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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 
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DJF December-January-February 
DLC Design Load Case 
DMI Danish Meteorological Institute 

DVR90 Dansk Vertikal Reference 1990 (Danish Vertical Reference 1990) 
DWD Deutscher Wetterdienst 

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 

IPCC Intergovernmental Panel on Climate Change 
ibid. [ƖŸůШxċƣŔŰШŔĤŔĬĲůШыљŔŰШƣőĲШƚċůĲШƓũċĦĲњьЯШŔƣШŔƚШƨƚĲĬШƣŸШƚċƻĲШƚƓċĦĲШŔŰШƣĲǂƣƨċũШ

references to a quoted work that has been mentioned in a previous reference 
ILA Integrated Load Analysis 
KFII Kriegers Flak II 
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 structures 
ὅȟȟ 1-year crushing ice strength coefficient for compliant structures 
ὅȟ ȟ  50-year crushing ice strength coefficient for noncompliant structures 
ὅȟȟ  Average ice strength coefficient for noncompliant structures 
#3  Surface current speed 
ὅ  Wind drag coefficient 
Ὀ Diameter at ice action elevation 
Ὀ  Days in the Ὤ  bin 
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Ὀ ȟ  Days of occurrence for each ice thickness bin in the lifetime of the wind farm 
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 
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ύ Projected width of the structure 
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  = 34 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 . 
 

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 of 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 Kriegers Flak II Offshore Wind Farm 
(KFII) project, located in the Baltic Sea. The purpose of this document is to serve as 
documentation of the sea ice conditions to be used as 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, 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 KFII area for investigation is located in the Baltic Sea off the east coast of Zealand 
and Møn, Denmark as seen in Figure 1-1. The results of the present report cover both the 
North and the South sub-areas of KFII OWF site. 
 

 
Figure 1-1: Overview of the KFII OWF 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. Nevertheless, 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 Section 1.2 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 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 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. 
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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 has 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 either DMI or DWD, 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], [DWDMET] 
Sea surface temperatures. Section 4.3 [DMIOCE], [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 approximate 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 KFII 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 KFII 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. The DMI stations are supplemented with the 
historical recordings of [DWDMET] for the Arkona meteorological observation station. 
The closest observation stations to the KFII site are ћDrogden FyrѢ, which is located 
approximately 40 km North of the KFII North areaЯШċŰĬШƣőĲШћéŔŰĬĲĤĢťЮuǃƚƣѢеЮwhich is 
located approximately 40 km West of the KFII South area, as seen in Figure 4-3. In 
ċĬĬŔƣŔŸŰЯШƣőĲШőŔƚƣŸƖŔĦċũШƖĲĦŸƖĬŔŰŊƚШŸŉШƣőĲШċŔƖШƣĲůƓĲƖċƣƨƖĲШŉƖŸůШƣőĲШћGedser - cċƻŰѢЮ
meteorological observation station, located approximately 60 km Southwest of the KFII 
South area, are used in the sea ice assessment. 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 KFII site since they are located within proximity to the site 
and mostly surrounded by seawater. The meteorological observation stations 
ћ7ŸƖŰőŸũůƚЮxƨŉƣőċƻŰѢЮand ѡ ƖťŸŰċѢЮare 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 [DWDMET] and subsequently used for data validation or 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] for the nearby harbours of ѡcĲƚŰĢƚѢ and ѡ]ĲĬƚĲƖѢ shown in 
Figure 4-1. fŰШċĬĬŔƣŔŸŰЯШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШƣőĲШћFalsterborev FyrskeppѢ lightship are 
available through [FBR] ċŰĬШћRødvigќШand ѡuũŔŰƣőŸũůѢ coastal observation stations are 
available from [MADSEN] and [SPARRE]. The historical availability of the SST data is 
discussed in Section 4.6. 
 
TőĲШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШћHesnæs HavnѢ are applied to the winter of 2010/2011, 
ƽőĲƖĲċƚШ ƣőĲШ ÉÉÑШ ůĲċƚƨƖĲůĲŰƣƚШ ŉƖŸůШ ћGedser HavnѢ are used for the winter of 
2009/2010. The SST measurements recorded at ћÅƏĬƻŔŊѢ are used for the evaluation of 
the winter of 1995/1996. ÑőĲШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШƖĲĦŸƖĬĲĬШċƣШƣőĲШћuũŔŰƣőŸũůѢ harbour are 
used for the evaluation of the winters 1978/1979, 1981/1982, 1984/1985, 1985/1986 and 
1986/1987ЮШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШƣőĲШћ[ċũƚƣĲƖĤŸƖĲƻЮ[ǃƖƚťĲƓƓѢЮlightship are used for 
the early winters of 1962/1963, 1965/1966, 1969/1970, and 1971/1972. Note however, 
that the SST data ŉƖŸůШƣőĲШћ[ċũƚƣĲƖĤŸƖĲƻЮ[ǃƖƚťĲƓƓѢ lightship 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 (BSPR) model of [CMEMS] where the location of the extraction point is shown in the figure as 
well. All SST measurements are applied in the data validation and/or 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 seawater. 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 KFII site is available in the 
modelled salinity included in the dataset of [CMEMS]. 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 KFII site from the modelled dataset of [CMEMS]. The individual winters, including 
months 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 7 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 KFII 
site is determined to Ὕ = -0.38°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 0.12°C. This is done as a 
conservative choice to account for measuring inaccuracy. 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 six reference locations of KFII depicted in Figure 4-6, which is a 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 time series for KFII. 
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 time series is shown as well. Winter periods used for the present evaluation 
are indicated by the vertical grey areas. 
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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- 
or SST data is the preferred station, the second station from the top is the second priority, 
etc. 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 
KFII 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 1978/1979, 1981/1982, 1984/1985, 1985/1986, 1986/1987, and 2009/2010 
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 27/Dec/1962  Gedser - Havn  28/Apr/1963  Stevns Fyr 122 
1965 to 1966 17/Jan/1966  Gedser - Havn  12/Mar/1966  Gedser - Havn  54 
1969 to 1970 24/Dec/1969  Gedser - Havn  29/Mar/1970  Stevns Fyr 95 
1971 to 1972 15/Jan/1972  Gedser - Havn  17/Feb/1972  Møn Fyr  33 
1978 to 1979 24/Jan/1979  SMHI ice atlas 25/Mar/1979  SMHI ice atlas 60 
1981 to 1982 14/Jan/1982  SMHI ice atlas 23/Feb/1982  SMHI ice atlas 40 
1984 to 1985 07/Feb/1985  SMHI ice atlas 02/Apr/1985  SMHI ice atlas 54 
1985 to 1986 20/Feb/1986  SMHI ice atlas 28/Mar/1986  SMHI ice atlas 36 
1986 to 1987 22/Jan/1987  SMHI ice atlas 31/Mar/1987  SMHI ice atlas 68 
1995 to 1996 30/Dec/1995  Gedser - Havn  03/Apr/1996  Stevns Fyr 95 
2009 to 2010 04/Feb/2010  SMHI ice atlas 02/Mar/2010  SMHI ice atlas 26 
2010 to 2011 27/Dec/2010  Møn Fyr  15/Feb/2011  Møn Fyr  50 

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 KFII site. 
 

Winter with ice  Maximum envelope 
station  

Days with observed 
ice  

Days in the ice 
observation period  

[year range] [-] [days] [days] 
1962 to 1963 Stevns Fyr 105 122 
1965 to 1966 Gedser - Havn 47 54 
1969 to 1970 Gedser - Havn 85 95 
1971 to 1972 Gedser - Havn 32 33 
1978 to 1979 Gedser - Havn 60 60 
1981 to 1982 Gedser - Havn 40 40 
1984 to 1985 Rødvig т farvandet 54 54 
1985 to 1986 Rødvig - farvandet 36 36 
1986 to 1987 Stevns Fyr 68 68 
1995 to 1996 Gedser - Havn 62 95 
2009 to 2010 Gedser - Havn 26 26 
2010 to 2011 Møn Fyr 50 50 

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 KFII 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 KFII 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 categories closest to mean 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. 
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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 ћAќЯШћSќ, and 
ћTќ 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 ћAќЯШћSќ, ċŰĬШћTќ 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 ћAќЯШћSќ, ċŰĬШћTќ 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 ћAќЯШћSќ, ċŰĬШћTќ 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 winterЯШŔŰШƣőŔƚШĲǂċůƓũĲШΞΤШŉƖŸůШƣőĲШћTќШ
category of ћStation 3Ѣ indicated in blue. 
 
The reason for applying the minimum envelope approach is that all criteria of the ћAќЯШћSќ, 
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 KFII 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 - - - 70 Stevns Fyr 
1965 to 1966 - - - 7 Stevns Fyr 
1969 to 1970 - - - 35 Møn Fyr 
1971 to 1972 - - - 1 Rødvig - farvandet  
1978 to 1979 - - - 31 Møn Fyr 
1981 to 1982 - - - 6 Møn Fyr 
1984 to 1985 66 52 64 52 Rødvig - farvandet  
1985 to 1986 32 31 15 15 Gedser - Havn 
1986 to 1987 56 40 44 40 Møn Fyr 
1995 to 1996 36 21 21 21 Møn Fyr 
2009 to 2010 8 2 3 2 Gedser - Havn  
2010 to 2011 17 1 1 1 Møn 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 of ice ĬĲƻĲũŸƓůĲŰƣѢ. 
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 KFII 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 is 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 
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observations. By following the method above, a populated ѡSѢ-category representative 
for the KFII 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 
1971 to 1972 66.6 2010 to 2011 151.3 
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. This is discussed in Section 
6.4.2. 
 



 
 

 

Kriegers Flak II Offshore Wind Farm | Sea Ice Site Condition Assessment   30 | 114 
  

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 70 24 Rødvig - 
farvandet 6 Møn Fyr 0 Gedser т 

Havn 0 Gedser т 
Havn 

1965 to 1966 7 0 Gedser - 
Havn 0 Gedser т 

Havn 0 Gedser т 
Havn 0 Gedser т 

Havn 

1969 to 1970 35 3 Møn Fyr 2 Møn Fyr 9 Rødvig т 
farvandet 3 Rødvig т 

farvandet 

1971 to 1972 1 0 Gedser - 
Havn 0 Gedser т 

Havn 0 Gedser т 
Havn 0 Gedser т 

Havn 

1978 to 1979 31 3 Møn Fyr 2 Møn Fyr 9 Rødvig т 
farvandet 3 Rødvig т 

farvandet 

1981 to 1982 6 3 Møn Fyr 2 Møn Fyr 9 Rødvig т 
farvandet 3 Rødvig т 

farvandet 

1984 to 1985 52 24 Rødvig - 
farvandet 6 Møn Fyr 0 Gedser т 

Havn 0 Gedser т 
Havn 

1985 to 1986 15 3 Møn Fyr 2 Møn Fyr 9 Rødvig т 
farvandet 3 Rødvig т 

farvandet 

1986 to 1987 40 19 Gedser - 
Havn 8 Stevns Fyr т 

farvandet 10 Stevns Fyr т 
farvandet 0 Gedser т 

Havn 

1995 to 1996 21 8 Rødvig - 
farvandet 0 Gedser т 

Havn 0 Gedser т 
Havn 0 Gedser т 

Havn 

2009 to 2010 2 0 Gedser - 
Havn 0 Gedser т 

Havn 0 Gedser т 
Havn 0 Gedser т 

Havn 

2010 to 2011 1 0 Gedser - 
Havn 0 Gedser - 

Havn 0 Gedser - 
Havn 0 Gedser - 

Havn 

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 
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 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. 
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Figure 5-3: Comparison of air temperature measurements from two selected meteorological observation 
stations for the selected winters between 1962 and 1982. 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 1984 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. 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. 
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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. 
 
From the Baltic Sea Physics Reanalysis (BSPR) product of [CMEMS], the SST is extracted 
for a point between the North and South part of the KFII site. These SST model data are 
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 ŸŉШƣőĲШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШћGedser - cċƻŰѢ is examined for the period 
from the 1st of December to the 1st of March for all winters from 2003 to 2010. The 
correlation between the measured and the modelled SST data is given in the upper left 
plot of Figure 5-5. The SST measurements from ѡHesnæs HavnѢЮare applied for thermal 
ice growth for the most recent ice winter of 2010/2011. The SST correlation is performed 
for the period from the 1st of December to the 1st of March for all winters from 2006 to 
2014 overlapping the winter of 2010/2011 in which these SST measurements are applied. 
The results are presented in the upper right plot of Figure 5-5. The SST measurements 
from the oceanographic station of ћÅƏĬƻŔŊѢ are applied for the ice winter of 1995/1996. 
The SST correlation is performed for the period from the 1st of December to the 1st of 
March for all winters from 1993 to 1999, overlapping the winter of 1995/1996 in which 
these SST measurements are applied. The results of the SST correlation are presented in 
the lower left plot of Figure 5-5. The SST measurements from the oceanographic 
ŸĤƚĲƖƻċƣŔŸŰШƚƣċƣŔŸŰШŸŉШћuũŔŰƣőŸũůѢ, are applied for multiple ice winters. As noted in Figure 
4-7, no overlap is found between the modelled SST data of [CMEMS] and the 
ůĲċƚƨƖĲůĲŰƣƚШŉƖŸůШћuũŔŰƣőŸũůѢ. Thus, the validity of the ѡuũŔŰƣőŸũůѢ SST measurements 
ŔƚШĲƻċũƨċƣĲĬШŉƖŸůШƣőĲШĦŸƖƖĲũċƣŔŸŰШƣŸШƣőĲШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŸŉШƣőĲШћÅƏĬƻŔŊѢ oceanographic 
observation station. The results of the SST correlation are presented in the lower right 
plot of Figure 5-5. 
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Figure 5-5: Correlation between measured and modelled SST for the temperature range -1 °C to 4 °C. 
Upper left : The modelled SST data from [CMEMS] and measured data from ƣőĲШћGedser - HavnѢ 
oceanographic observation station. Upper right : The modelled SST data from [CMEMS] and the measured 
SST data from the ѡcĲƚŰĢƚЮcċƻŰѢЮoceanographic observation station. Lower left: The modelled SST data 
from [CMEMS] ċŰĬШƣőĲШůĲċƚƨƖĲĬШÉÉÑШĬċƣċШŉƖŸůШƣőĲШћÅƏĬƻŔŊѢ oceanographic observation station. Lower 
right: The measured SST data from the ћÅƏĬƻŔŊѢ oceanographic observation station and the measured SST 
ĬċƣċШŉƖŸůШƣőĲШћuũŔŰƣőŸũůѢ oceanographic observation station. 

From the correlation plot of the SST data from the BSPR model and the measured SST 
ŉƖŸůШћGedser - cċƻŰѢе found to the upper left of Figure 5-5, it is seen that the modelled 
SSTs are generally higher with an average model bias of 1.13 °C in the evaluated low-
temperature range from -1 °C to 4 °C. A similar, however less pronounced, tendency is 
ƚĲĲŰШŉŸƖШƣőĲШÉÉÑШĦŸƖƖĲũċƣŔŸŰШƓũŸƣШŉŸƖШƣőĲШћcĲƚŰĢƚЮcċƻŰѢ seen in the upper right plot of 
Figure 5-5ЮШ ƚШŉŸƖШƣőĲШћGedser ш cċƻŰѢ SST correlation, the modelled SSTs are again higher 
ƣőċŰШƣőĲШůĲċƚƨƖĲĬШÉÉÑШĬċƣċШŉƖŸůШћcĲƚŰĢƚЮcċƻŰѢЮwith an average model bias of 0.5 °C. 
Both correlation plots seem to indicate the highest deviation between modelled and 
measured SST data for the lowest temperatures. The SST correlation for the measured 
SSTs at the ѡÅƏĬƻŔŊѢ oceanographic observation station is found to the lower left of Figure 
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5-5. It is noted, that the measuring frequency of this dataset is significantly lower than 
what is used to establish both the ѡ]ĲĬƚĲƖЮш cċƻŰѢЮċŰĬШ ћcĲƚŰĢƚЮ cċƻŰѢ SST 
measurements. For the lowest temperatures, the model of [CMEMS] seems to 
overpredict the SST temperature as was seen for the two previous SST correlations. 
However, for SST temperatures above approximately 2°C, this changes, as the modelled 
SSTs are lower than the measured SSTs. The correlation between the SST measurements 
ċƣШƣőĲШћuũŔŰƣőŸũůѢ- ċŰĬШћÅƏĬƻŔŊѢ oceanographic observation stations is found in the lower 
right plot of Figure 5-5. In general, a good correlation between the measured SSTs is 
ŉŸƨŰĬЮШ[ƨƖƣőĲƖЯШŔƣШŔƚШƚĲĲŰШƣőċƣШƣőĲШůĲċƚƨƖĲůĲŰƣƚШċƣШћuũŔŰƣőŸũůѢЮare slightly lower, with an 
ċƻĲƖċŊĲШĤŔċƚШŸŉШΜЮΟΡШ҄9ШƣőċŰШƣőĲШůĲċƚƨƖĲůĲŰƣƚШƖĲĦŸƖĬĲĬШċƣШћÅƏĬƻŔŊѢ. 
 
The lack of a sanity check for the ѡ[ċũƚƣĲƖĤŸƖĲƻЮ[ǃƖƚťĲƓƓѢ SST measurements is argued 
to be acceptable as a result of the common practice of retracting the lightship to the 
harbours in the presence of sea ice. This practice is seen as the absence of SST 
measurements from the ѡ[ċũƚƣĲƖĤŸƖĲƻЮ[ǃƖƚťĲƓƓѢ for longer periods in the early ice 
winters of Figure 5-6. Thus, an absence of sea ice is assumed when the SST 
measurements from the lightship are available. 
 
In general, an acceptable correlation between the modelled SST data from the BSPR 
model and the various measured SST datasets is found. In addition, the results of the 
correlation studies indicate that the use of the measured SSTs to represent SST 
conditions at the site is conservative with SST measurements of up to 1.5 °C below 
predicted SST values for the lower temperature range of -1 °C to 4 °C. Thus, in conclusion, 
the evaluated SST datasets are representative of the OWF site despite the relative 
distance. FurtherЯШƣőĲШÉÉÑШůĲċƚƨƖĲůĲŰƣƚШŸŉШћÅƏĬƻŔŊѢ ċŰĬШћuũŔŰƣőŸũůѢ are found to 
correlate well within the evaluated period. 
 
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. 
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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 1982. 
The freezing temperature of the seawater, Ὕȟ , found in Section 4.4 is also shown. Note, how the 
measuƖĲůĲŰƣƚШŸŉШƣőĲШћ[ċũƚƣĲƖĤŸƖĲƻЮ[ǃƖƚťĲƓƓѢ 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]. 
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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 1984 and 2011. 
The freezing temperature of the seawater, Ὕ, found in Section 4.4 is also shown. 

These air- and SST measurements, used as inputs to the thermal ice growth model, are 
repeated below each evaluated ice 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 six individual reference locations are identified for 
the KFII 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 
spaired wind- and current hindcast datasets for the six individual reference locations 
within the site. The approach of Eq. 3.3.3. of Section 3.3 of [VICE] is applied to determine 
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the ice drift velocity of an ice floe from the wind- and current velocities. A reference ice 
floe of 1 km2 is used3 for assessing the ice drift velocity for all reference locations. 
 
The histograms of the calculated ice velocities for the six reference locations are given in 
Figure 5-8. 
 

 
Figure 5-8: Histogram of the estimated ice drift velocities calculated from the wind- and current hindcast 
data for the six reference locations ѡuFIIN-ΤѢеЮѢuFIIN-ΥѢе ѡuFIIN-ΦѢеЮѡu[ffÉ-ΤѢеЮѢu[ffÉ-ΥѢе and ѡu[ffÉ-ΦѢЮ within 
the KFII 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 
velocitŔĲƚШĤĲũŸƽШΜЮΞШůоƚШŔƚШőŔŊőĲƚƣШŉŸƖШƣőĲШƖĲŉĲƖĲŰĦĲШũŸĦċƣŔŸŰШŸŉШћKFIIN-1Ѣ. As a result, the 
wind- ċŰĬШĦƨƖƖĲŰƣШőŔŰĬĦċƚƣШĬċƣċƚĲƣƚШŉŸƖШƖĲŉĲƖĲŰĦĲШũŸĦċƣŔŸŰШћKFIIN-1Ѣ 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-

 
3 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 KFII site. 
















































































































































