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List of abbreviationsand parameter descriptions

Abbreviations

AME Absolute mean error
AMOC Atlantic Meridional Overturning Circulation
BACC BALTEX Assessment of Climate Change for the Baltic Seasin
BSPR Baltic Sea Physics Reanalysis
CcC Correlation coefficient
CMEMS Copernicus Marine Environment Monitoring Service
COD Commercial Operation Date
Cov Coefficient of Variation
DJF December-JanuaryFebruary
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. [l YOWx ¢ qRUWRHRT Dad WeiwpRUW@q6WIWE ¢ G WNWGH
references to a quoted work that has been mentioned in previous reference
ILA Integrated Load Analysis
KFII Kriegers Flak I
MSL Mean Sea Level
NC Non-compliant
OWF Offshore WindFarm
ppm Parts per million
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QQ Quantile-quantile
RCP Representative Concentration Pathways
RMSE Root mean square error
SSP Shared Socioeconomic Pathways
SST Sea Surface Temperature
SMHI SverigesMeteorologiska ochHydrologiska Institut
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ULS Ultimate Limit State
WTG Wind Turbine Generator

Latin parameters

Weibull scale parameter

Current drag coefficient

Crushing ice strength coefficient

1-year aushing ice strength coefficientfor noncompliant structures
1-year aushing ice strength coefficientfor compliant structures
50-year aushing ice strength coefficientfor noncompliant structures
Averageice strength coefficientfor noncompliant structures
Surface current speed
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Diameter at ice actionelevation

Days in the’Q bin
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Days of occurrence for each ice thickness bin in the lifetime of the wind farm
Days of ice thickness interval, for intervalO-15] cm

Days of ice thickness interval, for interval15-30[ cm

Days of ice thickness interval, for interval30-50] cm

Days of thickness interval

oOYaUNkt WaGYT eadet WYNnWg6 WWRHIIW 6 131q
Vector of the drag forceon the ice, caused bycurrent, per unit horizontal area,
acting horizontally on the ice

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

Global ice force

Vector of the drag forceon the ice, caused by wind per unit horizontal area, acting
horizontally on the ice

Keel depth

Sail height

Design lifetime of the wind farm

Latent heat of melting for ice

Number of points

Pack iceforce vector

Global ice pressure

50-year consolidated layer thickness ratio to sheet ice thickness
Cumulative freezing degree days

Air temperature

Freezing temperature of saline water

Upper SST limit for thermal ice growth

Sea surface temperature

Total number of days with mobile ice per year

Ice speed

Mean ice drift velocity of mobile ice

Current speed vector

Wind speed vector

Vertical force from sea ice

Ice bending vertical force

Adhesive vertical force

Apparent keel cohesion

Porosity of ice rubble

Empirical term for ice pressure

Acceleration of gravity

Sheet ice thickness

50-year sheet ice thickness

Ice thickness bin

50-yearconsolidated layer thickness

Consolidated layer thickness

Maximum consolidated layer thickness

Maximum sheet icethickness

Hub height

Distance between the base of the consolidated layer bottom and the base of thi
keel

Maximum ice thickness in winter

Reference thickness

Weibull shape parameter

Empirical exponent

A number whichdepends on the ice thickness

Time
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0 Projected width of the structure
30 SWL range for ULS DLCs

— 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

f Thermal conductivity factor
I Thermalconductivity of ice
T Adhesive strength

%0 Angle of internal friction

AYRtt YUkt W ¢qRYWnY! WREWIW 61313q
Coefficient of kinetic friction, ice-concrete
Coefficient of kinetic friction, ice-ice
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Executive summary

The present sectioncontains a summary of the sea icerelated site conditions, including
references to where in the present report the information is taken from.

Sea ice parameters Reference

50-year sheet ice thickness,Q . Q =HAcm Section 6.3

1-year ice (crushing) strength coefficient fonon- 0 rn =0.99 MPa Section 8.1

compliant structures and/or largerelative velocity

between support structure and ice, 0 i

1-year ice (crushing) strength coefficient focompliant | & 5 : Not established. To = Further

structures and/or small relative velocity between be determined as a part of = detailed in

support structure and ice, 0 . an Integrated Load Section 8.1
Analysis.

50-year ce (crushing) strength coefficient for non- 0 1  : Not established. See footnote?

compliant structures and/or large relative velocity
between support structure and ice,0  f

Average te (crushing) strength coefficient for non- 0 s =0.65MPa Section 8.2

compliant structures and the largerelative velocity

between support structure and ice, 0 f i

50-year design ice ridge geometry. Table7-1 Section7

Ice velocity. Table11-1 Sections11.1
and11.2

Sheet ice thickness distribution. Table6-6 Section 6.4

Wind-ice drift directional misalignment and Table10-2 Section 10

occurrence frequencies.

Mobile ice duration. 100 % of observed days Section6.4.1

Parameters for flexural failure Table9-1 Section 9

Wind-ice drift coming directional misalignment values, = See the text in bold in Section11.3

and their combination with hub height wind speeds Section11.3

with wind directions, with ice action speeds, and the

durations of these combinations.

Wind-ice drift coming directional misalignment values, See the text in bold in Section11.4

and their combination with hub height wind speeds
and with ice action speeds.

Section11.4

1 The 56year ice crushing strength is only to be used of thgedr ice thickness is greater than 0 according to
[1SO19906], which is not the case for the evaluated site.
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1. Introduction

EUUI DRUVDqUWEGq!l ¢Ut Rttt RYUW oEWLEEAWY! Wmbaé W9 C

to carry out Sitelce Conditions Assessment for theKriegers Flak IDffshore 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 asFront-End Engineering Design
(FEED) oWind Turbine Generators (WTGshcluding the substructure and foundation. It
contains seaice parameters for support structures withor 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 uséar the
design of other structures than WTGs.

The design sea ice conditions athe site are established based on:

U Observations of sea ice and navigational conditions are summarised in
Appendix A
Air- and Sea Surface Temperatures (SST) from measurements or model data.
Hindcast model data for the sitein [HCWWDATARNnd [HCCUDATA]
Wind statistics data from[WA], which also forms input to theSCAfor the site.
National and international standards.
Journal papers, reports, and other publicly available sources.

[ - et e eI e

The data sourcesused to determine the sea ice conditionsare described in more detail
in Section4.

1.1 Geographical location

TheKFllarea forinvestigation is located in the Baltic Sea off theeast coast of Zealand
and Mgn Denmarkas seen inFigurel-1. The results of the present report cover both the
North and the South subareas ofKFIIOWF site

Kriegers Flak II site boundaries

0 8 16 km

Figurel-1: Overview of the KFIl OWF site.
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2. General considerations

2.1 Vertical reference

All elevations specified in this report are in the DVR90 elevation systeumless otherwise
noted. 0 mMDVR90 is taken as being equal to 0 mMShNevertheless, 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 1.20f [WA], the WTG hub height is assumed to be:

| . 5 150.0MDVR90.
Where relevant, atmospheric parameters have been extrapolated to thislevation.

The results in the present report are assessed to be applicable without change for a hub
height interval of £ 5 m aboutQ stated immediately above.

2.3 Conventions
Unless noted otherwise, the following conventions are used throughout the repart
U Elevations are given as distances above DVR90 in metres (mMDVR90).
U 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.
- lce drift coming: °N coming from.

Directional bins of 30°: SeeTable2-1.

Current directionGoing to 4 North, 0°

»  East90°

Wind,ice dri
Coming from

Figure2-1: Compass directions anddirectional convention.
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Directional bin centre Directional bin interval

[°N] [°N]

0 O Py A5
30 N P G148
60 NP K7
90 T P gH]106
120 N M Pglt 135
150 N O Pglt 185
180 N 3 Pt 195
210 N @ Pl 325
240 = = Pg¥ Qa8
270 = P Pg4 a8
300 = Y Pg 18
330 O N Pg 345

Table2-1: Directional bin definitions.

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

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalised point density

Figure2-2: 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 .7 of [ISO800002]for closed
intervals, and the optional notation of Items 27.8 through 27.10 of ibid. for halfopen
and open intervalg. For example, the interval from 0 to 1 is denoted:

[0;1] if both endpoints are included in the interval.
[0;1[ if O is included in the interval, but 1 is not.
10;1]if O is not included in the interval, but 1 is.
10;1[ if neither end point is included in the interval.

| - et enHEN e

2.4 Termsand definitions
Throughout this report some key termsare used andare defined in the following list

U Danish Sea ice code: The sea ice registration method before 1983 when the
method was switched to the Baltic Sea ice code.

U Baltic Sea ice code: General sea ice registration method used by several
countries around the Baltic Sea. Adopted by Denmark in 1983.

2That 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.

Kriegers Flak 1Dffshore Wind Farm| Sea Ice Site Condition Assessment 11|114
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i

Competent ice: Sea icetypes that are competent of inducing nornegligible
loads to the structure and furthermore have not been rafted, compacted, or
broken up and then refrozenThis is further explained in Sectiorb.1.3.

Ice winter : Winter with at least 1 day ofcompetent ice.
Mobile sea ice: Sea ice thatis movable (e.g. not frozen in place)
Immobile sea ice: Sea ice thatis not movable (e.g. frozen in place).

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 iceinduced vibrations as long as they can induce
significant dynamic ice load effects on the WTG structures.

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

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.

Kriegers Flak 1Dffshore Wind Farm| Sea Ice Site Condition Assessment 12| 114
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3. Applied standards and guidelines

The present document is made iraccordance with the following design standards and
guidelines:

[[EC6131] IEC 614003-1 Ed. 1: Wind energy generation systemdart 3-1:
Design requirements for fixed offshore wind turbines, (201:94-05).

[1SO19906] [ISO 19906:2019(E): Petroleum and natural gas industrieg\rctic
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, thaerarchy 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 outlinedabove, the Design Load Cases (DLCs)
where sea ice inputs are relevant are outlined iffable3-1. Two sets of DLCs are shown:

U D3to D8 are references to the DLCs outlined in Table 3[tEC6131]
U Selc.1 to Selc.6 are references to the DLCs outlined in Table3%f[DNV0437]

The individual DLG 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 DLaZe the
same. For example, DLC D3 equals DLC Selc.1.

According tothe hierarchical order of the standards the DLCs to consider in the design
of the WTGsupport 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[DNVO0437]are optional but not a requirement to obtain a
certification according to [[ECRE502] The reason for including thgDNV0437]DLCs in

Table3-1as well, is that the required inputs to the DLCs ifDNV0437]have a higher level
of detail outlined compared to the inputs to the DLCsfrom [IEC6131] that require

additional interpretation.

It must be noted thatfrom [IEC6131]no DLC corresponds to the [DNV0437]Selc.3 DLC
is found. The Selc.3DLCis a DLCwhich 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 ridgeis higher than the probability of an ice ridge exposure
combined with parked WTG conditioras covered by DLC D6/Selc.6. Therefore, it is the
recommendation from C2Wind that DLC Selc.3 is includeth the load basis for desgn of
the WTGsupport structure. Due to this, necessary seaice inputs to Selc.3are included

in this report.
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The reason for not including DLC D1 and D2 imable 3-1 is that they require no
environmental inputs. In addition, it is arguedin Sections 12.1 and 12.2 that these DLCs
are negligible.

Please be aware that the ice crushing strength coefficient) , is only necessary for
vertical structural geometry in the icestructure interaction zone (no icecone) and the
flexural failure mode parameters are only necessary for sloping structural geometry in
the ice-structure interaction zone (with ice.cone). Allother parameters are independent
of the ice-structure interaction geometry.

e 52 RIS Reference | D3 | D4 | D5 | D6 | - | D7 | D8 |
 Selc1 ] Selc2 - | Selc6 | Selc3 | Selc5 | Selc4 |

50-year sheet ice

thickness, "0 Section 6.3 X X X
1-year ice crurshmg . Section 8.1 X X
strength coefficient, 0 j
Average ice c_ru_shmq Section 8.2 X X X X
strength coefficient, 0 j
50-year ice ridge Section 7 X «
geometry
Ice velocit Sections 11.1 X X X
y and11.2

S.he(.at |c.e thickness Section 6.4 « «
distribution
Wind-ice drift directional
misalignment and Section 10 X X
occurrence frequencies
Mobile ice duration Section6.4.1 X X
Flexural failure mode .

Section9 X X X X X X X
parameters

Table3-1: Overviewof primary sea ice related parameters necessary for each DLCThe DLCsdenoted D3
to D8 are according to Table 3 of[IEC6131]whereasthe DLCs denotedSelc.1 to Selc.6are according to
Table 93 of[DNV0437]
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4. Qverview of data sources

In order to obtain he necessary environmental parameters outlined imable3-1, 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 recordingof the number of dayswhere aspecific type
of sea ice has beenobserved atstations across Denmark hosted by the Danish authority
Istienesten. The historical temperature measurements are either airor sea surface
temperatures (SST$, where the air temperatures are froneither DMI or DWD, and the
SSTs are from various sourcesThe primaryenvironmental data applied to determine
each sea ice parameteiis outlined in the overview ofTable4-1.

Sea ice parameter Sl ST Salinity | Current | Wind
observations temperature temperature

50-year sheet ice
thickness, Q .
1-year ice crushing
strength coefficient, 6 j
Average ice crushing
strength coefficient, 6 j
50-year ice ridge
geometry.
Ice velocity. X X
Sheet ice thickness
distribution.
Wind-ice drift directional
misalignment and X X
occurrence frequencies.
Mobile ice duration. X X
Flexural failure mode
parameters.
Table4-1: Overview of primary data types used as input to calculate and justify theea ice parameters.
The empty rows denote sea ice parameters which are independent of sigpecific environmental inputs.

The source of each of the environmental dataset applied in the present studyis
summarised inTable4-2.

Primary data type Detailed description

Sea ice observations Section4.1 [ISBES][SMHIAT]

Air temperature. Section4.2 [DMIMET] [DWDMET]

Sea surface temperatures Section 4.3 [DMIOCH, [SPARRE]MADSEN][CMEMS]
Salinity. Section4.4 [CMEMS]

Current. : [HCCUDATA]

wind. Section4.5 [HCWWDATA]

Table 4-2: Brief overview of the sources used in the present reporEurther elaborations on the dataare
provided in theoutlined 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 Figure4-1.
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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 Section4.6.

—— Kriegers Flak II OWF Area

@ Sea Ice Observation Stations

@ Meteorological Observation Station

@ Oceanographic Observation Station/Model
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@
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Yy ® )
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Hesnaes Havn @
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Gedser - Havn
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Figure4-1: Overview of theapproximate location and type of the primary data sources used for theeaice
assessment. Included are The location of the sea ice observation stations, the meteorological stations
measuring the air temperature, and the oceanographic stations or moded providing the sea surface
temperature (SSTand salinity.

4.1 Seaiceobservations

The sea ice observations are taken froniSBES]supplemented with ice atlases from
[SMHIAT] where the observation stations shown in Figure 4-2 are chosen as
representatives forthe KFllIsite. An overview of thesea iceobservationsfrom the stations

is shown inAppendix Awhere a brief introduction to the data is outlined as well. The sea
ice observationsprovide keyinputs to define the start- and end datesof the winterperiod

in which the sea iceis modelled using the thermal icegrowth model.
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Figure4-2: Overview of the sea ice observation stations frofiISBESthat are chosen to be representative
of the KFllIsite.

4.2  Air temperature

The air temperature, Y, is another primary input needed for the thermal ice growth

model. Historical recordings of the air temperatureare available in the datases provided

through the opendata service of[ DMIMET]for several observation stations these are

referred to as DMI stations in the following. The DMI stations aseipplemented with the

historical recordings of [ DWDMET]for the Arkona meteorological observation station

The closest observation statiors to the KFll site are iDrogden Fyrbwhich is located
approximately 40 km North of the KFIl Northareas LU ¢ U T éURaJd IWLHTG twidah list q b e 1O
located approximately 40 km West of the KFIl Southrea, as seen in Figure 4-3. In
CTTRQRYUAWq6 WDWGSERE qYI RAcCGWI WHEYI| Gaisen-icld ¥ G 1JL
meteorological observation station, located approximately 60 km Soutivest of the KFII

South area, are used in the sea ice assessmenihe historical availability of the air
temperature data is discussed in Sectiord.6. The air temperature measurements from

the aforementioned DMI stations are assessed to be representative of the air
temperature at the evaluatedKFlIsite since they are located within proximity to the site

and mostly surrounded by seawater The meteorological observation stations

WYl U6YQOOat ehde n by 6 arei€bdbiid the air temperature validation performed

in Section5.2 and thus depictedin Figure4-1 and Figure4-3 as well.
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Figure4-3: Overview of themeteorological observation stations from which datasets are extracted from
[DMIMET]and [DWDMETRNd subsequently used for data validation omapplied as input to the thermal ice
growth model.

4.3 Sea surface temperature

In the thermal ice growth modelthe sea surface temperature (SST),Y, is used to limit

the timestamps where the ice can thermally grow. Historical measurements of the SST

with sufficiently high quality are scarce. Howeverrecordings of theSSTare available in

the datasets of [DMIOCH for the nearby harbours ofw ¢ 1+ thGdw ] 13T shdwn i

Figure4-1.f UWWIE T T RqRY U A WE E N LG ARAGtérzoledJ§rskepgightship aved LWa 6 1J W
available through [FBR]¢ U IR#tiigcahd w u i R U epés¥aliobservation stations are

available from [MADSEN]and [SPARRE]The historical availability of the SST data is

discussed in Section4.6.

T6 DWEENWG ¢t 2 | Hesndd dpvridie lappliedltb the winter of 200/2011,
56101 Wet W6 W EENLW G IGedser IHavibEre) gdedL for | thé dwibitér of
2009/2010. The SSTmeasurements recorded attR &1 2afesed for the evaluation of
the winter of 1995/1996. N6 IJWEEN WG 3¢t 2 1 13 G 13 Wofit RUD qhiéristrcdrel) T LWe q L
used for the evaluation of the winters 1978/1979, 1981/1982, 1984/1985, 1985/1986 and
the early winters of 1962/1963, 1965/1966, 1969/1970, and 1971/197Rlote however,
that the SST datan | Y O W op&iId Lyt | H Y | 1JighiSHip!in thet afb@@ehationed
winters is limited due to the common practice of retracting lightships to their harbours
for periods of present sea ice, applied at the time. Thealidity of the SST measurements
for use in the thermal ice growth models examined in detail in Section5.3. Here the
modelled SST data from the Baltic Sea Physics Reanalysis (BSPR)duct of [ CMEMS]is
usedto assessif the variousSST measurementsare applicable at the site
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Figure4-4: Overview of theoceanographic observation stations from which datasets are extracted from
[DMIOCH, [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 SSTmeasurements are applied in the data validation and/oras 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, "Y. 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 theeawater 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
changingseasons, the freezing temperature for the saline water is determinedy the use

of data from the winter periods only. The salinity at theKFll 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 ifrigure4-5.
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Figure4-5: Salinity of theKFlIsite from the modelled dataset off CMEMS] The individual winters including
months January to Marchare 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 levelfgipt is
selected for use in the thermal ice growth model.

By the use ofEq. D.1 Iin[IEC6131] the freezing temperature of the saline water of th&FII
site is determined to"Y=-0.38°C. The upper SST limit for when the ice can thermally grow,
Y, ,is chosen by adding +0.5°C to'Yresulting in a value of 012°C. This is done as a
conservative choice to account for measuringnaccuracy. This means that any potential
ice growth for timestamps where’Y ™Y, is disregarded for all winters.

4.5 Hindcast dataset

The wind and current data is used to determine thewind-ice drift directional
misalignment, the ice drift velocity, and the duration of mobile sea ice as indicated in
Table4-1. These datasets are available in théindcast datasets provided by the Client
found in [HCWWDATARNd [HCCUDATA] Individual hindcast datasets are available for
each of thesixreference locations of KFlldepicted in Figure4-6, which is a reproduction
of Figure 31 from[MA]. The hindcast data is examined in more detail in Sectiob.5.
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Figure 4-6: Overview of the reference locations for themetocean hindcast time series for KFIL
Reproduction of Figure 31 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 depictedin Figure4-7.

Avaialbility of data sources
T T T T
[0 Winters with competent sea ice
©  Air temperatures
o Sea surface temperatures
©  Hindcast

Vindebaek Kyst, Ta

Gedser, T

Drogden Fyr, Ts — -

Bornholms Lufthavn, T, —

Arkona, T i~

Falsterborev Fyrskepp, T B

Kiintholm, T | —

Radvig, Tw —

Hesnees Havn I, T - —_—

Gedser Havn I, T -

Baltic Sea Physics - Krigers Flak, Tw ~

Hindcast, Wind —

Hindcast, Current [~

1 1 1 1
1970 1980 1990 2000 2010

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 "Y is appended to the station name. The avaibility of SST from oceanographic observation stations,
including the BSPRmodel is marked with a red colour scheme andY is appended to the station name.
The availability of the hindcast timeseries is shown as wellWinter periods used for the present evaluation
are indicated by the vertical grey areas.
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The data sources depicted irFigure4-7 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 secopdority,
etc. The validity of the various datasets is examined in more detail in Sectid?2 and
Section 5.3 before these are used as inputs to the thermal ice growth model.
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5. Pre-processing ofinput data and review of data quality

Before the datapresented in Section4 is used to describe the sea ice condition at the
KFIl site, pre-processing of the individual data types is performed.lIf 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 fron{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 béveen 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 detaikd 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 assite-specific processed ice observations based on the
historical recordings across multiple sea ice observation stations. The various
methodologies applied to populate categories of the sitespecific 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 firstand 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 derivedNote that the
observation period covers a full winter from the firstto the last date with observed ice,
i.e., days without ice canoccur in the observation period, see Sectiorb.1.2.

For specific winters, ice atlases are used to correct the firstand last ice observation date
to reduce the level of conservatism of the calculated sheet ice thicknessThis is done for
the winters of 1978/1979, 1981/1982, 1984/1985, 1985/1986, 1986/1987and 2009/2010
as shownin 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 availablelt is noted that the first date of observed sea icefrom the ice
atlases, is conservatively selected as the date of the last recording of ickee waters
before sea ice is present at the site. The last date of observed sea jcgom the ice
atlases, is conservatively selected as the date of the first recording of icree 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 iAppendix D

Kriegers Flak 1Dffshore Wind Farm| Sea Ice Site Condition Assessment 23114



CZWIND

Winter with
ice

First ice observation day

Last ice observation day

Days inthe ice
observation
period

[year range]
1962 to 1963
1965 to 1966
1969 to 1970
1971 to 1972
1978 to 1979
1981 to 1982
1984 to 1985
1985 to 1986
1986 to 1987
1995 to 1996
2009 to 2010
2010 to 2011

Date
27/Dec/1962
17/Jan1966
24/Dec/1969
15/Jan1972
24/Jan'1979
14/Jan/1982
07/Fek/1985
20/Fel/1986
22/Jan'1987
30/Dec/1995
04/Fek/2010
27/Dec/2010

Station
Gedser- Havn
Gedser- Havn
Gedser- Havn
Gedser- Havn
SMHlI ice atlas
SMHI ice atlas
SMHlI ice atlas
SMHI ice atlas
SMHlI ice atlas
Gedser- Havn
SMHI ice atlas

Mgan Fyr

Date
28/Apr/1963
12/Mar/1966
29/Mar/1970
17/Fel/1972
25/Mar/1979
23/Feb/1982
02/Apr/1985
28/Mar/1986
31/Mar/1987
03/Apr/1996
02/Mar/2010
15/Fel/2011

Station
StevnsFyr
Gedser- Havn
StevnsFyr
Mgn Fyr
SMHlI ice atlas
SMHI ice atlas
SMHI ice atlas
SMHI ice atlas
SMHI ice atlas
StevnsFyr
SMHI ice atlas
Man Fyr

[days]
122
54
95
33
60
40
54
36
68
95
26
50

Table 5-1: Summation of all evaluated ice winters from 1960 to 202 including first- and last ice
observation date, and the total number of days in the observation periodhe SMHI ice atlas can be found

in Appendix D

5.1.2 Number of days withobservedice
Prior to the winter of 1983, ice observations were recorded by use of the DaniSkaice

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.

YIKIRHE qUNY! RUt Wt RUARUIWqsIWUe G

For the winter years after 1983, when the Baltic Sdae code was
implemented, the number of dayswith ice can bedetermined’n | Y O W¢ U AKUSKIRKLILE 6 1J LLh

A1

Wwynuwi

c!

number of ice days has been determined for all observain stations, the maximum
envelope is chosen to represent the number of ice days at the€Flisite.

Maximum envelope Days Wlth observed Days inthe ice
Winter with ice
station observation period

[year range]

1962 to 1963
1965 t01966
1969 to 1970
1971 to 1972
1978 to 1979
1981 to 1982
1984 to 1985
1985 to 1986
1986 to 1987
1995 to 1996
2009 to 2010
2010 to 2011

StevnsFyr
Gedser- Havn
Gedser- Havn
Gedser- Havn
Gedser- Havn
Gedser- Havn

Radvigr farvandet
Rgdvig- farvandet

StevnsFyr
Gedser- Havn
Gedser- Havn

Man Fyr

[days]
105
47
85
32
60
40
54
36
68
62
26
50

[days]

122

54
95
33
60
40
54
36
68
95
26
50

Table5-2: Summation of days with ice for the ice wintersThe days in the observation period from Section
5.1.1areshown as well to highlight that the days with observed icare always less, or equalto 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 th&Flisite. 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 1983he ice type
categories treated as competent ice also changedThe categories defined as competent
sea ice before 1983are outlined in Table5-3. The number of days with competent ice for
a given winterfor a single observationstation 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 winterfor the KFllIsite, is outlined below:

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

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

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

4. When the observation station is found inStep 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 icerepresents the ice
observationsfrom an actual observation station.The reason for not applying a maximum

envelope approachis that some winters would end up having more days with competent

ice than the number of days in the ice observation period outlined in Sectidn1.1, which

would simply be incorrect. N6 131 13n Y1 1AW q 6 1J LW rbcapplidd addadtmddc GGl Y ¢
above.

lcecategory | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 |09
(2] — (%] ) —
s [ [ s D 0 = 8
@ S 3 2 4 g2 2> 3
o 5 S e S = <G 3 5 e
Ice types > = 5 3 8 3 ° g 2 oz 2o -
= - @ E 5 = ® = EQ 9]
o = = Lo o
g & g 8 = ES S 52 <
@ ) & »° » <o
Competent ice X X X X X

Table5-3: 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 Séee code.

N 6 1J s U IN ategories of the Baltic SeacecY T JWHY | | 13t &rrodrt &idd Y Wa 6 1J 1
arrangement of sea icasl LU aSéagkeNIh IOR & 1J 10T 1J 2 1J il @gograbtyoeféén of

R Hidspeéttively. Each category contains thesubcategories = e 0T e KQYH&Dufdg @ HOf
specific subcategorywithin each category.

The first step in finding he days withpotential competent ice for a given winterafter 1983
istodefineqé JWUea G AN WYnWI ¢!t WY nNnWGYqUWUqqREe O WHAYIG 1 q 1J
w Ecblé [FoBd@gory. The subcategories selected for potential competent sea ice are
summarised inTable5-4.
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Subcategory
from the Baltic 1 2 3 4 ) 7 X
Sea ice code
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Table5-4:8 2 IJ1 2 RI1Js B uol ¢ &b difiegories 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 withpotential competent R # 1J lU'n YAK 8L ¢ G TLLIh
Ak LUF ¢ qftr@ach delected observation station by calculating the sum of the
days for the competent icesubcategories.
2. Calculate the mean number of competent ice days between the observation
b gqgcqRY Ut AUBHIIREIW BIMG BN Y ! 1O
3. Determine the observation stations with the recorded number of competent ice
daysclosest to the mean value found irStep = LU Y | AKISHIHSTAIHIEG o 1IN Y ! 1O
4. When the observation statiors arefound inStep O LUn Y | AklIGdlumTLRIEID q I DY | §
the number ofdays with competent ice is chosen from that observation station
n Y| LU SKke SRUBAIETRY LUBIG o 1IN Y 1 ! 1O
Ot WWas Wi RURG 2 O LW iR W ENYEsHiidsclbsesttdIriean to
determine the number of days with competent ice for the given winter.

o

An example of the method outlined above is shown iRigure5-1.

Station 1 Station 2 Station 3 Processed observations
o 1 2 3 4 5 6 7 8 9 X 0 1 2 3 4 5 6 7 8 9 X o 1 2 3 4 5 6 7 8 9 X st1 st2 5t3  [Closestto | Competent ice days
mean min(Closest to mean)
A [1z][7]s]2] | 10] [o]7]s 27 T 1T 11 @111 [4]a 7 [a0]
H 1715 | 1 19] 23] 14 ] IBRE 7] [ ] 14 a0 | [32] | a0 27
| = v| Gl CL )| Ghals
K

Figure5-1: Example of thesb¢ 2 1J | appodale applied to preprocess the observations from multiple sea
ice observation stationsafter 1983and find the number of days with competent ice.
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In theexample ofFigure5-1, three stations with ice observations following the Baltic Sea
ice code are given for a winter period. Thesubcategories within each of thetAk SklAhd
Akcategoriesselected as the definition of competentice are indicated by the white boxes
in which some contain a recorded number of ice days. To the right &igure 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 tAk 8H1thU [MRbdiegories following Step 1. From these, the
mean values are determined as stated ifstep 2. For this example case, the mean values
are determined as 31.7,41,3, and 25.3 for thetAk Si1LHA ¢ Td datikbjories respectively.
Following Step 3, the observation station with the number of comptent ice observation
days closest to this mean is determined foeach of thefAk Sk HJ MMkidsegories. These
are indicated in purple, green, and blue irFigure 5-1, originating from the observation
stations fStation 3 KO w E q) ¢ andRvy E) ¢ Yafesp@ctdelybThe number of days of
competent ice within each Ak 8{IERU ITlbdegory is determined in accordance with
Step 4, and finally, the minimum envelope approach is applied to determine theaumber
of days with competent sea ice for the given wintét WIRU W q 6 Rt W+ ¢ MG JW=T
category offStation 3bndicated in blue.

The reason forapplyingthe minimum envelopeapproach is that all criteria of the /Ak SKLLIh
¢ U Mkhstegories 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-éategory
occurrence may have occurred at the same time as an insignificant -8ategory
occurrence).

As for the winters before 1983the 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 iTable5-5 for the winters
with a resulting number of days of potential sea ice larger than (xero) The winters
shown in Table 5-5 will form the basis for the calculation of the sea ice condition
parameters for theKFllsite.
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Days with competent ice,

Winter with At Sith U TTHéHtegories Days with competent Observation station for
ice ice competent ice
[year range] [days] [days] [-]
1962 to 1963 - - - 70 StevnsFyr
1965 to 1966 - - - 7 StevnsFyr
1969 to 1970 - - - 35 Mgan Fyr
1971 to 1972 - - - 1 Radvig- farvandet
1978 to 1979 - - - 31 Mgn Fy
1981 to 1982 - - - 6 Mgn Fyr
1984 to 1985 66 52 64 52 Radvig- farvandet
1985 to 1986 32 31 15 15 Gedser- Havn
1986 to 1987 56 40 44 40 Mgn Fyr
1995 to 1996 36 21 21 21 Mgn Fyr
2009 to 2010 8 2 3 2 Gedser- Havn
2010 to 2011 17 1 1 1 Man Fyr

Table5-5: Days with competent ice for the winters where the days with competent ice were not equal to 0
(zero).

514 AY Ge i ¢ qRtiatBgdiy 6 1J Wh

N 6 B tgkegory in theBaltic Seaice code corresponds q Y LUStégebigel 2 D0 YGG WU qb
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 nurar 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 representativew Ecdtegory distribution

for the KFllsite follows a somewhat similar method as outlined in Sectiorb.1.3 with

small differences:

1. Calculate the mean number of days foreach subcategory of the w Ec&egory
across all observation stations.

2. Determine the observation stations with the number of days closest to the mean
value found inStep 1 for each subcategory of thew Ec&egory.

3. When the observation statiors for each subcategory have been determinedn
Step 2, the number of days for the individual subcategaesis selected to populate
the subcategories of the sitespecific processed ice observations

The approach is exemplified inFigure 5-2, in which the observations recorded in
subcategory X t 'n Wl de@sldtHgdry from three different observation stations are
processed.

Station 1 Station 2 Station 3 Processed observations

0 1 2 3 4 5 6 7 8 9% Xx|0 1 2 3 4 5 6 7 8 9 X |0 1 2 3 4 5 6 7 8 9 Xx)J0 1 2 3 4 5 & 7 8 9 X

s ]

Figure5-2: Example of thesb¢ 2 1J | appoldale Hpplied to preprocess theobservations from multiple sea
ice observation stations and populate thew Ec&tegory of the Baltic Sea ice code.

Based on the example recordings from the three sea ice observation stations exemplified
in Figure5-2, (12, 6, and 7 days) the mean value of 8.3 days is determined. The clsie
actual observation to the mean value of 8.3 days is the 7 days from observation station
iStation3k Alls 6 RAG WRY Wet T Wa Y WG Slte-spécifidptdopésedticklt 2 HH ¢ @

Kriegers Flak 1Dffshore Wind Farm| Sea Ice Site Condition Assessment 28| 114



CZWIND

observations. By following the method above a populated vsEcategory representative
for the KFllsite is found and used to distribute ice thicknesses in thickness bins in
Section6.4.

As previously discussed the Danish Seaice code was usedfor the ice recordings before
1983. Thus, detailed information from thew Ec&tegory of the Baltic Seaice code is not
available for winters before 1983. To estimate tha Ecdegory of these earlier winters,
the concept ofwinter parringis introduced. Parried winters are determined for all winters
before 1983, by parring the most comparable winter after 1983 based on théuldesum
parameter T a measure for the severity of the given winter (se&ppendix A. By use of the
ice thickness records from the comparable paired winter, the ice detaildor the w E B
category in accordance with the Baltic Seaice code for winters before 1983 can be
estimated. The result of the pairing is outlined iMable 5-6 where the winters included
are based on the winters with competent ice according to Sectiob.1.3.

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

Table5-6: Pairing of winters withcompetent 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 Sectio®.1.3.

Based on the outlined methodology in this section, thay Ec@itegory is populated for all
ice winters and shown inTable5-7 for the subcategoriesneeded in Section6.4.2. Please
note that the number of days with competent ice is less than the sum of the days in the
w Ec@iegories shown inTable 5-7 for some of the wintes. Thisis discussed in Section
6.4.2.
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Winter with BEVS Wil Subcategory 3 Subcategory 4 Su?category 8 SUBEEEEe) S

e competent I= 1530 cm I= 3050 cm |=1530cm I> 1530 cm

ice . . with thicker ice with thinner ice
[year range] [days] [days] Station [days] Station [days] Station [days]  Station
1962 to 1963 70 24 Rodvg 6 Man Fyr 0 Gedserr 0 Gedserr
Gedser- Gedsert Gedsert Gedsert

1965 to 1966 7 0 Havn 0 Havn 0 Havn 0 Havn
1969 to 1970 35 3 Mgn Fyr 2 Mgn Fyr 9 f::/g\rlll(?;t 3 fgr?/g:g;t
Gedser- Gedsert Gedsert Gedsert

197110 1972 L 0 Havn 0 Havn 0 Havn 0 Havn
1978 to 1979 31 3 Mon Fyr 2 Mon Fyr 9 ot g Redvar
1981 to 1982 6 3 Mgn Fyr 2 Mgn Fyr 9 fSr?/g\r/]ic?;t 3 fgr?/g:g;t
1984 to 1985 52 24 Rodvg 6 Man Fyr 0 Gedserr 0 Gedserr
1985 to 1986 15 3 Man Fyr 2 Man Fyr 9 Rodvar 3 Rodvar
Gedser- StevnsFyrT StevnsFyrt Gedsert

1986 to 1987 40 19 Havn 8 farvandet 10 farvandet 0 Havn
Radvig- Gedsert Gedsert Gedsert

1995 to 1996 21 8 farvandet 0 Havn 0 Havn 0 Havn
Gedser- Gedsert Gedsert Gedsert

2009 to 2010 - 0 Havn 0 Havn 0 Havn 0 Havn
Gedser- Gedser- Gedser- Gedser-

201010 2011 L 0 Havn 0 Havn 0 Havn 0 Havn

Table5-7: Daysin the w Ec&egory for the ice winters. Theobservation stations where the number of days
originates from is also shown.The number of days in thesubcategoriesbefore 1983 is based on the winter
pairing method shown inTable5-6.

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 timeseriesare
outlined in Section4.2. 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 invald 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 periodsThe
comparisons of themeasured temperatures for the individual winter periods are given in
Figure5-3 and Figure5-4.
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Temperature measurements for evaluated winters
Winter 1962 to 1963 Winter 1965 to 1966
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Figure5-3: Comparison of air temperature measurements fromwo selected meteorological observation
stations for the selected winters between 1962 and 198 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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Temperature measurements for evaluated winters

Winter 1984 to 1985 Winter 1985 to 1986
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Figure5-4: Comparison of air temperature measurements from two selected meterological observation
stations for the selected winters between 198 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 ofFigure 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 foundAs a result, it is
concluded that the air temperature measurements from thechosen meteorological
observation stations are suited as inputs for the thermal ice growth model.
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5.3 Seasurface temperaturetimeseries

As mentioned in Section4.3, the sea surface temperatures (SSTare used to limit the
thermal ice growth. These are applied when available and atesed on a prioritized list
asdiscussed in Section4.6. 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 detalil.

From the Baltic Sea Physics Reanalysis (BSPR) produwffCMEMS] the SST is extracted
for a point between the North and South part of the KFII sitdhese SSTodel data are
used to justify the use of the SST measurements from stations located at asthnce from
the evaluated site. In addition, the modelled SST dataset is usdd assess the validity of
the measured SST datasets before these are used as inputs to the thermal ice growth
model.

The validityY 'n lWa 6 JWE EN WG J ¢ Gexldeld 8 & 2ib dxattimédYoi tHehperiod
from the 1% of December to the F of March for all winters from 2003 to 2010. The
correlation between the measured and the modelled SST data is given in theper left
plot of Figure5-5. The SST measurementiom Wwesnaes Havntal® applied for thermal

ice growthfor the most recent ice winter of 2010/2011The SST correlation igperformed

for the period from the T' of December to the F of March forall winters from 2006 to
2014 overlapping the winter of 2010/2011 in which these SSieasurements are applied
The results are presented irthe upper right plot of Figure5-5. The SST measurements
from the oceanographic station oftfR © 1 2afe Bpblied for the ice winter of 1995/1996.
The SST correlation is performed for the period from thetbf December to the T 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
YA U1 2 ¢ qR YWILR 4 q d@eRpnliddl iormiditiple ice winters. As noted ifFigure
4-7, no overlap is found between the modelled SST data CMEMS] and the
Gct 21 13013 WdgRImIBMWS] thékvalidity of thew u G R U S ¥héadutements
Rt WJ2¢tecqlll Wnl YadWgsWIWHRY! | i A §R Héamgraihics 1J LWWE E N
observation station. The results of the SST correlation are presented in the lower right
plot of Figure5-5.
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Figure 5-5: Correlation between measured and modelled SST for the temperature rangé& °C to 4 °C
Upper left: The modelled SSTdata from [CMEMS]and measured data from q 6 IGHdiger - Havnb
oceanographic observation station Upper right: The modelled SSTdata from [CMEMS]Jand the measured
SSTdata fromthew ¢ It U Gt ¢Oeancgriphi¢t@bservation station Lower left: The modelled SSTdata
from [CMEMS]¢ UT Waq6 DWaG ¢t a1 13T UAGH NalRkBabgraphihdbséntatibn étaditihH ower
right: The measured SST data fronthe A © 1 éeénkgraphic observation station and the measured SST
I ¢ q¢ Wn luYRUWaudsAtbgraphic observation station.

From the correlation plot of the SSTdata from the BSPRmodel and the measured SST

n | YGedsér-c ¢ 2 tbdnd to the upper left of Figure5-5, it is seen that the modelled

SSTs are generally higher with an average model bias of 1A3in the evaluated low-
temperature range from-1 °C to 4 °C.A similar, however less pronounced, tendency is
F3uU0Wn Yl Waé6 WWE E N WHEYI H UG ¢ lasgesY ZJUiBECUi peayidhn plok dila 6 1J Wh
Figure5-5t0LL t LIGedsetlio 6 BB correlation, the modelled SSTs are again higher
q6c¢cUWllgd WG Uct 21 JDIIE EN IMdtIca8 BveisDe vadébias 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 thay A © 1 aedarddsaphic observation station is found to the lower left ofigure
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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 thew] T widlc ®O BixWh UGt 0O8ST2 U b
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

SSTsare lower than the measur@ SSTsThe correlation between the SST measurements

¢ qllgd RUaé ¥ B Bk dEeibgraphic observation stations is found in the lower

right plot of Figure 5-5. In general, a good correlation between the measured SSTs is

nYe Ol IOW[ 21 q6 31 AWRq WR Wi ld IR japesstinitiid@bet,) with &hc + 2 1 13 G
¢c20l ¢NUWHREY WYNWMIOOPW 9 W6 ABWLg&NXMAGIIct 21 3G 1IUGq

The lack of a sanity check fothew [ ¢ Gt q 131 H Y | SSEn&{suredments lis &f @ied

to be acceptable as a result of the common practice of retracting the lightship to the
harbours in the presence ofsea ice. Ths practice is seen as the absence of SST
measurements from thew [ ¢ Gt q 31 HY | fidr2ldBder! perfods linGtigEEearly 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 acceptablecorrelation between the modelled SST data fromthe BSPR
model and the various measured SST datasets 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 €f °C to 4 °C. Thus, in conclusion,
the evaluated SST datasets areepresentative of the OWF site despite the relative
distance. Furtherd W q 6 1J W E E N W a 1J cA &l | 20RN0NaR () @rey fiuhdsto
correlate well within the evaluated period.

5.4 Temperature timeseriesfor ice winters

The air and SST measurements used as inputs to the thermal ice growth model are
summarised in Figure5-6 and Figure5-7.
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Temperature measurements for evaluated winters

Winter 1962 to 1963 Winter 1965 to 1966
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Figure 5-6: Air temperature, "Y, and sea surface temperature (SST),Y, measurements from preferred
meteorological- and oceanographic observation stations for the selected winters betweet962 and 1982.
The freezing temperature of the seawater¥, , found in Section4.4 is also shown. Note, how the
measul 130 13U qt IU¥ 6 a8 1AV Uightéhip!ate imissihG & the periods in which sea ice is
present, as a result of the common practice of retracting the lightships to thearbours applied at the time
according to Section VII of SPARRE]
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Temperature measurements for evaluated winters

Winter 1984 to 1985 Winter 1985 to 1986
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Figure 5-7: Air temperature, “Y, and sea surface temperature (SST) Y, measurements from preferred
meteorological- and oceanographic observation stations for the selected winters between 19Band 2011.
The freezing temperature of the seawater)y, found in Section4.4is also shown

These air- and SST measurementsused as inputs to the thermal ice growth modelare
repeated below each evaluatedice winter in the detailed overview plots found irFigure
C-1and FigureC-2in Appendix C

5.5 Selection ofhindcast dataset

In Section4.5, hindcast datasets forsix individual reference locations are identified for
the KFlIsite. The risk of subjecting thesupport 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 oEq. 3.3.3. ofSection 3.3 of[VICE]is appliedto 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 kn? is used? for assessing the ice drift velocityfor all reference Iocations.

The histograns of the calculated ice velocities for thesix reference locations are given in
Figure5-8.

Figure5-8: Histogram of theestimated ice drift velocities calculated from the wind- and current hindcast
data for the six reference locations w EIIN-T B €KY twdtlIN-Deb FOw 4T [Bfe K taedfwfu B -® Bvifdin
the KFllsite. All ice drift velocity bins below 0.2 m/s are indicated in orange, and theummed number of
occurrences within these arestated in the figure label.

From Figure 5-8, it is seen how thenumber of occurrences ofthe estimated ice drift

velocitR I3t WA T Ys WMIO= W& ot WRY WE RN GKBIINGHAR & reshiligtbeld W 13N 1
wind-¢ UT Wrzl | DUqW6E RUT H#¢t qlll ¢ akEltNITspte WkadYfor thé 13n 131 13
evaluations of the present report.

5.5.1 Selection ofsurface current

According to Equation D.9 ofIEC6131] the current velocity 1 m below the lower ice
surface shall be applied in the evaluation of the forces from currents on the sheet icin
the 3D model hindcast data offHCCUDATA] 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 1igmotnecessarilya representative ice floe size
for the KFII site
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