is noted in the figure legend for 
all evaluated winters. For winters in which SST are applied as part of the thermal ice 
growth model, these are included as a yellow line, denoted Ὕ , in the lower plot. As for 
the air temperature, the oceanographic observation station from which the 
measurements originate is indicated in the figure legend. 
 
The significance of applying SST measurements as part of the thermal ice growth model 
cannot be underestimated, as this can lower the level of conservatism with which the 
sheet ice thicknesses are determined. To exemplify this, the most recent winter of 
2010/2011, would, if evaluated without the use of the SST measurements from ѡcŸƖŰĤĢťЮ
cċƻŰѢ or similar, result in a Ὤ -value of 30 cm instead of the reported 15 cm. This 
suggests that the Ὤ -values for any winters evaluated without the use of SST 
measurements may be significantly overestimated. The availability of qualitative 
historical SST measurements is however scarce, why the collection and evaluation of 
SST measurements have been a key focus point for the present study. 
 
A summary of the sheet ice thickness result is shown in Table 6-2.  

Winter with ice  Maximum sheet ice thickness, 
▐ἵἩὀ 

Year range [cm] 
1962 to 1963 48 
1965 to 1966 30 
1969 to 1970 32 
1978 to 1979 32 
1981 to 1982 35 
1984 to 1985 36 
1985 to 1986 33 
1986 to 1987 38 
2009 to 2010 18 
2010 to 2011 15 

Table 6-2: Maximum sheet ice thickness from the ice growth model. 

6.3 50-year sheet ice thickness 
For determining the 50-year sheet ice thickness, Ὤ , the maximum sheet ice thickness, 
Ὤ , for each winter with ice is used. A plot of Ὤ  as a function of the winter start year 
ranging from 1960 to 2023 is shown in Figure 6-2 where the winters without any sea ice 
are included with zero sheet ice thickness. 
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Figure 6-2: Maximum sheet ice thickness for each winter from 1960 to 2023 as a function of time (start year 
of the winter). The winters without any observations of sea ice are included as Ὤ π. 

To create the Extreme Value Analysis (EVA), a Weibull distribution fit to the values of Ὤ  
applying a peak-over-threshold method in Figure 6-2 is created. Here, a threshold of 1 
cm is applied ensuring that only the non-zero values are considered as extreme values. 
The MATLAB built-in function fitdist 5 has been used for this. Two examples of this are 
shown in Figure 6-3 where two different durations are included in the fit. The duration for 
the left plot is from 1961 т 2023 and the right plot is from 1979 to 2023. The 50-year 
exceedance value for the start year 1961 is shown to the left of Figure 6-3 and is 
calculated to be approximately 42 cm. For the start year 1979, the 50-year exceedance 
value is determined to be approximately 38 cm as seen to the right of Figure 6-3. 
 

 
Figure 6-3: Probability of Ὤ  including a cumulative Weibull distribution fit . Please note that ice-free 
winters are not included. Left : The 50-year exceedance value of approximately 42 cm is indicated for the 
start year of 1961. Right: The 50-year exceedance value of approximately 38 cm is indicated for the start 
year of 1979. 

 
5 https://se.mathworks.com/help/stats/fitdist.html  

https://se.mathworks.com/help/stats/fitdist.html


 
 

 

Hesselø South | Sea Ice Site Condition Assessment   41 | 109 
  

From the plots shown in Figure 6-3, it is seen how a change in the start year affects the 
50-year exceedance value since fewer winters are included in the dataset for the EVA. To 
investigate this further, the same analysis is repeated for increasing start years since 
1960. The result of Ὤ  by changing the start year of the dataset is shown in Figure 6-4. 
Here, it can be seen that Ὤ  is decreased for the start year of 1964 underlining the 
severity of the 1962/1963 winter. Further, the curve is seen to increase slightly (on a 
coarse scale) from the start year 1964 to 1979. This is a result of the decreasing number 
of years included in the EVA. No EVA is performed for start years after 1979 since too few 
ice winters are recorded to ensure a valid result from the fit. 
 

 
Figure 6-4: The 50-year sheet ice thickness, Ὤ , as a function of the start year in the Extreme Value Analysis 
(EVA). TőĲШƖĲċƚŸŰШŉŸƖШƣőĲШĦƨƖƻĲќƚШƚũŔŊőƣШƨƓƽċƖĬШƚũŸƓĲШŔƚШĬƨĲШƣŸШƣőĲƖĲШĤĲŔŰŊШƓƖŸŊƖĲƚƚŔƻĲũǃШŉĲƽĲƖШǃĲċƖƚШƨƚĲĬШ
to assess the Ὤ -value. No EVA results are produced for start years after 1979 due to having too few data 
points to perform an EVA with sufficient quality. 

In conclusion, the 50-year sheet ice thickness must be determined. Before a value is 
chosen, it is worth reflecting on the conservative assumptions in the thermal ice growth 
model examined in detail in Appendix B. The significance of the availability of quality 
historical SST measurements was previously discussed. Without such measurements, 
the thermal ice growth model has been seen to produce overly conservative sheet ice 
thicknesses. In addition, the ice observations used to define the winter periods for 
evaluation are to a large extent performed from land-based observation stations, but the 
observations are applied to a site located in more open water. Further, any potential 
melting of the sea ice for warmer days in the evaluated winter period is discarded, why 
the determined sheet ice thickness can only increase during the evaluated winter period. 
Besides this, the sea ice observations used for the present evaluation indicate that the 
winters at the site have become increasingly milder and less frequent in recent decades, 
which is in line with the findings of Section 13 in which the effect of climate change is 
discussed т although not directly applied here. This suggests that the analysis made in 
the present section, which only uses what has already happened, could result in a 
conservative assessment of the 50-year return period sheet ice thickness. 
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With this in mind, the choice of the design value for the 50-year sheet ice thickness may 
be considered a conservative choice. However, the 50-year sheet ice thickness design 
value is chosen to represent the approximate start year of 1976 from Figure 6-4. 
 
Thus, the design value for the 50-year sheet ice thickness is chosen to: 
 
▐   0.38 m.       Valid for the entire site.  
 
It is worth mentioning that this result is based on the results of the modelling and 
observations of sea ice but does not require the utilization of any findings of the climate 
change effects discussed in Section 13. 
 

6.4 Sheet ice thickness distribution and duration 
According to Table 3-1, the sheet ice thickness distribution is a required input to the FLS 
DLCs D4 and D7. Table 3 of [IEC6131] specifies that the expected history of 
mobile/moving sea ice thicknesses should be used. The mobility of the ice is detailed in 
Section 6.4.1 where additional external factors influencing the considered durations are 
discussed.  
 
The sheet ice thickness distribution and durations to be used for the FLS DLCs are 
outlined in Section 6.4.2 taking the findings in Section 6.4.1 into account. 
 
6.4.1 External influence on FLS durations 
For use in the FLS DLCs D4 and D7, Table 3 of [IEC6131] specifies that an expected 
history of moving sea ice thicknesses should be used. Whereas the history of sea ice 
thicknesses is discussed in Section 6.4.2, the present section deals with the topic of 
mobility and competence of the sea ice due to external factors. 
 
From the arguments of [KARNA20] discussed in detail in Section 11, it is concluded that 
a wide range of ice action speeds should be treated as part of the evaluation of the ice 
load effects on the support structure. The primary load effects from ice occur once the 
sheet ice is mobile. The mobility of sheet ice, competent of subjecting the WTG support 
structures to ice-induced vibrations, is affected by multiple factors such as: 
 
ü Wind- and current speed necessary to make the ice mobile. 
ü Exposure to unbroken ice. 
ü Upstream ridged, rafted, or deformed ice. 

 
The mobility of sheet ice is highly dependent on the wind- and current conditions, as 
indicated by Eq. 10-1, describing the resulting drag force subjected to an ice floe from 
the applied wind and current. It seems only logical, that smaller ice floes are easier 
moved than larger ice floes by the applied wind and current. This suggests that the 
necessary wind- and current speeds to make the ice mobile, are to some extent 
dependent on the ice conditions and floe size on site, which is seen to vary significantly 
in the presented historical ice recordings. As a conservative approach, Table 3-3 of 
[DNV0437], suggests considering all recorded ice days as days with mobile ice. 
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In addition to the mobility of the sheet ice, the configuration of the ice floe is of key 
importance when assessing if the sheet ice is capable of subjecting the WTG support 
structures to ice-induced vibrations. For ice-induced vibrations to occur, the support 
structure must be exposed to unbroken ice. If the wind- and current are driving the sea 
ice in a direction where it will be either broken by another structure or is shielded in 
another way, ice-induced vibrations will not occur. The HS site is located in open waters 
with no shielding from shores nearby. It is noted that the small island of Hesselø is 
located approximately 20 km South of the site providing limited to no shielding of the 
OWF. It is estimated that any neighbouring OWFs are located too far from the HS site to 
be able to provide significant shielding against mobile sea ice. In addition, this report 
seeks to provide site condition inputs for all possible layout configurations and any 
number of WTGs at HS, why any layout-specific assumptions are disregarded in this 
discussion. Thus, the configuration of the sheet ice used for the evaluation is assumed 
to always be unbroken and thus capable of subjecting the support structures to ice-
induced vibrations. 
 
The mechanism shown later in this report in Figure 11-1, and the schematic results 
shown in Figure 11-2, give the possibility for long periods with the quasi-constant ice 
action speeds necessary for inducing ice-induced vibrations. However, as seen in Figure 
11-1, this entails the build-up of an area upstream of the wind farm with ridged, rafted, 
or deformed ice. Therefore, after a long period with ice-induced vibrations, this upstream 
area needs to pass the wind farm before un-deformed competent ice can again cause 
ice-induced vibrations. Although this will not necessarily reduce the time of mobile ice, 
it will reduce the time when the mobile sea ice is capable of subjecting the support 
structures to ice-induced vibrations. Since it cannot be guaranteed how large a fraction 
of the time the support structures will experience ice that is not capable of inducing ice-
induced vibrations, it is conservatively chosen that all ice passing through the wind farm 
should be treated as being capable of inducing ice-induced vibrations. 
 
Despite being argued that the suggested approach is conservative, the present report 
makes the following design choice for the mobility and competence of the sheet ice: 
 
Sea ice for FLS DLCs D4 and D7 will be mobile and competent 100% of the time. 

Valid for the entire site.  
 
6.4.2 Distribution and duration  
The distribution and durations introduced in the present section are determined by the 
use of the pre-processed sea ice observation data from Section 5.1. The sheet ice 
thicknesses from the thermal ice growth model summarised in Section 6.2 are also 
included as a reference to the severity of the winter. In addition, the ice thicknesses of 
the thermal ice growth model are used to justify the ice thickness bins used in the present 
section. Since it was concluded that the ice is mobile 100% of the time and not broken 
up or rafted, the durations found in this section are total duration which shall be used for 
design directly without reducing them.  
 
The preprocessing of the days in the ѡÉѢ-category was performed in Section 5.1.4 where 
the number of days in each subcategory for all winters was populated using the paired 
winter method and average station approach. It can be noted that subcategories 5 and 6 
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are not included since no sheet ice thicknesses from the thermal ice growth model 
shown in Section 6 were found larger than 50 cm. This means that it is unlikely that any 
potential recordings of days in these subcategories are thermally grown ice but rather 
ridged or rafted ice. In addition, subcategory 2 is not included either since it is not 
considered as competent ice according to Table 5-4.  
 
In Table 5-7, some of the ice winters before 1983 have more days in the ћSќ-subcategories 
than the number of days with competent ice. This is a result of the winter paring method 
so the winters with too many days are artificial. To overcome this problem, the number 
of days in each subcategory is reduced such that the sum of the days across all 
subcategories is equal to the number of days with competent ice. 
 
A summary of the days in the subcategories of the ѡÉѢ-category originating from Table 5-7 
is shown in Table 6-3. Here, the adjusted days are marked with red. 
 

Winter with 
ice  

Days with 
competent 

ice  

Subcategory  3 
▐ = 15-30 cm 

Subcategory  4 
▐ = 30-50 cm 

Subcategory  8 
▐ = 15-30 cm  

with thicker ice 

Subcategory  9 
▐ > 15-30 cm  

with thinner ice  
Year range [days] [days] [days] [days] [days] 

1962 to 1963 43 15 11 1 0 
1965 to 1966 10 0 0 0 0 
1969 to 1970 7 4.2 2.8 0 0 
1978 to 1979 15 9 6 0 0 
1981 to 1982 5 3 2 0 0 
1984 to 1985 31 15 11 1 0 
1985 to 1986 27 12 8 0 0 
1986 to 1987 46 30 3 2 0 
2009 to 2010 4 0 0 0 0 
2010 to 2011 4 0 0 0 0 

Sum: 192 88.2 43.8 4 0 
Table 6-3: Overview of the number of days ŔŰШƣőĲШћÉѢ-subcategories, 3, 4, 8, and 9 including the number of 
days with competent ice. The number of days presented is found in Section 5.1.4, where the reduced days 
are marked with red. 

By observing the days of thickness interval per winter in the 3rd to the 6th columns of Table 
6-3, the sum of these days is not the same as the days in the 2nd column for all winters. 
This is due to fewer days observed with ice thicker than 15 cm compared to the number 
of days with competent ice. To adjust the sum of the number of days for all thickness 
intervals, the following is conducted: 
 

1. Limiting the number of days, for each winter with ice, by the number in the second 
column of Table 6-3. For example, for the winter of 1986/1987, this is 46 days. 

2. For these numbers of days, pick out the largest ice thicknesses, and proceed to 
smaller ice thicknesses until the limiting number of days stated in item 1 above 
are exhausted. In this treatment, subcategory 8 is treated as being part of 
subcategory 3; i.e. the areas with ice thicker than 30 cm cannot be competent 
sheet ice if all of the surrounding ice has a thickness of [15-30[ cm. Subcategory 
9 is also treated as being part of subcategory 3 with the argument that 
predominantly thicker ice than 30 cm with surrounding thinner ice cannot be 



 
 

 

Hesselø South | Sea Ice Site Condition Assessment   45 | 109 
  

thermally grown sheet ice thicker than 30 cm т instead, it could be ridged or rafted 
ice. 

3. For the winters where the number of days in the 2nd column is larger than the sum 
of the days in the 3rd to the 6th column, the necessary days to achieve the number 
in the second column are therefore assigned to the [0-15[ cm ice thickness bin. 
The number of days for the [15-30[ cm bin is taken as the sum of the subcategories 
3, 8, and 9. 

4. For the winters where there have been no observations of days with ice 
thicknesses in any of the sub-categories in Table 6-3, the necessary days in 
Column 2 are added to the [0-15[ cm thickness bin. 

 
The result of the above procedure is shown in Table 6-4, where the maximum ice 
thickness from the thermal ice growth model is shown in the 6th column as a reference. 
 

Winter with 
ice  

Days with 
competent ice  

Days of ice thickness interval  
limited by days with competent ice , 

╓ἱἶἼ 

Maximum ice 
thickness, ▐ἵἩὀ, 
From Table 6-2 

Year range [days] 
[0-15[ cm 

[days] 
[15-30[ cm 

[days] 
[30-50] cm 

[days] [cm] 

1962 to 1963 43 16 16 11 48 
1965 to 1966 10 10 0 0 30 
1969 to 1970 7 0 4.2 2.8 32 
1978 to 1979 15 0 9 6 32 
1981 to 1982 5 0 3 2 35 
1984 to 1985 31 4 16 11 36 
1985 to 1986 27 7 12 8 33 
1986 to 1987 46 11 32 3 38 
2009 to 2010 4 4 0 0 18 
2010 to 2011 4 4 0 0 15 

Table 6-4: Number of days for each ice thickness interval limited by the envelope in the 2nd column. For 
comparison, the maximum ice thickness is included as well. 

The next step in the analysis is to turn these intervals, for the winters in question, into 
durations for each ice thickness bin. As stated at the end of Section D.3 of [IEC6131], in 
a simplified model of ice thickness durations, the ice thickness can be taken to grow as 
the square root of time in the absence of more detailed knowledge. This implies that 
larger durations should be ascribed to the upper parts of each ice thickness interval than 
to its lower parts. At the same time, the maximum ice thicknesses calculated and 
reported in Table 6-4 should be considered. Using the assumption of ice thickness 
growing as the square root of time, the interval [0-15[ cm has been distributed across the 
ice thicknesses {5, 10} cm, the interval [15-30[ cm has been distributed across the ice 
thicknesses {15, 20, 25, 30} cm and the interval [30-50] cm has been added to the 30 cm 
bin. The reason for not including thickness bins larger than 30 cm is due to the declining 
trend in Ὤ  as outlined in Table 6-4, why it would be too conservative to include 
thicknesses larger than 30 cm for FLS. The days in each of the bins for ice thicknesses {5, 
10} cm are calculated as: 
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Ὀ Ὀ ȟ

Ὤ

υ ρπ ÃÍ
 

 
Where: 
Ὀ  Days in the Ὤ  bin. 
Ὀ ȟ  Days of ice thickness interval, for interval [0-15[ cm. 
Ὤ  Ice thickness bin, Ὤ ᶰυȟρπ cm. 

 

Eq. 6-1 

 
The days in each of the bins for ice thicknesses {15, 20, 25} cm are calculated as: 
 
 

Ὀ Ὀ ȟ

Ὤ

ρυ ςπ ςυ σπ ÃÍ
 

 
Where: 
Ὀ  Days in the Ὤ  bin. 
Ὀ ȟ  Days of ice thickness interval, for interval [15-30[ cm. 
Ὤ  Ice thickness bin, Ὤ ᶰρυȟςπȟςυ cm. 

 

Eq. 6-2 

 
The 30 cm ice thickness bin is a combination of days from the [15-30[ cm bin and the [30-
50] cm bin. This is expressed as: 
 
 

Ὀ ȟ Ὀ ȟ

σπ

ρυ ςπ ςυ σπ
Ὀ ȟ  

 
Where: 
$  Days in the Ὤ  bin. 
Ὀ ȟ  Days of ice thickness interval, for interval [15-30[ cm. 
Ὀ ȟ  Days of ice thickness interval, for interval [30-50] cm. 

 

Eq. 6-3 

 
The results of the calculations using Eq. 6-1, Eq. 6-2, and Eq. 6-3 are shown in Table 6-5. 
 

Winter with 
ice  

Days of occurrence of ▐Ἢἱἶ, ╓Ἢἱἶ 

Year range Ὤ   
5 cm 

Ὤ   
10 cm 

Ὤ   
15 cm 

Ὤ   
20 cm 

Ὤ   
25 cm 

Ὤ   
30 cm 

1962 to 1963 3.2 12.8 1.7 3 4.7 17.7 
1965 to 1966 2 8 0 0 0 0 
1969 to 1970 0 0 0.4 0.8 1.2 4.6 
1978 to 1979 0 0 0.9 1.7 2.6 9.8 
1981 to 1982 0 0 0.3 0.6 0.9 3.3 
1984 to 1985 0.8 3.2 1.7 3 4.7 17.7 
1985 to 1986 1.4 5.6 1.3 2.2 3.5 13 
1986 to 1987 2.2 8.8 3.3 6 9.3 16.4 
2009 to 2010 0.8 3.2 0 0 0 0 
2010 to 2011 0.8 3.2 0 0 0 0 
Sum 11.2 44.8 9.6 17.3 26.9 82.5 

Table 6-5: Days of occurrence in each ice thickness bin calculated using Eq. 6-1, Eq. 6-2, and Eq. 6-3. The 
sum of days for each ice thickness bin is shown as well. 
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The findings in Table 6-5 are the number of days for all of the years considered in this 
report (1960-2023). For the design lifetime of the wind farm, the duration for each of the 
thickness bins in Table 6-5 is found as: 
 
 

Ὀ ȟ

ὒ

φσ ÙÅÁÒÓ
Ὀ ȟ  

 
Where: 
Ὀ ȟ  Days of occurrence for each ice thickness bin in the 

lifetime of the wind farm. 
ὒ  Design lifetime of the wind farm in years. 
Ὥ Index of winters in the selected range (1960/1961 т 

2022/2023). 
Ὀ ȟ  Days of occurrence for each ice thickness bin per winter. 

 

Eq. 6-4 

 
The duration of 63 years in Eq. 6-4 is the number of winters used, i.e. the winters starting 
in years 1960 to 2023. Since the design lifetime of the WTGs is not known, the number of 
days of occurrence for each sheet ice thickness bin is calculated per year of WTG 
lifetime. Thereby, the yearly duration of mobile competent sheet ice is shown in Table 
6-6. 
 

Days of 
occurrence 

valid for  
Days of occurrence of ▐Ἢἱἶ 

Years Ὤ   
5 cm 

Ὤ   
10 cm 

Ὤ   
15 cm 

Ὤ   
20 cm 

Ὤ   
25 cm 

Ὤ   
30 cm 

63 11.2 44.8 9.6 17.3 26.9 82.5 
1 0.178 0.711 0.152 0.275 0.427 1.310 

Table 6-6: Total durations of sheet ice thicknesses for 63 years and for 1 year. The days of occurrence for 
the design lifetime of the wind farm can be calculated by multiplying the values in the bottom row by the 
wind farm lifetime in units of years.  
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7. Ice ridge parameters 

In accordance with the DLCs of Table 3-1, the ice ridge geometry is a required input for 
the DLCs D6 from [IEC6131] and SeIc.3 from [DNV0437], in which pressure from an ice 
ridge must be applied to the substructure. This section summarises the ice ridge 
parameters to be used for the actions caused by the ice ridge. While little guidance on 
the modelling of ice ridges and their forces can be found in [IEC6131], sufficient 
information is found in [ISO19906]. Following Section A.8.2.4.5.1 of [ISO19906], the ice 
ridge is modelled as a typical first-year ice ridge as shown in Figure 7-1 with the 
accompanying parameters listed in Table 7-1. 
 

 
Figure 7-1: Idealised geometry of a first-year ice ridge. Reproduction of Figure A.8-16 of [ISO19906]. 

Item on  
Figure 7-1 Description  Value Reference 

A Ridge sail. - - 
B Ridge consolidated layer. - - 
C Ridge keel. - - 
D Level ice (sheet ice). - - 

Ὄ Sail height. 1.73 m 
According to Eq. 12 in [KANK] where the 
surrounding sheet ice is chosen as Ὤ : 
Ὄ ςȢψ Í ϽὬ ȾÍ. 

Ὄ  Keel depth. 7.79 m Found as τȢυὌ in accordance with Section 
A.8.2.4.5.1 of [ISO19906]. 

Ὤ Consolidated layer thickness. 0.61 m See Section 7.2. 

Ὤ 
Distance between the base of 
the consolidated layer bottom 
and the base of the keel. 

7.18 m Ὄ Ὤ. 

ὦ Width of the base of the keel. Not 
used 

- 

e Porosity of ice rubble. 0.3 Table 7 in [KANK]. 

— Keel angle. 
Not 

used - 

Table 7-1: Ice ridge definitions and dimensions. 

To determine the actions caused by a first-year ice ridge, the methodology from Section 
A.8.2.4.5.1 in [ISO19906] is expected to be adopted in the calculation of the forces acting 
on the support structure by an ice ridge. The environmental parameters needed as an 
input to this method, as well as the thermal conductivity factor found in Appendix B, are 
listed in Table 7-2. 
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Parameter  Description  Value Notes 
‍ Thermal conductivity factor. 0.9 See Section 7.1. 

‰ 
Angle of internal friction in ice 
rubble in the keel. 30  ̄ Section 7.3. 

ὧ 
Apparent cohesion in ice 
rubble in keel. 5.5 kPa Section 7.3. 

”  Density of water. 1023 kg/m3 Based on Table 10-13 of [MA]. 
”  Density of ice. 917 kg/m3 Table 6-1. 
Ὣ Acceleration of gravity. 9.817 m/s2 - 

ὅȟȟ  

Ice (crushing) strength 
coefficient for non-compliant 
structures and large relative 
velocity between the support 
structure and ice. 

0.65 MPa Section 8. 

Table 7-2: Environmental parameters to be used for structural ice ridge actions for DLCs D6 and SeIc.3.  

7.1 Consolidated layer thickness 
The consolidated layer is shown schematically as area B in Figure 7-1. It contains a part 
of the ice rubble where the cavities between the ice blocks have frozen. 
 
To calculate the action from the consolidated layer, the thickness of the layer, Ὤ, is 
needed as input. To simulate the thickness of the consolidated layer, the method as 
explained in Appendix B is reused, except that Eq. B-4 is modified by including a thermal 
conductivity factor, ‍, and the porosity of the ice rubble, Ὡ. It was found in Section 5.1.2 
in [HØY2005] that using [STEFAN] to simulate the growth of the consolidated layer fits 
well with measurement if ‍ is included in the calculation. The thermal conductivity 
factor, ‍, is included to account for the effect of thick ice, snow, oceanic flux, solar 
radiation, and the isolating effect of the sail of the ice ridge. The rubble porosity, Ὡ, is 
included to account for the assumption that the latent heat of melting is reduced by the 
rubble porosity as described in Section 4.7 of [HØY1999]. This yields the following 
equation for thermal ice growth as described in Section 4.7 of [HØY1999]: 
 
 

Ὤȟ Ὤȟ ‍
ς‖

Ὡ” ὒ
Ὓ 

 
Where: 
Ὤȟ Consolidated ice thickness at time ὸ. 
Ὤȟ Consolidated ice thickness at time ὸ. 
‍ Thermal conductivity factor. 
‖ Thermal conductivity of ice. 
”  Density of ice. 
Ὡ Porosity of ice rubble. 
ὒ Latent heat of melting for ice. 
Ὓ Cumulative freezing degree days between ὸ and ὸ. 

 

Eq. 7-1 

 
In Table 6 in [HØY2005], ‍ was evaluated to be 0.9 for an ice ridge in Marjaniemi, whereas 
it was smaller for all the other ice ridges listed in ibid. As a conservative measure, ‍
πȢω is chosen for the simulation of the consolidated layer thickness of the HS site.  
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It was found on pages 206 and 190 in [KANK] and Table 2 in [LEPP1992] that the thickness 
of the ice blocks inside the ice ridge had a thickness of approximately 20 cm. This means 
that larger ice ridges do not form before the thickness of sheet ice is larger than 
approximately 20 cm. For sheet ice thickness smaller than 20 cm, the ice tends to raft 
instead of forming ridges according to page 190 in [KANK]. Therefore, in simulating the 
consolidated layer thickness, it is estimated that a single layer of sheet ice is already 
present at the beginning of the freezing of the consolidated layer, i.e. the initial thickness 
of the consolidated layer is 20 cm. 
 
A simulation of Ὤ is performed using the same methodology as described in Section 6.2, 
but with Eq. B-4 replaced by Eq. 7-1. The results are shown together with the sheet ice 
thickness from Section 6.2 in Figure C-1 and Figure C-2 for the winters with potentially 
competent ice where the maximum sheet ice thickness exceeds 20 cm. The results are 
summarised in Table 7-3, where a comparison with the sheet ice thicknesses is shown 
as well. 
 

Winter  with 
ice  

Maximum consolidated layer 
thickness, ▐Ἣ 

Maximum sheet ice thickness,  
▐ ▐╬Ⱦ▐ 

[year range] [cm] [cm] [-] 
1962 to 1963 78 48 1.63 
1965 to 1966 44 30 1.47 
1969 to 1970 47 32 1.47 
1978 to 1979 48 32 1.50 
1981 to 1982 53 35 1.51 
1984 to 1985 57 36 1.58 
1985 to 1986 49 33 1.48 
1986 to 1987 59 38 1.55 
2009 to 2010 - 18 - 
2010 to 2011 - 15 - 

Table 7-3: Maximum consolidated layer thickness, Ὤ, for each winter with ice calculated from the thermal 
ice growth model. A comparison with the maximum sheet ice thickness, Ὤ, from Section 6.2 is shown as 
well. 

7.2 50-year consolidated layer ice thickness 
As for the sheet ice thickness, a 50-year extreme consolidated layer thickness, Ὤȟ , 
must be established. The same extreme value analysis methodology as was used for the 
sheet ice thickness in Section 6.3 is applied to determine Ὤȟ , why the method is not 
repeated here. A plot of Ὤȟ  as a function of different start years in the dataset is shown 
in Figure 7-2. A similar tendency to the one found for Ὤ  is observed in Figure 7-2. 
 
In Section 6.3, the value of Ὤ  was determined to be 38 cm representing the approximate 
start year of 1976. The 50-year consolidated ice thickness is determined to Ὤȟ  61 cm 
by selecting the same start year in Figure 7-2. This corresponds to the ratio: 
 
 

Ὑȟ
Ὤȟ
Ὤ

φρ

σψ
ρȢφρ 

 
Where: 
Ὑȟ  Ratio of 50-year consolidated layer thickness to 50-year 

sheet ice thickness. 

Eq. 7-2 
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Ὤȟ  50-year consolidated layer thickness. 
Ὤ  50-year sheet ice thickness. 

 

 

 
Figure 7-2: Ὤȟ  as a function of the start year in the dataset used for the extreme value analysis. 

In Section A.8.2.4.5.1 in [ISO19906], it is mentioned that a typical ratio Ὤ/Ὤ is 1.6. This is 
almost identical to the value found in Eq. 7-2 and in the upper range of the ratio shown in 
Table 7-3. Thus, the design choice for the 50-year consolidated layer is: 
 
▐╬ȟ  0.61 m.       Valid for the entire site.  
 
7.3 Friction angle and cohesion of ice ridge keel 
The angle of internal friction, ‰, and the cohesion, ὧ, are directly related. In Section 
A.8.2.8.8 in [ISO19906], the angle of internal friction is recommended to be between 25° 
and 45°. The relation to cohesion is found from the experiments referenced in Section 3 
in [HEINO]. The relationship between ὧ and ‰ is shown for five different experiments and 
reproduced in Figure 7-3. The experiments were conducted as punch test cases at the 
northern part of the Gulf of Bothnia, west of the island Hailuoto, Finland where the 
cumulative freezing degree days, Ὓ, (see Eq. B-5) is much larger than for the HS site at 
the return periods used in the present report. Since cohesion increases with increasing 
Ὓ, it is expected that the cohesion for the HS site is in the lower range compared to the 
tests from [HEINO]. By selecting a friction angle of 30°, the value of ὧ is estimated to be 
5.5 kPa as indicated with the red circle in Figure 7-3. 
 



 
 

 

Hesselø South | Sea Ice Site Condition Assessment   52 | 109 
  

 
Figure 7-3: Relation between friction angle, ‰, and cohesion, ὧ, for the Mohr-Coulomb material model from 
5 different experiments of a punch test. The red circle indicates the chosen design parameters. 
Reproduced from Figure 7.14 of [HEINO]. 
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8. Crushing failure mode ice strength coefficient 

For calculation of the global action for crushing of sheet ice, as well as from the 
consolidated layer part of the ice ridge, Equation A.8-21 of [ISO19906] may be used for 
the global ice pressure: 
 
 

ὖ ὅ
Ὤ

Ὤ

ύ

Ὤ
Ὢ  

 
Where: 
ὖ Global ice pressure. 
ὅ Ice crushing strength coefficient. 
Ὤ Ice thickness (both sheet ice and consolidated layer). 
Ὤ Reference thickness = 1 m. 

ὲ πȢυπὬȾυὬ ÆÏÒ Ὤ ρȢπ ÍȢ
πȢσπ ÆÏÒ Ὤ ρȢπ ÍȢ

 

ύ Projected width of the support structure.  
ά Empirical exponent = -0.16. 
Ὢ  Empirical term. 

 

Eq. 8-1 

 
Here, the consolidated layer of the ice ridge is treated by the same equation as for sheet 
ice, in line with the recommendation of Section A.8.2.4.5.1 of [ISO19906]. Additionally, it 
is also assumed that the ratio between the structural width and the ice thickness is 
greater than 5 (ύȾὬ υ why the term Ὢ  can be disregarded according to the statement 
below Equation A.8-22 in [ISO19906]. This assumption is most likely fulfilled for the outer 
diameter of the support structures at the HS site considering the size of the newest 
generation of offshore WTGs. Next, the horizontal force from the sheet ice, or 
consolidated layer, is found according to Equation A.8-20 in [ISO19906] as: 
 
 Ὂ ὖẗὬẗύ 

 
Where: 
Ὂ Global ice force. 
ὖ Global ice pressure. 
Ὤ Ice thickness (either of sheet ice or of the consolidated 

layer). 
ύ Projected width of the structure. 

 

Eq. 8-2 

 
Eq. 8-1 and Eq. 8-2 apply to rigid support structures. In Section A.8.2.4.3.3 in [ISO19906], 
it is stated that the value of ὅ is dependent on the compliance of the support structure 
that the ice is interacting with. For compliant support structures, a magnification of ὅ 
can be expected. This goes in combination with the relative velocity between the ice and 
the support structure since the crushing strength of the ice will increase for small relative 
velocities. This effect shall be taken into account in the methods used in the Integrated 
Load Analysis (ILA). 
 
8.1 1-year ice strength coefficient 
In the DLC overview of Table 3-1 the 1-year ice crushing strength coefficient is marked as 
a required input for the DLCs D3 and D8 corresponding to the DLCs SeIc.1 and SeIc.4 
respectively. The strength of the ice depends on the exposure to ice events. This is shown 
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in Table A.8-4 of [ISO19906] where a list of ὅ values for various return periods are shown. 
This table also correlates the total distance of ice travelling through the wind farm with 
the return period and ὅ. In the points above Table A.8-4 of ibid., it is stated that the 
actions from an Extreme Level Ice Event (ELIE) should be based on the maximum actions 
from the following combinations: 
 

1. 1-year return period value of ὅ paired with a 100-year return period ice thickness. 
2. 100-year return period value of ὅ paired with a 1-year return period ice thickness. 

 
The ice thickness for a 1-year return period is 0 cm for the HS site since winters with ice 
occur far less commonly than every year: this rules out Item 2 above. The same approach 
as outlined in [ISO19906] is reused here, except that the return period of 100 years is 
exchanged with 50 years for Item 1. This is also in line with Table 9-3 of [DNV0437]. It is 
shown in Table A.8-4 of [ISO19906] that ὅ depends on the exposure to ice events. This 
table also correlates the total distance of ice travelling through the wind farm with the 
return period and ὅ. The total distance of ice travelling through the evaluated HS wind 
farm in one year, Ὀ , is calculated as: 
 
 

Ὀ Ὗȟ ẗὝ ẗσφππ
Ó

ÈÏÕÒ
ẗςτ
ÈÏÕÒÓ

ÄÁÙ
στȢπ

ËÍ

ÙÅÁÒ
 

 
Where: 
Ὗȟ  Mean ice drift velocity of mobile ice = 0.30 m/s. 
Ὕ  Total number of days with mobile ice per year = 1.31 

days/year. The 30 cm bin from Table 6-6. 
 

Eq. 8-3 

 
The mean ice drift velocity, Ὗȟ  ŉŸƖШ ƣőĲШ ƚĲũĲĦƣĲĬШ ƖĲŉĲƖĲŰĦĲШ ũŸĦċƣŔŸŰШ ћHS-2Ѣ is 
determined from the histogram of Figure 5-8, in which the ice drift velocity is estimated 
based on a reference ice floe of 1 km2  driven by wind- and current. From Figure 5-8, an 
approximate mean ice drift velocity of 0.3 m/s is determined. In addition, the winter-
average current profile of Figure 5-9, suggest that surface currents for winter periods of 
up to ~0.28 m/s are representative of the HS site, which is in line with the findings of 
Figure 5-8 where both wind and current are driving the ice floe. Please remember that a 
large ice drift velocity is conservative when establishing ὅ. 
 
The total number of days with mobile ice, Ὕ  is determined using the durations of sheet 
ice thicknesses of 30 cm or above. The reason for including only the durations for 30 cm 
ice thickness or higher is that the ὅ-value wanted is to be used for ULS DLCs, which is 
to be combined with the 50-year ice thickness, whereas thinner ice would lead to smaller 
load effects in spite of having potentially slightly larger ὅ-values.  
 
The values of ὅ for a 1-year return period for a total distance of 6 km/year is determined 
to be 0.99 MPa using Table A.8-4 in [ISO19906]. The total distance of ice thicker than 30 
cm travelling through the HS site is calculated to be approximately 34.0 km/year in Eq. 
8-3 which is closer to the 6 km/year stated in Table A.8-4 in [ISO19906] than the following 
entry for 135 km/year. The use of this method for the site is substantiated by the 
conclusion of [FUGLEM], a reference which itself is referenced just below Table A.8-4 of 
[ISO19906] in connection with the use of this table. 
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A final source used for the justification of the determined ὅ value is [JUSS], from which 
Figure 6 shows a comparison plot of a time series produced from a simulation model with 
a measured time series from the Nordströmsgrund Lighthouse. The sea ice conditions 
near the Nordströmsgrund Lighthouse are more severe than those at the evaluated site 
and the plot corresponds to a sheet ice thickness larger than the 50-year value at the HS 
site. Moreover, as stated in Table 2 of [JUSS], the figure is made using a value of ὅ  = 1.0 
MPa. 
 
On the basis of this discussion, the present report selects the following value of the 1-
year strength coefficient, ὅȟȟ , for the evaluated site: 
 
╒ἠȟȟἚἍ = 0.99 MPa.       Valid for the entire site.  
 
Here the subscript NC indicates that this value can only be used for non-compliant 
support structures, or for large relative ice-structure velocities (> 0.1 m/s) between the 
ice and the support structure. For smaller relative velocities, or for compliant support 
structures, the effects of a larger ice strength coefficient  shall be taken into account in 
the Integrated Load Analysis (ILA). A suggestion for the value of ὅ, where this is 
accounted for, is listed in Table A.8-3 in [ISO19906]. Here a value of ὅ= 1.8 MPa is 
suggested for the Baltic Sea6. It is noted that this value is conservative for the site as this 
is for a site with up to ca. 1000 freezing-degree days per winter т far more severe than the 
conditions reported in the area of the evaluated HS site. 
 
8.2 Average ice strength coefficient 
As per the DLC overview of Table 3-1, the average ice crushing strength coefficient is 
needed for the DLCs of D4, D6, D7, and SeIc.3. In the DLCs listed in Table 3 of [IEC6131], 
it is noted that the WTG is parked while exposed to the loads from an ice ridge in DLC D6. 
Since the WTG is expected to be in the power production condition far more often than 
the parked condition, the probability of an event with power production combined with 
the loads from an ice ridge is higher than the probability of an ice ridge exposure 
combined with parked WTG condition. Therefore, it is recommended by C2Wind to 
supplement the DLC D6 from Table 3 of [IEC6131] with the EDLC SeIc.3 from Table 9-3 
of [DNV0437] which combines power production with an ice ridge event. For EDLC SeIc.3 
it is stated that ice ridge geometry corresponding to a 50-year return period should be 
combined with average strength parameters, i.e. an average of ὅ.  
 
While some guidance is given in Section A.8.2.4.3.3 of [ISO19906] on how to reduce the 
ὅ-value to correspond to smaller return periods, no detailed guidance on how to find 
average values is explicitly given therein. Instead, the measured global pressure at the 
Nordströmgrund Lighthouse outlined in Figure 9 of [POAC11] forms the basis for an 
average value of ὅ. A reproduction of the measured global pressure, ὖ, from Figure 9 
of [POAC11] is shown to the left in Figure 8-1. Using Eq. 8-1 with a panel width ύ = 7.5 m, 
ὅ for each point is shown to the right. An average value of ὅ is found by taking the mean 
of all points where Ὤ < 50 cm. The reason for not including measured global pressure 

 
6 In [POAC9], a suggestion for the calculation of ὅ based on the structural compliance is presented. It is assessed 
that the value of ὅ = 1.8 MPa may be highly conservative for the analyses for this site. 



 
 

 

Hesselø South | Sea Ice Site Condition Assessment   56 | 109 
  

when the sheet ice thickness is above 50 cm is that it would be non-conservative to do 
so, since ὅ tends to drop for larger values of Ὤ. 
 

  
Figure 8-1: Left:  Global pressure, ὖȟ measured at the Nordströmgrund Lighthouse. Reproduction of Figure 
9 of [POAC11]. Right: Calculated ὅ-values using the measured ὖ in Eq. 8-1 with ύ = 7.5 m. The average 
value, ὅȟ, is found as 0.65 MPa for Ὤ < 50 cm. 

Furthermore, Figure 10 of [POAC11], reproduced in Figure 8-2, shows how both local- 
and global extreme ice pressures depend on the return period. Here, two structural 
widths are shown, corresponding to the width of pressure panels, and the entire 
structural width, in the full-scale experiments on the Nordströmsgrund Lighthouse, 
described in [POAC11]. The waterline width of the support structures for the evaluated 
HS site is expected to be comparable to that of the green curve shown in Figure 8-2.  
 

 
Figure 8-2: The figure shows extreme values of global- and local ice pressures, based on extreme value 
analyses on measurements on the Nordströmsgrund Lighthouse. Reproduction of Figure 10 of [POAC11]. 

  








































































































