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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 Sea basin
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)
EE EnerginetEltransmission A/S
ELIE Extreme Level Ice Event
EVA Extreme Value Analysis
EWS Early Warning Signals
FEED Front-End Engineering Design
FLS Fatigue Limit State
HS Hesselg South
IPCC Intergovernmental Panel on Climate Change
ibid. From Latin RART WO WesRUW a8 Wt ¢ GUWWGHEHIwLL Al
references to a quoted work that has been mentioned in a previous reference
ILA Integrated Load Analysis
MSL Mean Sea Level
NC Non-compliant
OWF Offshore WindFarm
ppm Parts permillion
ppt Parts per thousand
QQ Quantile-Quantile
RCP Representative Concentration Pathways
RMSE Root MeanSquareError
SSP Shared Socioeconomic Pathways
SST Sea Surface Temperature
SMHI SverigesMeteorologiska ochHydrologiska Institut
SWL Still Water Level
ULS Ultimate Limit State
WTG Wind Turbine Generator

e

(0]

¢

Weibull scale parameter

Current drag coefficient

Crushing ice strength coefficient

1-year aushing ice strength coefficientfor noncompliant support structures
1-year aushing ice strength coefficientfor compliant support structures
50-year aushing ice strength coefficientfor noncompliant support structures
Averageice strength coefficientfor noncompliant support structures
Surface current speed

Wind drag coefficient

Diameter at ice actionelevation

Days in the’Q bin

Days of occurrence for each ice thickness bin ithe lifetime of the wind farm
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Days of ice thickness interval, for interval0-15[ cm

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

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

Days of thickness interval
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Vector of the drag forceon the ice, caused by current 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-year consolidated 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 shapeparameter

Empirical exponent

A number whichdepends on the ice thickness

Time

Projected width of thesupport structure
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3 SWL range for ULS DLCs
— Ice direction (coming from direction)
— Wind direction (coming from direction)
” Density of ice

Density of water

" Density of air

Y Flexural strength of the ice sheet

f Thermal conductivity factor
I Thermal conductivity of ice
T Adhesive strength

%0 Angle of internal friction

AYRt Y YUKt W ¢ qRYWnY! WRHEWLW 6 1J1Jq
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 iceelated 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 =3FBcm Section 6.3

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

compliant structures and/or large relative velocity
between support structure and ice,0 8

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 50year ice crushing strength is only to be used if thgear 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 theHesselg SouthOffshore Wind Farm
(HS) project, located in Kattegat The purpose of this document is to serve as
documentation of the sea ice conditions to be usedfor Front-End Engineering Design
(FEED) oWind Turbine Generators (WTGshcluding the substructure and foundation. It
contains sea ice parameters for support structureswith 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 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 which 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
The HS area for investigationis located off the North coast of Zealand,Denmark, see
Figurel-1.

Hesselg site boundaries

a 8 16 km
(o e -

Figurel-1: Overview of theHSsite.

Hesselg South| Sea IceSite Condition Assessment 9/109



CZWIND

2. Generalconsiderations

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 mMSIhis 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 withthe caption text of Table lof [WA], the WTG hub height is assumed to
be:

| 5 150.0MDVR90.
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 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 (mDVR90).
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.
- Ice drift coming: °N coming from.

- Directional bins of 30°: SeeTable2-1.

Current directionGoing to 4 North, 0°

East,90°

Wind,ice dri
Goming from

Figure2-1: Compass directions and directional convention.

Hesselg South| Sea IceSite Condition Assessment 10/109



CZWIND

Directional bin centre Directional bin interval

[°N] [°N]

0 O PgHA5
30 N P g4l
60 NP g7
90 T P gH]106
120 N M Pglt 135
150 N O Pglt 165
180 N 3 Pt 195
210 N ® Pgid 325
240 = = Pgd a8
270 = P Pgdas
300 = Y Pg 18
330 O N Pgd 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) plothiroughout 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.

cC

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

U Danish Seaice code: The sea ice registration method before 1983 when the
method was switched to the Baltic Seadce 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.
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U Competent ice: Sea icetypes that are competent of inducing nonnegligible
loads to the support structure and furthermore have not been rafted, compacted,
or broken up and then refrozenThis is further explained in Sectiorb.1.3.

U lce winter : Winter with at least 1 day oftompetent ice.

U Mobile seaice: Sea ice thatis movable (e.g. not frozen in place)

U Immobile sea ice: Sea ice thatis not movable (e.g. frozen in place).

U 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 WTGupport structures.

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

U 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.

Hesselg South| Sea IceSite Condition Assessment 12109
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3. Applied standards and guidelines

The present document is made in accordance 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, 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 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 DLCcorresponds 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 design 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.

Sea ice parameter Reference

50-year sheet ice
thickness, "Q

1-year ice crushing
strength coefficient, 0 j
Average ice crushing
strength coefficient, 6 j
50-year ice ridge
geometry

Ice velocity

Sheet ice thickness
distribution

Wind-ice drift directional
misalignment and
occurrence frequencies
Mobile ice duration
Flexural failure mode
parameters

Section 6.3

Section 8.1

Section 8.2

Section7

Sections 11.1
and 11.2

Section 6.4

Section 10

Section6.4.1

Section 9

X

X

X

X

X

X

X

X

X

X

| D3 | D4 | D5 | D6 | - | D7 | D8 |
 Selc1 ] Selc2 - | Selc6 | Selc3 | Selc5 | Selc4 |

X

X

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}

Hesselg South| Sea IceSite Condition Assessment
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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 saurces are used.The data sources are a mixture of e.g. historical sea
ice observations, historical temperature measurements, and hindcast model dataThe
sea ice observations are primarily recordings of the number of days where a specific type
of sea ice have been observed at stations across Denmark hosted by the Danish authority
Istienesten. The historical temperature measurements are either airor sea surface
temperatures (SSTs), where the air temperatures are from DMI, and the SSTs are from
various sources. The primaryenvironmental data applied to determine each sea ice
parameter is 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 datatypes used as input to calculate and justify the sea 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]
. [DMIOCH, [SMHIOCH, [SPARRE]MADSEN]
Sea surface temperatures Section4.3 [CMEMS]
Salinity Section 4.4 [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 inFigure4-1.
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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.
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@ Sea Ice Observation Stations -
@ Meteorological Observation Station 3
@ Oceanographic Observation Station/Model /
= P
7
-
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()
Fornaes Fyr.Fomaes Fyr
BSPR
Tl >
Nakkehoved F Nakkehoved Fyr
Sletterhage JLE e yr. Y
¢ Hornbaek H
1 ornbael avn ,
‘Gmben - Hundested - N
Rorvig 0 8 16km
® S S

Figure4-1: Overview of the location and type of the primary data sources used for tlsgaice 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 (SST)
and salinity.

4.1 Seaice observations

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 HSsite. An overview of thesea ice observationsfrom 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 froffiISBES}hat are chosen to be representative
of the HSsite.

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 followingOne of he closest observation statiors to the
HSt R q BolihBe$ Fiftwhich is located approximately30 km East ofthe HS site as seen

in Figure4-310Wf qqW Rt WUOY qWT Allqd ¢ qllqé I WRoMdas FytbwasU N WY n LW
discontinued the 1% of Jaruary 2000, why the air temperature measurementsafter this
date¢ | 1JWn | GhibetByiéébidimgical observation station, located approximately 30
km Southwest of the evaluated site (see Figure4-3). Thehistorical 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 evaluatedHS site since both are located within proximity to the site
and mostly surrounded by seawaterN 6 IJ BB t 1J6 Y 2méled@]odidalbbServation
station is used for the air temperature validation performed in Sectiorb.2 and thus
depicted in Figure4-1 and Figure4-3 as well.
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Figure4-3: Overview of themeteorological observation stations from which datasets are extracted from
[DMIMETIJand applied 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. However, recordings of th&STare available in

the datasets of[DMIOCH and [SMHIOCH'n Y | [HordbkkkiHavrk WowWNI lH He T 21 13U 07
respectively, seeFigure4-1.f UW¢ T T RqRYUAWE EN LG 1AchbltaNord i 1J U a1+ LU
u U Y kyHship are available for the early winters cf. [MADSEN]and [SPARRE] The

historical availability of the SST data is discussed in Sectioh6.

T6 DWEENLWG ¢t 2 | cldvil G t Likvel aypliedHo the winters of 2009/2010

¢UT W=MNMo=ZMNNALWs 611 J¢t WardlIJFECET Nellbiguben 7oV that 1J U at L
winters of 1978/1979 and 1984/1985N 6 IJ WA ¢+ 2 | 13 G 1JAhaptt Norduy G Yiid B 1J Wh
lightship are used for the evaluation of the winters 1962/1963, 1965/1966, 1969/1970,

and 1981/1982. Note however, that the SST data| Y ( WandltiNdidu U Y lightskip

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 modislexamined in detalil

in Section5.3. Here themodelled SST data from the Baltic Sea Physics Reanalysis (BSPR)
product of[CMEMS]is usedto assess if the various SST measurements are 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 model (BSPR) ifCMEMS]where the location of the extraction point is shown in the figure as
well. All SSTmeasurements areapplied 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,"Y. The freezing temperature of the saline water will however vary based on
the salinity of the sea water In the inner Danish waters, the salinity of 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 determinebly the use
of data fromthe winter periodsonly. The salinity at theHSsite is available in the hindcast
data of[HCCUDATA]However, this data suggests a salinity level significantly higher than
other sources, which for the purpose of establishing the freezing temperature for saline
water, will be non-conservative. Instead, the modelled salinity included in the dataset of
[CMEMS]is used. The modelled salinity between 2006 and 2016 from this dataset is
depicted in Figure4-5.
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Figure 4-5: Salinity of the HS site from the modelled dataset of[CMEMS] The individual winters from
January to March are marked by unique colours. The 25% lower quantile of the modelled salinity is marked
with a horizontal red line for each winter. As a conservative measure, the salinity level &ffipt is selected

for use in the thermal ice growth model.

By the use ofEq. D.1 in[IEC6131] the freezing temperature of the saline water of thelS
site is determined to"Y=-0.76°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-0.26°C. This is done as a
conservative choice to account for measuring accuracyThis 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 the three reference locatiors of HS depicted in Figure 4-6, which is a partial

reproduction of Figure 31 from [MA]. The hindcast data is examined in more detail in
Section5.5.
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Vil

Figure 4-6: Overview of the refrencei Ioc:;{tio.ns for therﬁetocean hindcast timeseries for HS. Partial
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 T T T I T T
[0 Winters with competent sea ice

©  Air temperatures

©  Sea surface temperatures
©  Hindcast

Fornaes Fyr, Tal -

Gniben, Ta =

Nakkehoved Fyr, Ta — —

Hornbzek Havn, TW [

Trubaduren Boj, TW — ame - —

Anholt Nord - Knob, TW P —

Baltic Sea Physics - Kattegat, T -

Hindcast, Wind [~

Hindcast, Current —

| | | | | | |
1965 1970 1975 1980 1985 1990 1995 2000 2005 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 "Yis 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 wellVinter periods used for the present evaluation
are indicated by the vertical grey areas.

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
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or SST data is the preferred station, the second station from the top is the second
prioritization, etc. From Figure 4-7 it is noted that the winters of 1985/1986 and
1986/1987 are not covered by available SST measurements. The validity of the various
datasets is examined in more detail in Sectio®.2 and Section5.3 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 thedS
site, pre-processing of the individual data types is performedIf 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 1984/1985, 1985/1986, and 1986/1987 as shown Table5-1. 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 availablieis noted
that the first date of observed sea icefrom the ice atlases,is conservatively selected as
the date of the last recording of icefree waters before sea ice is present at the site. The
last date of observed sea icefrom the ice atlases,is conservatively selected as the date
of the first recording of icefree 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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Wmti((a::awnh First ice observation day Last ice observation day

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

Date
07/Jan/1963
19/Jan'1966
08/Jan/1970
03/Jan/1979
17/Dec/1981
14/Jan'1985
06/Feb/1986
12/Jan1987
06/Jan2010
17/Dec/2010

Station
Anholt Fyr
Fornaes Fyr
Hundested
Fornaes Fyr
Hundested

SMHlI ice atlas
SMHI iceatlas
SMHlI ice atlas

Hundested
Hundested

Date
06/Apr/1963
06/Mar/1966
26/Mar/1970
10/Mar/1979
07/Mar/1982
08/Mar/1985
20/Mar/1986
23/Mar/1987
22/Mar/2010
26/Mar/2011

Station

Nakkehoved Fyi

Sletterhage

Nakkehoved Fyi

Hundested
Hundested

SMHlI ice atlas
SMHI ice atlas
SMHI ice atlas

Anholt Fyr
Hundested

Days inthe ice

observation

period

[days]
89
46
77
66
80
53
43
71
75
99

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 RUARUDWqsIWUe G
number of ice days has been determined for all observation stations, the maximum

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 AKUSKIKLILE 6 1J LLh
WyYntwri ¢!

envelope is chosen to represent the number of ice days at thdS site.

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

[year range]
1962 to 1963
1965 to 1966
1969 to 1970
1978 to 1979
1981 to 1982
1984 to 1985
1985 to 1986
1986 t01987
2009 to 2010
2010 to 2011

Sletterhage
Sletterhage
Anholt Fyr
Sletterhage

Nakkehoved Fyr
Nakkehoved Fyr

Sletterhage
Hundested
Hundested
Hundested

[days]

79
28
36
45
45
53
43
71
37
92

A1

[days]

46
77
66
80
53
43
71
75
99

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 theHS 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 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 observation stationis 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 HSsite, 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 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

8 8 o & £ 38 -
- = © @ = e = = o = 5]
A ) = (3] o £ = ° T o = o
2 = = = Eog ST o = o
9 < © = £ o 508 = .2 o >0 2
(Amount and = = s = = o S8ZY z 2 = (T3] Q
Q (2]
arrangement of o & S c o o &G =" g o © c 8 o
) = =3 o 2 8 2 2< 3 = © o = E =)
sea ice) ) > ) o > E-2 g 2 S 5 g
Q ) Q o © =)
> > O o o= =1
Competent ice X X X X X X X X X
v)
< @ © © [} & -
= 5 ks © ks ke £ = s 3 St
~ o x ~ ~ ~ = - = = 2
[S] Q.
S 8 I i) o ) © = s _ 5. £ . S o
55 4% £ £ £ S = °¢ o¢ g¢ Eg
(Stage of ice 5w 82 £ E E E § S o8 8 Eg
gv ETF = S = = vaE | e | sz | 2
development) 3] 0 o o o S = = €9
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% 2 =) o) o) =) 2 o o 9 S =
= — — - ™ Te] =
Competent ice X X X X X X X
e 7] o) < = c =
) = _ — o T
I 0 8 = 5= o E 3 o % o (o] 8 c ©
Q £ @ = = O ] o = T %) (] S <
- o £ (] c o o [ZEe] > O s 9 o S o
T L o =3 ) 8 o 8 c S = - Q5 QL L35 o = T =
Lo oS L8 =38 BN ° OO 9 o T o5 e c €9
(The topography or oV oo cd 8§ 5 A g ?é 2829 g g = = o S -
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Competent ice X X X X X X X

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 of days 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 MR WCENYEEHd &L meHacatehiies 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
0 1 2 3 4 5 6 7 8 9 Xx|o 1 2 3 4 5 6 7 & 9 Xx|0 1 2 3 4 5 6 7 & 9 x| su | s | st |Closestto| Competenticedays
mean | min(Closest to mean)
A [2]7]s]2] | 10 [s]7]s 27 T 1T 11 @111 [4]a 7 [a0]
s 17 ] 15 [ 1 19 23] 14 ] ER 7| || 14 w0 | [32] | |40 27
T [12]2 17] [7]3]2]3 1T 5] [11]1 15
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.

Hesselg South| Sea IceSite Condition Assessment 26109



CZWIND

In theexample ofFigure5-1, three stations with ice observations following the Baltic Sea

ice code are given for a winter period. Theubcategorieswithin each of thefAk SKLIRCTW T LWh
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 &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 AKX SR LLA ¢ Td datdjories 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 for ach of the Ak SKLLLA¢ TWchtégbries. 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 eachfAk SKLIAC TkEhtelbry is determined in accordance withStep

4, and finally, the minimum envelope approach is applied to determine thenumber of

days with competent sea ice for the given wintéfl LUR U lUgq 6 Rt WIJ# ¢Tk HE O 6B D HNh 1 )
of fBtation 3bndicated in blue.

The reason forapplyingthe minimum envelopeapproach is that all criteria of the TAk  SkLLLA
¢ 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 F
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 theHSsite.
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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 - - - 43 Anholt Fyr
1965 to 1966 - - - 10 Fornees Fyr
1969 to 1970 - - - 7 Nakkehoved Fyr
1978 to 1979 - - - 15 Fornees Fyr
1981 to 1982 - - - 5 Anholt Fyr
1984 to 1985 40 32 31 31 Sletterhage
1985 to 1986 28 27 32 27 Fornaes Fyr
1986 to 1987 46 54 51 46 Hundested
2009 to 2010 5 4 9 4 Anholt Fyr
2010 to 2011 5 4 8 4 Nakkehoved Fyr

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

51.4 AY Ge ii ¢ qRtiatBgdiy 6 1J LWh

N 6 B tgkegory in theBaltic Seaice code corresponds q) Y LUStégEMIHIOR H1J 101 112 1J0 Y G
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 representativey Ec&tegory distribution

for the HSsite 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 individualsubcategories are 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 ¥ n LU de@sldtdydry 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 XxJ0 1 2 3 4 5 & 7 8 9 X

; ]

Figure5-2: Example of thesb¢ 2 1J | apptoldale 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 clse

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 Site-spécifidptiopésedticklt 2 HH ¢ @
observations. By following the method above a populated vsEcategory representative
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for the HSsite is found and used to distribute ice thicknesses in thickness bins in Section
6.4.

As previously discussed the Danish Seaice code was usedfor the ice recordings before
1983. Thus, detailed information from thew Ec#egory 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 detailfor 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 t01970 208.4 1985 to 1986 193.3
1978 to 1979 215.2 1985 to 1986 193.3
1981 to 1982 218.7 1985 to 1986 193.3

Table5-6: Pairing of winters with competent ice before the winter 1983/1984 to winters wittbmpetent 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&iiegory is populated for all
ice winters and shown inTable5-7 for the subcategories needed in Sectiorb.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 inTable5-7 for some of the winters before 1983. This is due to the
winter paring exercise and will be further discussed in Sectio6.4.2.

Winter with REVRUILT Subcategory 3 Subcategory 4 Su?category 8 Subcategory 9
ice competent J= 1530 cm J= 3050 cm I= 1530 cm I> 1530 cm
ice with thicker ice with thinner ice
[year range] [days] [days] Station [days] Station [days] Station [days]  Station
1962 to 1963 43 15 Sletterhage 11 Hundested 1 Sletterhage 0 Fornaes Fyr
1965 to 1966 10 0 Fornaes Fyr 0 Fornaes Fyr 0 Fornaes Fyr 0 Fornaes Fyr
1969 to 1970 7 12 Hundested 8 Fornees Fyr 0 Fornaes Fyr 0 Fornaes Fyr
1978 to 1979 15 12 Hundested 8 Fornaes Fyr 0 Fornaes Fyr 0 Fornaes Fyr
1981 to 1982 5 12 Hundested 8 Fornaes Fyr 0 Fornees Fyr 0 Fornees Fyr
1984 to 1985 31 15 Sletterhage 11 Hundested 1 Sletterhage 0 Fornaes Fyr
1985 to 1986 27 12 Hundested 8 Fornaes Fyr 0 Fornaes Fyr 0 Fornaes Fyr
1986 to 1987 46 30 Fornees Fyr 3 Sletterhage 2 Fornaes Fyr 0 Fornaes Fyr
2009 to 2010 4 0 Fornaes Fyr 0 Fornaes Fyr 0 Fornaes Fyr 0 Fornaes Fyr
2010 to 2011 4 0 Fornees Fyr 0 Fornaes Fyr 0 Fornees Fyr 0 Fornaes Fyr

Table5-7: Daysin the w Ecdegory for the ice winters. The observation statios 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

Hesselg South| Sea IceSite Condition Assessment 29/109



CZWIND

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 wiet
period is found.

Erroneous air temperature measurements have previously been identified in some
datasets for PAnholtBrom [DMIMET] why the validity of the applied air temperature data
is examined bycomparison to measurements from nearby stations for all relevant winter
periods. The comparisons of the measured temperatures for the individual winter
periods are given irFigure5-3 and Figure5-4.

Temperature measurements for evaluated winters
Winter 1962 to 1963 Wlnter 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 1985. Note however, thai IJ R g 6 1] | ULRdH&319LE HO
w ¢t t 1Jd&ywEMbervation stations have available data for the winter of 1981/1982, why only
measurements fromthetf Y | U G istidjori are shi@vnfor this period. The blue line represents the primary

air temperature datasetused 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
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Figure5-4: Comparison of air temperature measurements from two selected meterological observation
stations for the selected winters between 1985 and 2011. The blue line represents the primary air
temperature dataset used as input to the thermal ice growth model whereas the red line represents the
measurements from the secondary observation station used for the sanity check.

In the air temperaturemeasurements of Figure 5-3 and Figure 5-4 various outliers and
periods of missing data are noted. In addition,it is noted that the temperature
et el 138 10 UJaqu RIFskisdimiionistidtion for the winterof 1978/1979havebeen
recorded with a different frequency than what iseenfor the remainingwinters. Despite
some obvious outliers and the expected differences between the measurements from
two stations located a distance apart, an overall acceptable agreement in the measured
air temperature is found. As a result, it is concluded that the air temperature
measurements from the chosen meteorological observation stations are suited as
inputs for the thermal ice growth model.

5.3 Seasurface temperature timeseries

As mentioned in Section4.3, the sea surface temperatures (SSTare used to limit the
thermal ice growth. These are applied when available and are based 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 detail.

The SST for thelSsite is extracted fromthe Baltic Sea Physics Reanalysis (BSPR) product
of [CMEMS] These SSTodel data is used to justify the use of the SST measurements
from stations located at a distancefrom the evaluated site. In addition, the modelled SST
dataset is usedto assess the validity othe measured SST datasets before these are used
as inputs to the thermal ice growth model.The validityof the SST measurements from
fc Y1 UHGTt KWexandingdsor the period from the ¥ of December to the % of March
for all winters from 2008 to 2013. The correlation between the measured and the
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modelled SST data is given in the left plot #figure5-5. Note, that the selectedyear range

overlaps with the winters in which the SST measurements from this dataset are applied

in the analysis in this report The SST measurementsomw N | 2 H¢ T eateHppli@r Y T B 1O
for thermal ice growthfor earlier winters, prior to the availability of the modelled SST data

of BSPR Thus,the sanity check cannot be performed for the winters in which this dataset

is applied in this reportA lI¢ + Ws ¢t Wa 6 I8 MH O A G tl databel lnjsiekbi L the

SST correlation iperformed for the period from the ¥ of December to the ' of March

for all winters from 2000 to 2004where no winters with competent ice is observedThe

results are presented inthe right plot of Figure5-5.
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Figure5-5: Correlation between measured and modelled SST for the temperature range °C to 4 °CLeft:
the modelled data from [CMEMS]and measured data from[DMIOCH. Right: The modelled data from
[CMEMS]Jand the measured data from{SMHIOCH|.

The SSTata from the BSPRmodel ¢ UT LWaq 6 13 WG 13 ¢t ecl YII TUHEGE Ndidindl 2 YOUELEB h

to the left of Figure5-5, are generally seen to agree in the lotemperature range from-2

°C to 4 °C. However, the modelled SST data from Copernicus seems to be lower than the

SST measurements for the lowest temperatures below 1 °GHowever, based on the

overall agreement in the datait is assessed that the SST measurements fromc Y1 UHGTt 1O
Havnk W¢ 1 W 3GH 3t DO0qec qR2PIWY N W6 WS [ W RaldWl It GF

The comparison between the SST data frothe BSPRmodel and the measurements from

q 6 Tribaduren Bog WY & 1J ¢ U BH3énatidrd oy idl seen in the right plot ofFigure
5-5. Compared to thecorrelation plot for iHornbaek Havnk a higher discrepancyin the
datasets is noted. FromFigure5-5, it is seen how the modelled SSTs are generally lower
than the measured SST for the entire temperature range depicted. This could indicate
that the SSTs measured at thew NI 2 H ¢ T 2rhaly betQIightly Mgher than what is
observed near theHesselg SouthOWF site. To account for thisthe measurements from
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q6 NWaHc T 2 | aklhdpugted Tagsordingly? as -1°C is subtracted from the SST
measurements beforethese areused as inputs tothe thermal ice growth model.

As evidentin the data availability overview ofigure4-7, no overlap is found for the SST
Guct el BGUWUqt Wnl YAnhod Kodiki & YHéidsHe 6itR <padificrSEE from

the BSPR dataset. Thus, a correlation check of the SSTs fram U 6 VY tumy HO Yiéinet 1O
performed and the measured SSTs are used as is. The lack of a sanity check for these
measurements ishoweveracceptable, due to the limited number of SST measurements
available from the lightship in theevaluated winters asis seen inFigure5-6.

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.

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 1985.
The freezing temperature of the seawater}y, , found from Section 4.4 is also shown. Note, how the
measul 130G 13U qt Aot Nbep @khdbBightship 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 tinsccording
to Section VIl of SPARRE]

3 The resulting’Q has been evaluated for two additional scenarios using first: the uncorrected SST
measurements, and second: excluding the SST measurements from the Trubaduren Boj. This resiteafin a
0.37 m and 0.38 m for the two scenarios, respectively.
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Temperature measurements for evaluated winters

Winter 1985 to 1986

Winter 1986 to 1987
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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 1986 and 2011.
The freezing temperature of the seawatef'Y, found from Section 4.4 is also shown.No available source of
qualitative SST data was found for the two winters of 1985/1986 and 1986/1987 as hinted-igure4-7.

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

5.5 Selection ofhindcast dataset

In Section4.5, hindcast datasets for three individual reference locationsare identified
for the HS site. 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
paired wind- and current hindcast datasets for the three individual reference locatiors
within the site. The approach oEq. 3.3.3. ofSection 3.3 of[VICE]is appliedto determine
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 three reference Iaations.

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

4 The choice of ice floe size is of minor importance since it is only used in the selection of the hindcast dataset
and not anywhere else in this report. The used ice floe of 1igmotnecessarilya representative ice floe size
for the HS site
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Figure5-8: Histogram of theestimated ice drift velocities calculated from the wind- and current hindcast
data for the three reference locationsHS- T EHSOtaed MIS-® Wwitkdin the HS site. All ice drift velocity bins
below 0.2 m/s are indicated in orange, and theummed number of occurrenceswithin these arestated in
the figure label.

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

velocitR I3t WHIGYs WMIO= WG ot WRY W6 RN 6 HI2@Adm Yekult) ahé 19 W 13’0 |
wind-¢ UT WHzl | JUqW6 RUT Het qWIT ¢ qldS2Banet used ot thel 1In 131 1
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 icén

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

average current profile for the months of December, January, and February, is created

nl YOGWq6IW6e ROT H#¢t qWIT ¢ aq cHBY YeIFigLoesd-Bl 1A sitdilarlplotifod # 13 W T Y |
a] 6 HTkieference location is provided in Figure 6.6 of [MA].
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Current profile for HS-2
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Figure 5-9: Seasonal currentspeed profile for the reference location ofwHS-2&for the winter months of
December, January, and February

In the hindcast model, the currents in the layers near the sea surface are affected by the
wind. In the presence of ice coverage, the currents near the sea surfaeee notaffected
by the wind. Thus, for situations of ice coverage, the current is selected fronm&levation
for which the effect of wind is less pronouncedand hence driven by tidal currentlt is
assumed that the effect from the wind is small at approximately-11 mMSL. In the
presence of ice coverage, a slowdown of the current speeds in the aesurface layers is
expected T similar to the current behaviour near the seafloorThis potential slowdown is
neglected in the present report, and the surface current in the presence of ice coverage
is assumed equal to the current for the layer of approximaty -11 mMSL. Please note
that it is conservative to choose a small current speed as outlined in Sectids5.
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6. Sheet ice thickness

A step in the process of establishing several ice parameters as required Trable 3-1, is
to establish the historical sheet ice thickness. The historical sheet ice thickness is used
to find the following ice parameters:

U Sheet ice thicknessfor ULS DLCdor a 50year return period, Q .
U Bin size including upper bin bound for binning of ice thickness for FLS DLCs.

Thesheet ice growth is simulated for each icevinter using a thermal ice growth model
which is explained in Section6.1. The result of this analysis is an extreme thickness for
each ice winterprimarily used to determine™Q . In addition, it isused to determine an
appropriate upper bin bound and bin size for the binning of ice thickness distributions to
support the FLS DLCsThe FLS distributions thoughare solely based on the sea ice
observations as outlined in Sectiorb. 1.

6.1 Thermal ice growth model

The thermal ice growth model is presented i\ppendix B where the air temperature,”Y

is needed as an input."Yis a function of time, that must be used as an input during the
periods when the ice is expected to thermally grow. The start of the period can be
determined in two different ways:

1. Firsttimestamp in the winter when the air temperature ismaller thanthe freezing
temperature of saline water (Y Y, ).
2. Timestamp of first ice observation.

Option 1could lead to the model predicting ice growth despitethe SST being largethan
“Y. Furthermore,saline water, as that at theevaluated site, will not start to freeze before
the temperature of the water column is smaller thariY. Option 2 is chosen instead since
this is a more accurate represatation of the actual starting point of ice growth. The date
range for the winters where ice may be present athe site is selected as detailed in
Section5.1.1. These dates are then used as the start- and endpoints for the thermal ice
growth model using the methodologydetailed in Appendix B

The number of days with observed icas not necessarily equal to the number of days
between the first and last ice observation datesas outlined in Section5.1.2. If these
number of days are not the same, it means that ice has not been present for the whole
period between the first and last ice observation dates. An example of this is shown in
Figure6-1 for the winter of 1981/1982 where the number of days with observed ice i45
and the number of days from the first ice observation day {*"" of December1981) to, and
including, the last ice observation day 7" of March 1982) is80. Here, the grey areas show
the selected days where the ice will not grow. The selection of these days is made
through a ranking of the days with théowest "Y for the given day. In the example shown
in Figure6-1, the 45 days with thelowest Y are chosen for ice growth. By applying this
method, it is ensured that the ice will grow in the days with theowest air temperatures,
which will ensure an upper bound for the thermally grown ice thickness is calculated.
The values shown in the legend iRigure6-1 for the winterof 1981/1982 are the maximum
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sheet ice thickness,Q , and the maximum consolidated layer thickness,Q; . The
method used to calculate the consolidated layer thickness is discussed in Sectioi.1.

As outlined inAppendix B the SST is not directly an input to the thermal ice growth model.
In the original model by[STEFAN]the water temperature is used aghe primary input,
but since this is only occasionally available, the air temperature is used instead. The SST
is still used as a limiting factor for ice growthas the ice can only thermally grow if the SST
is equal to, or below, the freezing temperature of the seawat@tetermined in Section4.4.
This is evident in the example ifrigure6-1 where”Y “Y; in the first ~5 days buf'Y

¥, inthat period. As a result,the ice does not growin these first ~5 days

A summary ofthe inputs listed in Table6-1 shall also beused as outlined inAppendix B

Thermal conductivity of ice l W/(m&)] 2.11 Table A.1 inNLEPP]
Freezing temperature of saline water ¥ °C -0.26 Section4.4

Air temperature Y °C - Sections 5.2 and 5.4
Sea surface temperature Y °C - Sections5.3and 5.4
Density of ice ” [kg/m3] 917 Table A.1 iLEPP]
Latent heat of melting for ice 0 [kJ/kg] 333.5 Table A.1 iLEPP]

Table6-1: Input parameters to the thermal ice growth model.

Winter 1981 to 1982

——h =53 cm
c,max
64 h =35cm
—_ max
g 48 b No ice growth
<

17/12 25/12 03/01 12/01 21/01 30/01 08/02 17/02 26/02 07/03

-ZM WW A |

” T - Anholt Nord - Knob ‘
im
1 1 1 1 1

17/12 25/12 03/01 12/01 21/01 30/01 08/02 17/02 26/02 07/03

Figure6-1: Example of thermal ice growth for the winteof 1981/1982. The grey areas are the selected days
in which the ice will not growdue to the limiting number of days where ice can thermally grow

Temperature [°C]

T - Fornzes Fyr

6.2 Sheet ice thickness model results

Using the input data fromTable6-1, the sheet ice thickness as a function of time is shown
in FigureC-1 and Figure C-2 for the ice winters. As for the example shown irFigure6-1,
the chosen days where the ice will not grow are marked with greyhe thickness of the
consolidated layer in an ice ridge is shown in the same plots and will be discussed in
Section 7.1. For each winter,’Q is shown in the legend inFigure C-1 and Figure C-2.
The modelled’Q is reachedon the last day where icegrowth is modelled. Below each
plot of the ice thickness for each wintemith ice, the values of"Y, from [DMIMET used for
the calculation, are shown together with "Y; . The meteorological observation station
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from which the air temperature measurements originate is noted in the figure legend for
all evaluated winters. For winters in which SST are applied as part of the thermal ice
growth model, these are included as ayellow line, denoted Y, in the lower plot As for
the air temperature, the oceanographic observation station from which the
measurements originate is indicated in the figure legend.

The significance of applying SST measurements part ofthe thermal ice growth model

cannot be underestimated, as this can lower the level of conservatismvith which the

sheet ice thicknesses are determined.To exemplify this, the most recent winter of
2010/2011, would, if evaluated without the use of the SST measurements fromc Y1 UHGTt 1O
c ¢ 2 & Bimilar, result in a’Q -value of 3 cm instead of the reported 15 cm.This

suggests that the 'Q -values for any winters evaluated without the use of SST
measurements may be significantly overestimated. The availability of qualitative

historical SST measurements is however scarce, why the collection and evaluation of

SST measurements hae been a key focus point for the present study.

A summary of the sheet ice thickness result is shown ifiable 6-2.

Winter with ice Maximum sheet ice thickness,
[ Ho

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

Table6-2: Maximum sheet ice thicknessfrom the ice growth model.

6.3 50-year sheet ice thickness

For determining the 50year sheet ice thickness,Q , the maximum sheet ice thickness,
"Q , for each winterwith ice is used. A plot ofQ as a function ofthe winter start year
ranging from 1960 to 203 is shown inFigure6-2 where the winters without any sea ice
are included with zero sheet ice thickness.
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Figure6-2: Maximum sheet ice thickness for each wintefrom 1960 to 2023as a function of time (start year
of the winter). The winters without anypbservations ofsea ice are included asQ T

To create theExtreme Value Analysis (EVA), &Veibull distribution fit to the values of Q
applying a peakover-threshold method in Figure6-2 is created. Here, a threshold ofl
cm is applied ensuring that only the nonzero values are considered as extreme values.
The MATLABuiIlt-in function fitdist 5 has been used for thisTwo examples othis are
shown inFigure6-3 where two different durations are included in the fit. The duration for
the left plot is from 196171 2023 and the right plot is from 1979 to 2023The 5Qyear
exceedance valuefor the start year 1961is shown to the left of Figure 6-3 and is
calculated to be approximately 42 cm. For the start year 1979the 50-year exceedance
value is determined tobe approximately 38 cm as seen to the right ofFigure6-3.

Start year in EVA: 1961 50 Start year in EVA: 1979 50
09

h

. h .
095 max . - max
weibull fit

09 | weibull fit “

0.75

0.75

o
13
o
o
.

Probability [-]
o
N
o

Probability [-]

o
N
a

o1 b 01

38.3

0.05 . . 0.05 - . .
21 31 41 21 31
h [cm] h [em]

Figure 6-3: Probability of 'Q including a cumulative Weibull distribution fit. Please note thatice-free
winters are not included. Left: The 50year exceedance valueof approximately 2 cm is indicated for the
start year of 1961 Right: The 50year exceedance valueof approximately 3 cm is indicated for the start
year of 199.

5 https://se.mathworks.com/help/stats/fitdist.html
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From the plots shownin Figure6-3, it is seen how a change in the start year affects the
50-year exceedance value sincéewer wintersare includedin the dataset for theEVA To
investigate this further,the same analysis is repeated folincreasing start years since
1960. The result of Q by changing the start year of the datases shown in Figure 6-4.
Here, it can be seen that Q is decreased for the start year of 1964 underlininghe
severity of the 1962/1963 winter Further, the curve isseen to increaseslightly (on a
coarse scale) fromthe start year 1964 to 199. This is a result of the decreasing number

of years included in theEVA No EVAis performed for start years after 199 since too few
ice winters are recorded to ensure a valid result from the fit.

42 T

415 |
41 ‘
405 | ‘
40

39.5

h50 [em]

39 |
38.5F |
_e©
38 - |

_o o
375 ‘ o0~ T©

37 1 1 1 1 1 1 1 1 1
1962 1964 1966 1968 1970 1972 1974 1976 1978
Start year in EVA
Figure6-4: The 50year sheet ice thickness,Q , as a function of the start year in thé&xtreme Value Analysis
(EVA)T6 Wl ¢t YUWnY! Waé WWHz1 210kt W GRNEqlea Gs el T W oYGUWRY LW

to assess the'Q -value. No EVAresults are produced for start years afted979due to having too few data
points to perform an EVAwith sufficient quality.

In conclusion, the 50-year sheet ice thickness must be determinedBefore a value is
chosen, it is worthreflecting on the conservative assumptionsin the thermal ice growth
model examined in detailin Appendix B The significance of the availabilityof quality
historical SST measurements was previously discussed. Without such measurements,
the thermal ice growth model has been seen to produce overly conservative sheet ice
thicknesses. In addition, the ice observations used to define the winter griods for
evaluation are to a large extent performed from landased observation stations, but the
observations are applied toa site located in more open water. Further, any potential
melting of the sea ice for warmer days in the evaluated winter period is discarded, why
the determined sheet ice thickness can only increase during the evaluated winter period.
Besides this, the sea ice observations usedor the present evaluation indicate that the
winters at the site have become increasinty milder and less frequentin recent decades,
which is in line with the findings of Section13 in which the effect of climate change is
discussed T although not directly applied here This suggess that the analysis made in
the present section, which only uses what has already happened, could result in a
conservative assessment of the 56year return period sheet ice thickness.
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With this in mind, the choice of the design value for the 5Qear sheet ice thicknessmay
be considered a conservative choice. However, the 50-year sheet ice thicknessdesign
value is chosen to representhe approximate start year of 1976rom Figure6-4.

Thus, the design value for the 56year sheet ice thickness ichosento:
i 0.38m. Valid for the entire site.

It is worth mentioning that this result is based on the results of the modelling and
observations of sea ice but does not requir¢he utilization of any findingsof the climate
change effects discussed in Sectim 13.

6.4 Sheet ice thickness distributionand duration

According to Table3-1, the sheet ice thickness distribution is a required input to theFLS
DLCs D4 and D7 Table 3 of [IEC6131] specifies that the expected history of
mobile/moving sea ice thicknesses should beused. The mobilityof the iceis detailed in
Section 6.4.1 where additional external factors influencing the considered durations are
discussed.

The sheet ice thickness distribution and durations to be used for the FLS DLCs are
outlined in Section6.4.2 taking the findings in Sectior6.4.1into account.

6.4.1 External influence on FLS durations

For use in the FLS DLCs D4 and D7, Table 3[dC6131]specifies that an expected
history of moving sea ice thicknesses should be used. Whereas the history of sea ice
thicknesses is discussed in Section6.4.2, the present section deals with the topic of
mobility and competence of the sea icedue to external factors

From the arguments of KARNA20Hiscussed in detail in Sectionl11, it is concluded that

a wide range of ice action speeds should be treated as part of the evaluation of the ice
load effects on the support structure. The primary load effects from ice occur once the
sheet ice is mobile. The mobility of sheet ice, competenof subjecting the WTGsupport
structures to ice-induced vibrations, is affected by multiple factors such as:

U0 Wind- and current speed necessary to make théce mobile.
U Exposure to unbroken ice.
U Upstream ridged, rafted, or deformed ice.

The mobility of sheet ice is highly depeneht on the wind and current conditions, as
indicated by Eq. 10-1, describing the resulting drag force subjected to an ice floe from
the applied wind and current. It seems only logical, that smaller ice floes are easier
moved than larger ice floes by the applied wind and current. This suggests that the
necessary wind and current speeds to make the ice mobile, are to some extent
dependent on the ice conditions and floe size on site, which is seen to vary significantly
in the presented historical ice recordings As a conservative approach, Table -3 of
[DNV0437] suggests considering all recorded ice days as days with mobile ice.
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In addition to the mobility of the sheet ice, the configuration of the ice floe is of key
importance when assessing if the sheet ice is capable of subjecting th&/TGsupport
structures to ice-induced vibrations. For ice-induced vibrations to occur, the support
structure must be exposed to unbroken ice. If the windand current are driving the sea
ice in a direction where it will be either broken by another structure or is shielded in
another way, iceinduced vibrations will not occur. TheHSsite is located in open waters
with no shielding from shores nearby. It is noted that the small island of Hesselg is
located approximately 20 km South of the site providing limited to no shielding of the
OWEF. It is estimated that any neighbouring OWFs are located too far from the H&<o
be able to provide significant shielding against mobile sea icdn addition, this report
seeks to provide site condition inputs for all possible layout configurations and any
number of WTGs atHS, why any layoutspecific assumptions are disregarded in this
discussion. Thus, the configuration of the sheet ice used for the evaluation is assumed
to always be unbroken and thus capable of subjecting thesupport structures to ice-
induced vibrations.

The mechanism shownlater in this reportin Figure 11-1, and the schematic results
shown in Figure 11-2, give the possibility for long periods withthe quasi-constant ice
action speeds necessary for inducingce-induced vibrations. However, as seen irFigure
11-1, this entails the build-up of an area upstream of the wind farm with ridged, rafted,
or deformed ice. Therefore, after a long period witite-induced vibrations, this upstream
area needs to pass the wind farm before waeformed competent ice can again cause
ice-induced vibrations. Although this will notnecessarily reduce the time of mobile ice,
it will reduce the time when the mobile sea iceis capable of subjecting the support
structures to ice-induced vibrations. Since it cannot be guaranteed how large a fraction
of the time the support structures will experience ice that is not capable of inducingce-
induced vibrations, it is conservatively chosen that all ice passing through the wind farm
should be treated as being capable of inducingce-induced vibrations.

Despite being argued that the suggested approach is conservative, the present report
makes the following design choice for the mobility and competence of the sheet ice

Sea ice for FLS DLCs D4 and D7 will be mobileand competent 100% of the time.
Valid for the entire site.

6.4.2 Distribution and duration

Thedistribution and durations introduced in the present section are determined by the
use of the preprocessed sea ice observation datafrom Section 5.1. The sheet ice
thicknesses from the thermal ice growth modelsummarised in Section 6.2 are also
included as a reference to the severity of the winterIn addition, the ice thicknesses of
the thermal ice growth model are used tqustify the ice thickness bins used in the present
section. Since it was concluded that the ice is mobile 100% of the time and not broken
up or rafted, the durationsfound in this section are total duration which shall be used for
design directly without reducing them.

The preprocessing of the days in the Ec&#egory was performed in Section5.1.4 where
the number of days in each subcategory for all winters &s populated using the paired
winter method and average station approachlt can be noted that subcategoies 5 and 6
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are not included since no sheet ice thicknesses from the thermal ice growth model
shown in Section6 were found larger than 50 cm. This means that it is unlikely that any
potential recordings of days in these subcategories are thermally grown ice but rather
ridged orrafted ice. In addition, subcategory 2 is not included either since it is not
considered as competent ice according toTable5-4.

In Table5-7, some of the ice winters before 1983 havenore days in thefSksubcategories
than the number of days with competent ice.This isa result of the winter paring method
so the winters with too many days are artificial. To overcome this problem, the number
of days in eachsubcategory is reduced sich that the sum of the days across all
subcategories is equal to thenumber of days with competent ice.

A summary of the days in the subcategoriesf thew Ec#@egory originating fromTable5-7
is shown inTable6-3. Here, the adjusted days are marked with red.

Winter with DS Ll Subcategory 3 | Subcategory 4 Su?category 8 SIZ 7Y
e competent I= 1530 cm I=30-50 cm |=1530cm |>1530cm
ice with thicker ice | with thinner ice
5 1

Year range [days] [days] [days] [days] [days]
1962 to 1963 43 1 1 1 0
1965 to 1966 10 0 0 0 0
1969 to 1970 7 4.2 2.8 0 0
1978 to 1979 15 9 6 0 0
1981 to 1982 5 3 2 0 0
1984 to 1985 31 15 11 1 0
1985 to 1986 27 12 8 0 0
1986 to 1987 46 30 3 2 0
2009 to 2010 4 0 0 0 0
2010 to 2011 4 0 0 0 0
Sum: 192 88.2 43.8 4 0

Table6-3: Overview ofthe number of daysR U LU -6ulddatbgories, 3, 4, 8, and 9 including the number of
days with competent ice.The number of days presenteds foundin Section5.1.4, where the reduced days
are marked with red.

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

1. Limiting the number of days, for each wintewith ice, by the number in the second
column of Table6-3. For example, for the winteof 1986/1987, this is46 days.

2. For these numbers of days, pick out the largest ice thicknesses, and proceed to
smaller ice thicknesses until the limiting number of days stated in itenl above
are exhausted. In this treatment, subcategory 8 is treated as being part of
subcategory 3 i.e. the areas with ice thicker than 30 cm cannot be competent
sheet ice if all of the surrounding ice has a thickness dfL5-30[ cm. Subcategory
9 is also treated as being part ofsubcategory 3 with the argument that
predominantly thicker ice than 30 cm with surrounding thinner ice cannot be
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thermally grown sheet ice thicker than 30 cntinstead, it could be ridged or rafted
ice.

3. For the winterswhere the number of days in the 2 column is larger than the sum
of the days in the 3 to the 6" column, the necessary days to achieve the number
in the second column are therefore assigned to thg0-15] cm ice thickness bin.
The number of days for th¢15-30[ cm bin is taken as the sum of thesubcategories
3,8,and 9.

4. For the winters where there have been no observations of days with ice
thicknesses in any of thesub-categories in Table 6-3, the necessary days in
Column 2 are added to thg0-15[ cm thickness bin.

The result of the aboveprocedure is shown inTable 6-4, where the maximum ice
thickness from the thermal ice growth model is shown in the'6column as a reference

] : ] Days of ice thickness interval Maximum ice
Winter with Days with _ . : .
] . limited by days with competent ice , thickness, | He
ice competent ice
Ti 7 From Table 6-2

[0-15[cm  [15-30[cm  [30-50] cm

Year range [days] [days] [days] [days] [cm]
1962 to 1963 43 16 16 11 48
1965 t0 1966 10 10 0 0 30
1969 to 1970 7 0 4.2 2.8 32
1978 to 1979 15 0 9 6 32
1981 to 1982 5 0 3 2 35
1984 to 1985 31 4 16 11 36
1985 to 1986 27 7 12 8 33
1986 to 1987 46 11 32 3 38
2009 to 2010 4 4 0 0 18
2010 to 2011 4 4 0 0 15

Table6-4: Number of days for each ice thickness interval limited by the envelope in théolumn. For
comparison, the maximum ice thicknessis included as well.

The next step in the analysis is to turn these intervals, for the winters in question, into
durations for each ice thickness bin. As stated at the end of Section D.3 pEC6131] in

a simplified model of ice thickness durations, the ice thickness can be taken to grow as
the square root of time inthe absence of more detailed knowledge. This implies that
larger durations should be ascribed to the upper parts of each ice thickness interval than
to its lower parts. At the same time, the maximum ice thicknesses calculated and
reported in Table 6-4 should be considered. Using the assumption of ice thickness
growing as the square root of time, the intervdD-15] cm has been distributed across the
ice thicknesses {5, 10} cm, the interva]15-30[ cm has been distributed across the ice
thicknesses {15, 20, 25, 30} cm and the interv@B0-50] cm has been added to the 30 cm
bin. The reason for not including thickness bins larger than 30 cm is due to the declining
trend in 'Q as outlined in Table 6-4, why it would be too conservative to include
thicknesses larger than 30 cm for FLShe days in each of the bins for ice thicknesses {5,
10} cm are calculated as:

Hesselg South| Sea IceSite Condition Assessment 45|109



CZWIND

0 Eq.6-1
© 9% Yo wA

Where:

(6] Days in the’Q bin.

0O i Days of ice thickness interval, for interva0-15] cm.

(o) Ice thickness bin,"Q ~ ufp mcm.

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

, ’ 0 Eq.6-2
© O & pPU CTT CuU oT A

Where:

(0] Days in the’Q bin.

O Days of ice thickness interval, for interva15-30[ cm.

0 Ice thickness bin,”Q N p g fg vem.

The 30 cm ice thickness bin is a combination of days from tl&5-30[ cm bin and the[30-
50] cm bin. This is expressed as:

o ’ Eq.6-3

PU QT CU OoT

$ Days in the’Q bin.
0O i Days of ice thickness interval, for interval15-30[ cm.
O Days of ice thickness interval, for interval30-50] cm.

The results of the calculationsusing Eq.6-1, Eq. 6-2, and Eq.6-3 are shown inTable6-5.

Winter with
ice Days of occurrence of |-Hi T ToHI T
Year range © © E & & o
5c¢cm 10 cm 15 cm 20 cm 25 cm 30 cm

1962 to 1963 3.2 12.8 1.7 3 4.7 17.7
1965 to 1966 2 8 0 0 0 0
1969 to 1970 0 0 0.4 0.8 1.2 4.6
1978 to 1979 0 0 0.9 1.7 2.6 9.8
1981 to 1982 0 0 0.3 0.6 0.9 3.3
1984 to 1985 0.8 3.2 1.7 3 4.7 17.7
1985 to 1986 1.4 5.6 1.3 2.2 3.5 13
1986 to 1987 2.2 8.8 3.3 6 9.3 16.4
2009 to 2010 0.8 3.2 0 0 0 0
2010to02011 0.8 3.2 0 0 0 0
Sum 11.2 44.8 9.6 17.3 26.9 825

Table6-5: Days of occurrence in each ice thickness bin calculated usingq.6-1, Eq.6-2, and Eq.6-3. The
sum of days for each ice thickness bin is shown as well.

Hesselg South| Sea IceSite Condition Assessment 46| 109



CZWIND

The findings inTable 6-5 are the number of days for all of the years considerenh this
report (1960-2023). For the design lifetime of the wind farm, the duration for each of the
thickness binsin Table6-5is found as:

, 0 , Eq.6-4
O # g0AAOS *
Where:
0O i Days of occurrence for each ice thickness bin in the
lifetime of the wind farm.
0 Design lifetime of the wind farm in years.
Q Index of winters in the selected range (1960/1961r
2022/2023).
0O i Days of occurrence for each ice thickness bin per winter.

The durationof 63 years inEg. 6-4 is the number of winters used, i.e. the winters starting
in years 1%0to 2023. Since the design lifetime of the WTGs is not known, the nuiper of

days of occurrence for eachsheet ice thickness bin is calculated per yearof WTG

lifetime. Thereby, the yearly duratiorof mobile competent sheet ice is shown inTable

6-6.

Days of
occurrence Days of occurrence of |-Hi 7
valid for

Years Q 0 0 0 Ko} 0
5cm 10 cm 15 cm 20 cm 25 cm 30 cm
63 11.2 44.8 9.6 17.3 26.9 825
1 0.178 0.711 0.152 0.275 0.427 1.310

Table6-6: Total durations of sheet ice thicknesses for 63 years and for 1 year. The days of occurrence for
the design lifetime of the wind farm can be calculated by multiplyng the values in the bottom row by the
wind farm lifetime in units ofyears.
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7. Ice ridge parameters

In accordance with the DLCs ofTable 3-1, the ice ridge geometry is a required input for
the DLCs D6 from[IEC6131]and Selc.3 from[DNV0437] in which pressure from an ice
ridge must be applied to the substructure. This section summarises the ice ridge
parameters to be used for the actions caused by the ice ridge. While little guidance on
the modelling of ice ridges and their forces can be found IfIEC6131] sufficient
information is found in[ISO19906] Following Section A.8.2.4.5.1of [ISO19906] the ice
ridge is modelled as a typical firstyear ice ridge as shown inFigure 7-1 with the
accompanying parameterslisted in Table7-1.

he

H

________ = ___{__A__\______S________i_
Dﬁ //_ -
c e -
Hy |hy
GK
bK

Figure7-1: Idealised geometry of a firstyear ice ridge. Reproduction of Figure A:-&6 of[ISO19906]

Item on o
A - -

Ridge sail
B Ridge consolidated layer - -
C Ridge keel - -
D Level ice (sheet ice) - -
According to Eq. 12 ifKANK]where the
O Sail height 1.73m | surrounding sheet ice is chosen afQ :
O ¢l OoQM.
Found ast®"0 in accordance with Section

© Keel depth 779M A 8.2.4.5.1 ofISO19906]
Q Consolidated layer thickness 0.61m | See Section7.2.
Distance between the base of
Q the consolidated layer bottom = 7.18m | 'O Q.
and the base of the keel
O Width of the base of the keel ot .
used
e Porosity of ice rubble 0.3 Table 7 in[KANK]
— Keel angle Not -
used

Table7-1: Ice ridge definitions and dimensions.

To determine the actions caused by a firsyear ice ridge, the methodology from Section
A.8.2.4.5.1in[1ISO19906]is expected to be adopted in the calculation of the forces acting
on the support structure by an ice ridge. The environmentgbarameters needed as an
input to this method, as well as the thermal conductivity factor found imMAppendix B are
listed in Table7-2.
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Thermal conductivity factor. See Section7.1.

Angle of internal friction in ice
rubble inthe keel.
Apparent cohesion in ice

%0 30 Section7.3.

w rubble in keel 5.5 kPa Section 7.3.
Density of water. 1023 kg/m3 Based onTable 1013 of[MA].
Density of ice 917 kg/m3 Table6-1.

Q Acceleration of gravity 9.817 m/s2 -

Ice (crushing) strength
coefficient for non-compliant
0 rp structures and large relative 0.65 MPa Section 8.
velocity betweenthe support
structure and ice.
Table7-2: Environmental parameters to be used forstructural ice ridge actionsfor DLCs D6 andSelc.3.

7.1 Consolidated layer thickness
The consolidated layer is shown schematically as area B Figure7-1. It contains a part
of the ice rubble where the cavities between the ice blocks have frozen.

To calculate the action from the consolidated layer, the thickness of the layerQ, is
needed as input. To simulate the thickness of the consolidated layer, the method as
explained inAppendix Bis reused, except thatEq. B-4 is modified by including a thermal
conductivity factor, T , and the porosity of the ice rubbleQ It was found in Section 5.1.2
in [HAY2005]that using [STEFAN}o simulate the growth of the consolidated layer fits
well with measurement if{ is included in the calculation. The thermal conductivity
factor, T , is included to account for the effect of thick ice, snow, oceanic flux, solar
radiation, and the isolating effect of the sail of the ice ridge. The rubble porositf is
included to account for the assumption that the latent heat of melting is reduced by the
rubble porosity as described in Section 4.70f [HZY1999] This vyields the following
equation for thermal ice growth as described in Section 4.@f [HZY1999]

Eq.7-1
» gl
Qr Q; 1 9 0 Y
Where
Qr Consolidated ice thickness at timeo .
Qr Consolidated ice thickness at timeo .
i Thermal conductivity factor.
I Thermal conductivity of ice.
Density of ice.
Q Porosity of ice rubble.
0 Latent heat of melting for ice.
Y Cumulative freezing degree days between ando .

In Table 6 ifHAY2005]1 was evaluated to be 0.9 for an ice ridge in Marjaniemi, whereas
it was smaller for all the other ice ridges listed in ibid. As a conservative measuie,
Tvis chosen for the simulation of the consolidated layer thickness of th&iSsite.

Hesselg South| Sea IceSite Condition Assessment 49|109



CZWIND

It was found on pages 206 and 190 ifKANK]Jand Table 2 ifLEPP1992that the thickness

of the ice blocks inside the ice ridge had a thickness of approximately 20 cm. This means
that larger ice ridges do not form before the thickness of sheet ice is larger than
approximately 20 cm. For sheet ice thickness smaller than 20 cm, the ice tends to raft
instead of forming ridges according to page 190 ifKANK] Therefore, in simulating the
consolidated layer thickness, it is estimated that a single layer of sheet ice is already
present at the beginning of the freezing of the consolidated layer, i.e. the initial thickness
of the consolidated layer is 20 cm.

A simulation of Q is performed using the same methodology as described in Sectiagh 2,
but with Eq. B-4 replaced by Eq. 7-1. The results are shown together with the sheet ice
thickness from Section 6.2 in Figure C-1 and Figure C-2 for the winters with potentially
competent ice where the maximum sheet ice thickness exceeds 20 cnThe results are
summarised in Table 7-3, where a comparison with the sheet ice thicknesses is shown
as well.

Wlnter with Maximum consolidated Iayer Maximum sheet ice thickness, !
thickness, %T

year range] [cm] [cm]

1962 to 1963 1 63
1965 to 1966 44 30 1.47
1969 to 1970 47 32 1.47
1978 to 1979 48 32 1.50
1981 to 1982 53 35 1.51
1984 to 1985 57 36 1.58
1985 to 1986 49 33 1.48
1986 to 1987 59 38 1.55
2009 to 2010 - 18 -

2010 to 2011 - 15 -

Table7-3: Maximum consolidated layer thickness, Q, for each winterwith ice calculated from the thermal
ice growth model. A comparison with the maximum sheet ice thicknessQ from Section6.2 is shown as
well.

7.2 50-year consolidated layer ice thickness

As for the sheet ice thickness, a 5@ear extreme consolidated layer thickness,Qy ,
must be established. The same extreme value analysis methodology as was used for the
sheet ice thickness in Section6.3 is applied to determine 'Q; , why the method is not
repeated here. A plot ofQ; as a function of different start years in the dataset is shown
in Figure7-2. A similartendency to the one foundfor 'Q is observed inFigure7-2.

In Section6.3, the value of Q was determined to be 3 cm representing the approximate
start year of 1976 The 50year consolidated ice thickness is determined tdQj 61lcm
by selecting the same start year ifrigure7-2. This corresponds to the ratio:

v, o9p Eq.7-2
Yi o g o pPH p
Where:

Y& Ratio of 50-year consolidated layer thickness to 56year

sheet ice thickness.
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Qr 50-year consolidated layer thickness.
Q

50-year sheet ice thickness.

59 - | @
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Start year in EVA

Figure7-2: "Q; as a function of the start year in the dataset used for the extreme value analysis.

In Section A.8.2.4.5.1 ifISO19906] it is mentioned that a typical ratioQ/"Qs 1.6. This is

almost identical to the value found inEq.7-2 and in the upper range of the ratio shown in
Table7-3. Thus, thedesign choice for the 50year consolidated layeris:

L: o.61m. Valid for the entire site.

7.3  Friction angle and cohesion of ice ridge keel

The angle of internal friction,%, and the cohesion, & are directly related. In Section
A.8.2.8.8 in[ISO19906] the angle of internal friction is recommended to be between 25°
and 45°. The relation to cohesion is found from the experiments referenced in Section 3
in [HEINO] The relationship betweenwand %ds shown for five different experiments and
reproduced in Figure 7-3. The experiments were conducted as punch test cases at the
northern part of the Gulf of Bothnia, west of the island HailuotoFinland where the
cumulative freezing degree days,Y, (seeEq. B-5) is much larger than for theHS site at
the return periods used in the present report. Since cohesion increases with increasing
Y, it is expected that the cohesion for theHS site is in the lower range compared to the

tests from [HEINO] By selecting a friction angle of 30°, the value @jis estimated to be
5.5 kPa agndicated with the red circle inFigure7-3.
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Figure7-3: Relation between friction angle%, and cohesion,& for the MohrCoulomb material model from
5 different experiments of a punch test. The red circle indicates the chosen design parameters.
Reproduced from Figure 7.14f[HEINO]
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8. Crushing failure mode ice strength coefficient

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

Eq.8-1

0 Global ice pressure.
0 Ice crushing strength coefficient.
Q Ice thickness (both sheet ice and consolidated layer).
Q Reference thickness =1 m.
™t FuQ AElI'D pdii 8
T® T AI'® o8l 8
0 Projected width of thesupport structure.
a Empirical exponent =0.16.
Q Empirical term.

Here, the consolidated layer of the ice ridge is treated by the same equation as for sheet
ice, in line with the recommendation of Section A.8.2.4.5.1 diS0O19906] Additionally, it

is also assumed that the ratio between the structural width and the ice thickness is
greaterthan 50 ¥Q v whythe term™Q can be disregarded according to the statement
below Equation A.822 in[ISO19906] This assumption ismost likely fulfilled for the outer
diameter of the support structures at theHS site considering the size ofthe newest
generation of offshore WTGs Next, the horizontal force from the sheet ice, or
consolidated layer, is found according to Equation A.&0 in[ISO19906]as:

O 0 oo Eq.8-2
Where:
O Global ice force.
0 Global ice pressure
Q Ice thickness (either of sheet ice or of the consolidated
layer).
0 Projected width of the structure

Eq.8-1and Eq.8-2 applyto rigid support structures. In Section A.8.2.4.3.3 i{1SO19906]

it is stated that the value ofd is dependenton the compliance of the support structure
that the ice is interacting with. For compliantsupport structures, a magnification of 0
can be expected. This goes in combination with the relative velocity between the ice and
the support structure since the crushing strength of the ice will increase for small relative
velocities. This effect shall be taken into account in the methods used ithe Integrated
Load Analysis (ILA).

8.1 1-year ice strength coefficient

In the DLC overview of able3-1the 1-year ice crushing strength coefficient is marked as
a required input for the DLCs D3 and D8orresponding to the DLCs Selc.1 and Selc.4
respectively. The strength of the icadepends on the exposure to ice events. This is shown
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in Table A.84 of[ISO19906]where a listof 0 values for various return periods are shown.
This table also correlates the total distance of ice travelling through the wind farm with
the return period ando . In the points above Table A-8 of ibid., it is stated that the
actions from anExtreme Levellce Event (ELIE) should be based on the maximum actions
from the following combinations:

1. 1-year return period value o6 paired with a 100year return period ice thickness.
2. 100-year return period value ob paired with a kyear return period ice thickness.

The ice thickness for a dyear return period is 0 cm for theHS site since winters with ice
occur far less commonly than every year: this rules out Iterd above The same approach
as outlined in [ISO19906]is reused here, except that thereturn period of 100 years is
exchanged with 50 years for Iteni. This is also in line with Table @ of [ DNV0437] Itis
shown in Table A.84 of[ISO19906]that 6 depends on the exposure to ice eventsThis
table also correlates the total distance of ice travelling through the wind farm with the
return period and0 . The total distance of ice travelling through theevaluated HSwind
farmin one year,O |, is calculated as:

° ey i 0. ETO c‘)c’)ﬂT El Eq.8-3
A OPTEF 80 RAY CTURAO
Where:
Y Mean ke drift velocity of mobile ice = 030 m/s.
Y Total number of days with mobile ice per year 1.31

days/year. The30 cm bin fom Table6-6.

The mean ice drift velocity, Y nYl WaqdWWt BaWHqUIT WH$2Bis 131 130 H 1
determined from the histogram ofFigure5-8, in which the ice drift velocity is estimated

based on areference ice floe of 1 km driven by wind- and current. FromFigure5-8, an

approximate mean ice drift velocity of 03 m/s is determined. In addition, thewinter-
averagecurrent profile of Figure5-9, suggest that surface currens for winter periods of

up to ~0.28 m/s are representative of the HS site, which is in line with the findings of

Figure5-8 where both wind and current are driving the ice floePlease remember that a

large ice drift velocity is conservative when establishing .

The total number of days with mobile iceY is determined using the durations of sheet
ice thicknesses of 30 cm or aboveThe reason for including onlyhe durations for 30 cm
ice thickness or higheris that the 6 -value wanted is to be used for ULS DLCs, which is
to be combined with the 50year ice thickness, whereas thinner ice would lead to smaller
load effects in spite of having potentially slightly large® -values.

The values ofb for a l-year return period for a total distance of 6 km/year idetermined
to be 0.99 MPausing Table A.84 in[ISO19906] The total distance of ice thicker than 30
cm travelling throughthe HS site is calculated to be approximately 34.0 km/year in Eq.
8-3which is closer to the 6 km/yearstated in Table A.84 in[ISO19906]than the following
entry for 135 km/year The use of this method for the site is substantiated by the
conclusion of [FUGLEM)] a reference which itself is referenced just below Table A-8 of
[1SO19906]in connection with the use of this table.
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A final source usedfor the justification of the determined 6 value is [JUSS]from which
Figure 6 shows a comparison plot of a time series produced from a simulation model with
a measured time series from the Nordstrémsgrund Lighthouse. The sea ice conditions
near the Nordstromsgrund Lighthouse are more severe than those at tlevaluated site
and the plot corresponds to a sheet ice thickness larger than the 5@ear value atthe HS
site. Moreover, as stated in Table 2 ggUSS] the figure is made using a value af = 1.0
MPa

On the basis of this discussion, the present report selects the following value othe 1-
year strength coefficient,0 ; , for the evaluated site:

Fyh iea= 0.99MPa. Valid for the entire site.

Here the subscript NC indicates that this value can only be used for nortompliant

support structures, or for large relative icestructure velocities (> 0.1 m/s) between the
ice and the support structure. For smaller relative velocities, or for compliantsupport

structures, the effects of a larger ice strength coefficient shall be taken into accountin

the Integrated Load Analysis (ILA)A suggestion for the value ofdo , where this is
accounted for, is listed in Table A.8 in [ISO19906] Here a value ofé = 1.8 MPa is
suggested for the Baltic Se& It is notedthat this value is conservative for the sites this

is for a site with up to ca. 1000 freezinglegree days per winter far more severe than the
conditions reported in the area of theevaluated HSsite.

8.2 Average ice strength coefficient

As per the DLC overview ofable 3-1, the average ice crushing strength coefficient is
needed for the DLCs of D4, D6, D7, and Selc.I& the DLCs listed in Table 8f [IEC6131]

it is noted that the WTG is parked while exposed to the loads from an ice ridge in DLC D6.
Since the WTG is expected to be in the power production condition far more often than
the parked condition, the probability of an event with power production comlmed with
the loads from an ice ridge is higher than the probability of an ice ridge exposure
combined with parked WTG condition. Therefore, it is recommended by C2Wind to
supplement the DLC D6 from Table 3 JiIEC6131]with the EDLC Selc.3 from Table-3

of [DNV0437]which combines power production with an ice ridge event. For EDLC Selc.3
it is stated that ice ridge geometry corresponding to a 5Qear return period should be
combined with average strength parameters, i.ean averageof 6 .

While some guidance is given in SectioA.8.2.4.3.3 of[ISO19906]on how to reduce the
0 -value to correspond to smaller return periods, no detailed guidance ohow to find
averagevalues is explicitly given thereinlnstead, the measured global pressure at the
Nordstromgrund Lighthouse outlined in Figure 9 ofPOAC11]forms the basis for an
average value of . A reproduction of the measured global pressure) , from Figure 9
of [POAC11]Jis shown to the left inFigure8-1. UsingEq.8-1 with a panel widtht = 7.5 m,
0 for each point is shown to the right. An average value of is found by taking the mean
of all points where Q<50 cm. The reason for not including measured global pressure

81n[POACQ9]a suggestion for the calculation®f based on the structural compliance is presented. It is assesse
that the value o6 = 1.8 MPa may be highly conservative for the analyses isitle.
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when the sheet ice thickness is abovéb0 cm is that it would be nonconservative to do

so, since® tends to drop for larger values ofQ

‘ O  From Figure 9 of [POAC11] ‘ ]
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Figure8-1: Left: Global pressure,0 fmeasured at the Nordstrdmgrund LighthouseReproduction of Figure
9 of [POAC11] Right: Calculated & -values using the measured) in Eq.8-1with 0 = 7.5 m. The average
value, 0 j, is found as 0.65 MPa foX< 50 cm.

Furthermore, Figure 10 ofPOACL11] reproduced in Figure 8-2, shows how both local
and global extreme ice pressures depend on the return period. Here, two structural
widths are shown, corresponding to the width of pressure panels, and the entire
structural width, in the full-scale experiments on the NordstromsgrundLighthouse,
described in[POAC11] The waterline width of thesupport structures for the evaluated
HSsite is expected to becomparable to that of the green curve shown irFigure8-2.

Figure8-2: The figure shows extreme values of globabnd local ice pressures, based on extreme value
analyses on measurements on the Nordstrémsgrund Lighthouse. Reproduction of Figure 10[BOAC11]
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