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Abbreviations

AGL
ASL

CRS
DLC
ECD
ECN
EDC
EOG
ETM
EVA
EWM
EWS
FEED
FLS
HAT
ibid.

IFORM
ILA
LAT
MoMM
MSL
NaN
NSS
NTM
NWP
RNA
SWL
WTG

Subscripts

Above Ground Level

Above Surface Level. This is used when a surfadellowing
vertical reference is needed fomeasurements on land, whereas
SWL is typically used for the same purpose at sea (although A<
could in principle be used there as well).

Coordinate Reference System

Design Load Case Table

Extreme Direction Change

Energy research Centre of the Netherlands

Extreme Direction Change

Extreme Operating Gust

Extreme Turbulence Model

Extreme Value Analysis

Extreme Wind Model

Extreme Wind Shear

Front-End Engineering Design

Floating LIDAR SystemFatigue Limit State

Highest Astronomical Tide

[ YGWx ¢ qRUWRHRT WG Woi /bR U Wa 6 1J W
in textual references to a quoted work, or another section in the
present document, which has been mentioned in a previous
reference.

Inverse firstorder reliability method

Integrated Load Analysis

Lowest Astronomical Tide

Mean Of Monthly Means

Mean Sea Level

Not a Number

Normal Sea State

Normal Turbulence Model

Normal Wind Profile

Rotor-Nacelle Assembly

Still Water Level

Wind Turbine Generator

Hub
Free
Mean
Ref

Agg

Lot 3 (North Sea I) Wind Assessment

Value at Hub height

Undisturbed inflow, i.e. Free Stream

Mean value

Reference

Aggregate (i.e. composed of several parts)
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Symbols

Latin characters
WS, V Wind Speed
WD Wind Direction
N Number of independent environmental states
A Weibull scale parameter
k Weibull shape parameter
g 9.816 m/s?is the gravitational acceleratiornt
h Height
P Pressure
Py Upper x % quantile of a set of values; e.gPqy is the 90 % quantile
TI Turbulence Intensity
t Timestamp, i.e. a timecoordinate
T Temperature, Time period (two separate meanings)
R Ideal gas constant
RelH Relative humidity
z Elevation (i.e.vertical coordinate) above a vertical reference.
Greek characters
! Density
‘ Mean value
” Standard deviation
Power-law wind shear exponent

! See:https://www.wolframalpha.com/input?i=acceleration+of+gravity+at+ringkoebing
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Executive Summary

The present document gives input to the documen?VTG Site Conditions Assessmerfor
the North Sea IOffshore Wind farm(NSI), and it is intended for this project only. It covers
the analysis of wind conditions and other atmospheric conditions.

The document provides input to:
U The sitespecific design of support structures (including towers) for the Wind
Turbine Generators (WTGS).
U The evaluation of site suitability of the RoteNacelle Assemblies (RNAS).

The results arereferenced below:

Still Water Levels Reference

0 mMMSL= 0mDVR90 Section1.2

Normal conditions parameters. Reference
Given at huup = 150.0 mDVR90

Weibull Mean wind speed Not summarised; seeTable6-1 Appendix Aand
Table6-1

Omni-directional Weibull wind speed distribution | Not summarised; seeTable6-1 Appendix Aand
parameters Table6-1
Wind profile for wind speed extrapolation with 5V oy a 8 Section6.2.1
elevation WY 0

Here, z andhuu are in mMISL
Wind profile for load calculations, Normal Wind WY a Section6.2.2
Profile (NWP) . a 8

WY j —
Q

Here, z andhnw are in mMMSL
Normal Turbulence Model (NTM) Not summarised. Section6.3.1
Extreme Turbulence Model (ETM) Largest of: Section 6.3.2

i IECClass IB inTable6-5
i Centre-wake TKWS)

Normal ambient air temperature range -6.0°C¢T< 5.0 °C Section6.4.1
Design temperature (lowest daily mean 1.7°C Section6.4.1
temperature)
Relative humidity limit RelH¢ 100 % Section6.4.2

Extreme conditions parameters (Extreme Wind speed Model, EWM). Reference
Given at hnu =150.0mDVR90

Wind profile for load calculations e e a 8 Section 8.1

Here, zand huuw are in mMSL.
Wind profile for extreme wind speed extrapolation| , e oy a 8 Section 8.1
with elevation wYa 0

Here, zand huu are in mMSL

Lot 3 (North Sea I) Wind Assessment 71103
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Other Conditions
Given at hxu = 150.0 mDVR90

Mean air density . o8 p[E_C Section 8.2
Maximum 10-minute mean wind speed for a 1 WSt Hub =34.9m/s Section 8.3.7
year EWM

Maximum 10-minute mean wind speed for &- WS hu =40.2 m/s Section 8.3.7
year EWM

Maximum 10-minute mean wind speed for a 0- WS huw =42.3m/s Section 8.3.7
year EWM

Maximum 10-minute mean wind speed for &25- WSt b =45.4 m/s Section 8.3.7
year EWM

Maximum 10-minute mean wind speed for a 50 WSs0,Hub = 48.0 m/s Section 8.3.7
year EWM

Turbulence Intensity for use with EWM Tewv=11 % Section 8.4

Reference

Extreme ambient air temperature range, zhour -9.0°C¢T<28.0°C Section 6.4.1
mean:

Mean air temperature at hub height 8.6°C Section6.4.1
Highest temperature in 25 years 28.0°C Section6.4.1
Highest temperature while WTG in production 28.0°C Section6.4.1
Lowest temperature in 25 years -9.0°C Section6.4.1
Lowest temperature while WTG in production -9.0°C Section6.4.1

Lot 3 (North Sea I) Wind Assessment
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1. Introduction

EUWI NDRUNVqUWEGq!l ¢Ut Rttt RYUW OoEWLEEAWY! Wba6 JWI T
to carry out Site Wind Conditions Assessment for the North Sea | project (Lot R)cated

in the Danish North SeaThe purpose of this document is to serve adocumentation of

the wind conditions for WTG FEEDThe document is based on an ongoing oesite
measurement campaign, and itis intended to be amended bya subsequent note

detailing any changes in the conclusions after completion of 12 months of osite
measurements.

1.1 Geographical location

The project site is locatedbetween 20to 80 km off the western coast of Denmark, in the
Central North Sea as shown irFigure1-1. The projectsite has been further divided into
three areas labelled Al, A2 and A3 occupying theasternmost part of the site and slated
for earlier development, and the remaining western half of the site labelled herein A4.

5.0°W 0.0° 5.0°E 10.0°E 15.0°E 6.0°E 6.5°E 7.0°E 7.5°E 8.0°E 8.5°E
T

A

60.0°N
56.5°N

56.0°N

s5.0oN i/

TTs5eN

50.0°N

55.00N [ a—-— " NSI Sub-Areas

Figurel-1: Left: Larger view of theNorth Sea and bcation of the NSlproject area (black continuous line).
Right: Location of the NSlproject sub-areas (red dotted line) CRS: WGS84.

1.2 General considerations

Elevations in the present document are, unless explicitly stated otherwise, given as
distance above Mean Sea Level (MSL) in metres (mMSIhis is done to ease the
incorporation of results based on a diverse range of datasets: floating Lidar
measurements which provide 10minute statistics relative to Still Water Level (SWL),
model datasets with hourly resolution (or longer periods) whose vadal reference
approaches MSL, as well as formulations such as the power law wind profile which are
valid relative toa reference such as SWL or MSL but less so relative to a fixed reference
like LAT Nevertheless, this simplification does not introduce significant bias as the
applicable vertical reference, DVR90, is approximately equal to MSL at the site, and the
tidal range is negligible for the purposes of the present document.

Lot 3 (North Sea I) Wind Assessment 9/103
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Thewind turbine hub height is assumed to be, followingnput from EnerginetfMOMKOM]
hhw =150.0 MDVR90

The distance from MSL toDVR90 is negligible at the siteinferring from the conclusions
in Sections 2 of[MAEINSJand 5 of[MATH]
0 mMSL= 0 mDVR90

Where relevant, atmospheric parameters have beeextrapolated to this elevation.For
the purposes of the present document, and due to the modest variation of wind speed
distribution with elevation, the results in the present report are assessed to be applicable
without change for a hub height interval of + 5 m about the value d¢f. Stated
immediately above.

Since, as stated above, the results are valid for a hub height interval of + 5 m, the
results are reported at 150.0 mDVR90only.

Throughout this report, wind directions are comingirom directions, and given as °N; i.e.
clockwise compass directions as seen from above.

Density (scatter) plots throughout this report will show normalised densities according
to the colour bar in Figure 1-2, 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

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

Finally, the following conventions and notations are used:

1 Occasionally, some values are written in . This is intended to highlight
that they are intermediate results, and are included for information only.

1 Intervals of numbers are denoted according to Item-Z.7 of ISO 8000€2:2019-08
for closed intervals, and the optional notation of Items 27.8 through 27.10 of
ibid. for half-open and open intervals.

- For example, the interval from 0 to 1 is denoted:
A [0:1] if both end points are included in the interval.
A [0:1[ if O is included in the interval, but 1 is not.
A 10:1] if 0 is not included in the interval, but 1 is.
A 10:1[ if neither end point is included in the interval.
In most intervals in the present document, the lower end point is included, but the upper
one is not.

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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2. Applied standards and guidelines

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

[[EC6131] :IEC 614003-1: Design requirements for fixed offshore wind turbines, ed.
1.0 (201904).

[[EC611] : IEC 614001: Design Requirements, ed. 4.0 (20192).

[DNV0126] : DNVGLST-0126- Support structures for wind turbines (202112).

[DNV0437] :DNVGIL:-ST-0437- Loads and site conditions for wind turbines (202411).

In case of discrepancy between the standards and guidelines above, the hierarclof

standards and guidelines is so that documents high on the list overrule documents lower
on the list.

Lot 3 (North Sea I) Wind Assessment 11103
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3. Overview of available data and review of data quality

3.1 Available data

The analy®s presented in this report arébased on measurement datasetsthree floating
Lidar Systems (FLSs) deployed at the NSI site and two FLSs deployed at the nearby Energy
Island North Sea site see the descriptions in Appendix B Additionally, data from the
Hovsgre onshore met mastand the [Jmuiden offshore met masthas been used for
supplementary analysesrelated to temperature and turbulence

6.0°E 6:5%E 7.0°E 7.5°E 8.0°E 8.5°E 0.0° 2.5°E 5.0°E 7.5°E  10.0°E  12.5°E
e c
57.0°N N ==
55.0°N 4

EINS-1-LB <

56.5°N 2
EINS-2-LB

A 52.5°N

56.0°N —

=
NS-1-{-L
A,

55.5°N

0 20 40 60km A FLS
I . A Met Mast

55.0°N

Figure3-1: Location of the main measurement datasets used in this documentThe smaller image to the
right shows the location ofthe [IJmuiden met mast.CRS: WGS84.

The measurement datasets used in the present chapter are summarised ifable 3-1.
This table shows, each dataset and what it has been used for.

Dataset Description Weibull Shear | TI | Extreme | P, T, RelH,
parameters Wind air density
Model
\ V)

NSI FLSs AppendixB.1 \Y u V)
EINS FLSs AppendixB.2 \ V) u u U
[Jmuiden mast Appendix A of THORWA u u \ u U
Hovsgre mast Section 3.2 of THORDAT] U u u \Y \Y
Vortex time series | Not described V) V) U u \Y

Table3-1: Overview of the datasets used in the analyss in the present report Tickmarks indicate that the
data have been used for the purpose in thearresponding column, while crosses show that it has not been
used for this purpose. Tick marks in parentheses indicate that the datasets have been used for
comparative purposes. A detailed description of the datasets is provided irthe references listed in the
table.

Lot 3 (North Sea I) Wind Assessment 12103
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3.2 Sensor naming convention

The sensors have had names assigned to them, denoting their type, vertical coordinate,

and the pointing compass direction of any boom they are mounted on (when relevant).
The structure of the sensonames is thus:

{Data Type} {Vertical Coordinate} {Boom pointing compass direction}

Here, the Pata Typé field has one of the values iTable3-2, whereas:

U {Vertical Coordinate}denotes the vertical coordinate above MSL in decimetres.

i {Boom pointing compass direction}denotes the pointing direction of the boom,
the sensor is mounted on, in°N. For sensors not associated with a particular
boom orientation, the orientation is either suppressed, or a 3etter description is

2t DT WRUt qUe¢T alW YI WaqYGWaYeUquUT wt Ut YI + 9WsN

BYOGGYtH T WYnWwt 32131 ¢ arn HI0R YUl etk 100 SRIDEUCET GLH b YA LLLG

c2a HWEWURNE qALl/mbe 2 AwWIRY Wet JT HOW

Data Type} Symbol used in the present report

wind Speed
WD Wind Direction WD
T Temperature T
RELH Relative Humidity = RelH
P Air pressure P

Table3-2: Data types in sensor hames, their abbreviations, and their units

Note that the sensor naming convention also applies to data from reanalysis and

mesoscale models. When referring to data from these model§Boom pointing compass

direction}is set toNaN. This also applies to data from LIDAR measurements.

3.3 High-level quality check filters

In addition to the quantitative- and qualitative checks carried out when processing the
data, high-level quality checks on the data have been carried out by discarding time
stamps for which the data did not fulfil the following criteria:

Data field Minimum Maximum Unit
value value

Simple interval criteria

WS 10-minute mean

WS 10-minute standard deviation
WSGust

WD 10-minute mean
T10-minute mean

T10-minute standard deviation
T10-minute maximum

P 10-minute mean

RelH 10-minute mean

Other criteria

5
150
360
100
5
100
1050
100

m/s
m/s
m/s
°N
°C
°C
°C
hPa
%

WS 10-minute standard deviation must be larger than 0.001 m/s WS
10-minute mean is larger than 0.5 m/s.
Table 3-3: Initial, automated validation. It was visually checked that this did notexclude valid data. In

addition to this very mild validation, validation by visual inspection was performed

Lot 3 (North Sea I) Wind Assessment
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4. Generic methods

A set of generic methods has been usedh the analyses carried out in the main body of
this report, namely:

U Turbulenceintensity detrending: This method accounts for upward or downward
trends of wind speed during a 1émin sample which might cause an artificially
large value of microscale turbulence.

U Mean-of-Monthly-Means (MoMM) which accounts for gaps in the time series.

U Powerlaw fit to the wind speed profile for every time stamp.

These generic methods are described in detail iSections 4.1-4.3 below.

4.1 Turbulencelntensity detrending
Since the Turbulence Intensity T) is an important parameter in the assessment of the
Normal- and Extreme Turbulence Model, theTlvalues, either from cup anemometers or
floating Lidars, have been detrended when used in Sectio.3 and Appendix C The
detrending applied in the present report is a simple type of loyass filteringor algorithm
that removes any sudden increase il (removing any increase by more than 40% from
one 10-minute sample to the next, though only in casesvith Tllarger than 8%). This
method has beenoriginally verified as being a conservative estimate using 1 Hz wind data
from the Nysted Offshore Wind Farmin a study which C2Wind is familiar with but which
is not in the public domain More recently, C2Wind has validated the method using high
frequency data from the IIJmuiden met mast, reaching the same cong$ions as in the
Lt qUT W2¢aRT ¢cqRYUWI INel T RUNLWaq 6 1Mbichisipétside kK + LWE GG
the public domain.

The detrendedTIvalues are therefore derived as follows:
a) Compute TI, for all time stamps, from the 10minute measurement time series.
b) Progressing through the time series from start to end, check for each timestamp
{t.} whether:
0 Tlat timestamp ti, TKt.), is larger than the 1.40[Tt,) at the preceding
timestamp to. If the sampling time is 10 minutes, ther, =t - 10 min.
U The values ofTkto) and TKt.) are valid (i.e. their values exist and are not
faulty).
u TKty) > 0.08.

If the conditions in item b) are fulfilled for timestamp ti, set: Theuendeda(t:) = TKto).
Otherwise, set: Thetrended(t) =TKt2).

Detrending is introduced in order to remove events of very large turbulence intensity that
are due to a change in mean wind speed (i.e. a trend in mean wind speed) rather than
fluctuations around a more stable average level. The latter case would be microale
turbulence, whereas a mean wind speed change is not.

Extensive checksare made to ensure that the detrendingyields reasonable results. For

instance, a selection of thesechecks are illustrated by the plots inFigure 4-1, which
show that the detrending affected the expected fraction of th@Ivalues, 4.5% of the data
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points for the sensor labelled WS 911 180, and that the effects of detrending are
reasonable. Details on this sensor are excluded from this section order not to distract
from the focus of showcasing the method,but more information can be found in

AppendixC.1.

WS_911_180

_120.4 . All timestamps, 100 %. :'—‘0‘4 All timestamps, 100 %.

n Detrended data points, 7] Detrended data points,

é 03 o values before detrending, 4.5 %. % 0.3 _ Jvalues after detrending, 4.5 %.
=02 N Zo02 R

o o i

.1 SORY
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Figure 4-1: Comparison plots illustrating the effects of Tl detrending for the sensor WS_911 18at the
IJmuiden met mast In total, 4.5% of theTldata is affected by the detrending, which is close to the fraction
found for other offshore masts in similar locations. The plot on the upper left shows all values dfvs. WS
from WS_911 180 in black, and the affected data points before detrending coloured according to data
point density. Please note that there are black points only fofl¢ 0.08 since these values are not affected
by detrending as stated above. Analogously, the upper middle plot shows the same (coloured) data points,
but plotted with their value after detrending. The plot on the upper right shows only thodd data points
which are affected by detrending, with their detrended values vs. the value before detrending. The points
are coloured according to the 18minute mean wind speed associated with each data point, as shown by
the colour bar. The plot on the midée left shows a histogram of theTlvalues: All values in blue, the points
affected by detrending with their values before detrending in red, and the points affected by detrending
with the values after detrending in yellow. Just below, on the lower left, the same histogram is shown, but
with a logarithmic 2" axis to better show the details. The plot on the middle right shows a histogram of the
10-minute mean wind speeds, where all values are shown in blue, and values with detrend@&tiare shown

in red. Just below, on the lower right, the same histogram is shown, but with a logarithmit¢ 2xis to better

show the details.

4.2 Method of Meanof-Monthly-Means: Handling missing data
To avoid data gaps and notinteger number of years of data skew the results, atlormal
conditions analyses in this report have used the method of meanf-monthly-means. The

UcauWwWYnWaé 1JLW éothepidthiyialla W e 6 ¢ + WHWIWUWqet 30OWNI Y

Windographer software documentatior? to describe the method of weighting data points

3 UWN#¢aGu Wy nWwe t RU RddmantdyHidIF GO HIw WRY 10 @Wic WR U W e | G RIJI W2 |

documentation of the Windographer software.
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by how often they occur in a month of the year. In the present report, it is implemented in
the following way:

U Ascribe to each measurement data point an integenQ1,12], given by the month
in which the data point is recorded.

U Ascribe to each data point a weight, which will be used to weigh the data point in
all analyses where the mearof-monthly-means is used. This weight equals the
maximum number of data points that arepossible* in the month n divided by the
actual number of data points.

For example, if we look at a dataset containing 3 separate months of January with full
data coverage of 10minute values, there will be:

3 * 31 days * 24 hours/day * 6 datpoints/hour = 13392 data points,

and each will be given a weight of:

(31 days * 24 hours/day * 6 data points/hour) / 1,392 data points = 1/3.

In this way, both nonrinteger numbers of years as well as gaps in the data will be
corrected in a way that assumes the data is representative of both gaps and the missing
fractions of years.It is worth noting that the MoOMM method is used for calendar months
with data gaps, however it is not used or intended to be usedr to bridge the gap in a
measurement dataset covering less than a full calendar year.

4.3 Calculation of wind shear and extrapolating to hub height

When wsing any of the availablefloating Lidar datasets, a shear analysis is performed for
each timestamp, thereby assigning a shear exponent value for each timestamp in the
dataset. The shear analysis is done by a leastquares linear fit of the natural logarithm
of the 10-minute mean WSvs. the natural logarithm of the sensor heights covering the
rotor plane and up to 300 mASL(for this purpose, a rotor diameter of 236 m has been
assumed, and the results are insensitive to changes, in the order of tens aifeters, to
this rotor diameter); thus, a power law shear profile is assumed.

41n this report, leap years are treated as if they have an extra day of measurements in February. Thus, a
dataset with a single year, which has a leajyear February with all possible data points, will have each of
these Februarydata points given a weighbf 28/29.
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5. Selection of representative analysis points

The NSI OWF area stretches out fapproximately 2216km? and is further subdivided
into (as a minimum) four subareas. It is natural to expect a certain degree of
geographical variation of the normal end extreme conditions parameters across the
large extent of the project areaFor the purposes of the present document, and pursuant
to the requirements in [ENCL6] a number of representative analysis points need to be
defined.

This section presents the background and analyses leading to the selection of
representative analysis points. The selection of analysis points is based both in the
geographical variation of key parameters, as well as in the intended use of the
conclusions of this document. That is, the goal is to provide a description of the site
conditions that is both accurate and useable in the context of FEEDf offshore WTGs
and support structures.

For normal conditions, the discussion takes as a starting point the general geography of
the area and utilises data from NORA3 and NEWAKigure5-1 shows the locations of the
datasets from both NORA3 and NEWA used for the analyses in this sectidine selected
nodes have a spacing of approximately 10 km, whereas the full dataset in both cases has
a resolution of approximately 3 km. The decision to use a subset of the entire datasets
does not introduce limitations or inaccuracies, as the spatial variability within the NSI
OWFarea is rather moderate, aswill be discussed in the rest of this section.
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E 621
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E [m] <10°

Figure5-1: Locations of the NORA3 (magenta) and NEWA (light blue) nodes used for the analyses in this
section. CRS: WGS84 / UTM Zone 32N.

For the assessment of the spatial variability of normal conditionsdata from both
datasets was fetched for the entire period available then trimmed to full years only. This
yields the period 199901-01 to 202312-31 for NORA3, and the period 20681-01 to
2018-12-31 for NEWA. Since the scope of the discussion is to assesslative spatial
variability rather than absolute values, and since both periods are long enough to reflect
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long-qJl GWAWNG6¢2RYel AllgéJWn¢c Aaqllaqdc qllagd WWas YW ¢ q
considered by C2Wind to deter from the conclusions of this analysis.

Figure5-2 shows the spatial variation of the longterm mean wind speed from NORA3 at
100 mMSL and NEWA at 150 mMSL, where each subfigure has its own colour scale as
indicated at the right, along witharrows indicating the most frequently occurring wind
direction. The gradient maps have been obtained by linear interpolation of the selected
nodes at a finer resolution of 1 km for display purposeslhe figures also highlight the
highest value found within each subkarea with an upwardspointing triangle, the lowest
value with a downwardspointing triangle, and the locations of the 3 FLSs as crossgsee
Appendix Bfor more details on the FLSs)

In general terms, the plots show that both datasets predict similar patterns: lower wind
speeds on the eastern part of the sites closer to shore and higher wind speeds on the
northwest part further from shorg and the maximum and minimum mean wind speed
points being located in general in the same part of the subreas. Furthermore, the
predictions by the two model datasets are onsistent with the FLS measurements
described in Appendix B.1, where FLS2 and FLS3 have, for their concurrent period,
virtually identical mean wind speeds, both being approximately 2.3% lowethan the
mean wind speed at 150 mMSlat FLS1,whereas the relative speed up factors range
between [1.7%, 2.0 %] for NORA3 and [1%, 1.6 %] for NEWA.

NORA3

R
\\\\\\\\‘\:}\J

NEWA

%108 %108

10.25
10.4

10.2

6.23 6.23 10.35

10.15

6.22

£ 621

6.2

6.19

\ I
e

10.1

10.05

§.22
E 621
6.2

6.19

e R
o A e

LY

W

AR
RN
Ny
Y N
.

10.3

10.25

10.2

10.15

i TN
3.9 4 4.1 4.2
E[m]

6.18 6.18

4.3
%10°

Figure5-2: Spatial variation of wind speed and wind direction as per the NORAS (top) and NEWA (bottom)
datasets. Data from the individual nodes has been interpolated throughout the site at a finer resolution for
display purposes.The coloured background indicates longterm mean wind speed at 100 mMSL for NORA3
and long-term mean wind speed at 150 mMSL for NEWA, note the different colour scales on the rigfite
highest value found within each subareais marked with an upwards-pointing triangle, the lowest value
with a downwards-pointing triangle, and the locations of the 3 FLSs as crosse$he grey arrows o each
subfigure show the most frequently occurring wind directionCRS: WGS84 / UTM Zone 32N.

Figure5-2 also shows arrows indicating the 104wide wind direction binwith the highest
population at different locations across the site. For boththe NORA3 and NEWA
datasets, there is little variability across the NSI area, with the most frequent wind
direction bin being virtually constant. The apparent variability seen on the southwestern
part of the site is more an artifact of the manner in which prevailing wind @ictions are
being graphically displayed rather than true variabilityFor further details, Figure 5-3
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shows histograms of the wind speedand direction distributions across the site for both
datasets, where the histograms show the mean distribution and the mean plusand
minus one standard deviation. Here it is clear that the apparent variability in most
frequent wind direction is simply a reflection of small variability in the individual
frequencies for several adjacent wind direction bins, all having significant frequencies.
When used in connection with 30°wind direction bins, as typically done for FEED
purposes, the wind direction variability across the site will be of negligible consequences
for the results of such studies.
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Figure5-3: Wind speed (left) and wind direction (right) distributiongor the different NORA3 (top) and NEWA
(bottom). The blue bars show the mean frequencgt each wind speed and direction bin, while the red bars
show the mean +/ 1 standard deviation.

The selection of representative analysis pointsieeds to also account for the possible
variation in extreme wind conditions, mainly extreme wind speedlhe GASP dataset has
been used to assess the spatial variation of extreme wind conditions here, as shown in
Figure5-4. The figure shows the 10ninute mean wind speed with a 56year return period
at 150 mMSL in the background, along with the minimurand maximum values in each
area subdivision.There is moderate variability within individual subdivisions, but with the
maxima being located at different places than the mean wind speed maxima.
Interestingly, the maximum extreme wind speed value within the NSI area is not located
at the furthest point from shore, but rather between subareasA2 & A3A summary of the
spatial variability of the mean and extreme wind speeds as per the datasets above is
provided in Table5-1, where the range of values is quantified as the difference between
maximum and minimum values in the area divided by the mean valu&oth mean wind
speed datasets predict very similar degrees of variability, whereas there is more
variability in extreme wind speeds.
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Figure5-4: Spatial variation of 10minute wind speed with a 50year return period at 150 mMSL, from the
GASP dataset The coloured background follows the colour scale on the right.HE highest value found

within each sub-areais marked with an upwards-pointing triangle, the lowest value with a downwards

pointing triangle, and the locations of the 3 FLSs as crosse€RS: WGS84 / UTM Zone 32N.

Range = (maxr min) / mean

NORA3 NEWA GASP

Al 2.6% 2.1% 1.5%
A2 2.4% 1.9% 1.4%
A3 2.8% 2.2% 2.5%
A4 1.5% 1.4% 3.4%

Table 5-1: Summary of variability of mean and extreme wind speeds across the site subdivisionsThe
range metric here is defined as the difference between maximum and minimum values divided by the
mean.

Finally, Figure5-5 shows the locations with the top30% quantile values for mean wind
speed in grey and extreme wind speed in red, for all four site subdivisions, along with the
grid points that fall in both categories.The threshold has been set at 30% here as a
threshold of 25% yielded no intersection of the two subsets for subdivision A3. With
these results, the logical consequence to the discussion in this section is to select a
representative analysis point out of the subset that is in the to80% quantile for both
metrics for each subdivision Given the limited variability within subdivisions as
summarised in Table5-1 and the intended use of the conclusions of the present report
being FEED obffshore WTGs and support structures C2Wind considers that a single
point is sufficient for the present stage. However, since subdivision A4 is slated for future
development and as large as the other three combined, two points will be defined within
A4.The coordinates for the selected analysis points are summarised ihable5-2. As will
be further detailed in Sections8 and Appendix A the normal wind conditions will be
described by extrapolating the longterm corrected Weibull parameters to the location
of the analysis point, whereas the extreme wind speed value of the most severe location
within the subdivision will be ascribed to tte analysis point.Furthermore, results will also
be reported at the locations of the three FLSs within NSI.
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Figure5-5: NSI area and subdivisions with the locations of the highest 30% mean wind speed (grey) and
extreme wind speed (red) The representative analysis points for each subdivision are defined from the
intersection of both areas.CRS: WGS84 / UTM Zone 32N.

Coordinates WGS84 / UTMZone 32N

Easting [m] Northing [m]
Al P1 401216 6195838
A2 P2 397216 6212838
A3 P3 396216 6222838
Ad P4 387216 6221838
Ad P5 385216 6197838

Table5-2: Location of selected analysis points
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Figure5-6: Location of analysis points.CRS: WGS84.
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6. Normal Wind Conditions

This section describes the free stream wind conditions for normal conditiorts The
conditions stated here do not cover any effects from neighbouring wind turbine wake.

The shear conditions are characterised using thé&dSI FLSdata, supplemented by the
EINS FLSs and Vortex series to discuss the impact of the short measurement campaign.
The turbulence intensity conditions are characterised using théJmuiden met mastdata
following the discussion inAppendix Cand additional analysis of directional turbulence
as measured by the FLSs

6.1 Normal conditions wind Weibull distributions and wind roses

The omnidirectional wind speed distribution Weibull parameters at hub height have been
derived inAppendix Afor the analysis points found in Sectiorb. The analysis iPAppendix
A consisted of longterm correction of the measurements with an MCP approach,
followed by spatial extrapolation to the analysis points.

The Weibull parameters describing thevind speed distribution at the analysis points are
summarised in Table6-1, while the wind rose applicable to all points is shown ifrigure

6-1.
BN
speed

[m/s] [-] [m/s]

11.85 2.25 10.50
A2 P2 11.90 2.26 10.54
A3 | P3 11.94 2.26 10.58
Ad | P4 12.01  2.27 10.64
A4 | P5 11.98 2.27 10.61
NSH1-LB 12.01  2.27 10.64
NSH2-LB 11.75  2.25 10.40
NSE3-LB 11.75  2.26 10.41

Table6-1: Weibull parameters estimated at the analysis pointsand FLS locationsat hub height The mean
wind speed is calculated from the fitted Weibull parameters.

SAGEt NWOYqUWWagdeqWad JWT InRURqRYUWYnWm YI GecadWRYUT RQRY
I GUBRNRHWq6cUWqécqUWYNWEWHqRYUWZOOWYnWaf E9XNOeéalWaqd L
nl Dhue Q0qia! Wagée UWY UHIIWG I UL aIE 1D il AL 7 2RI G Lkl 6 WHLENIY D ofi 001 LU aayl ¢ F
In this report, the definition from [IEC613] has been used.

Lot 3 (North Sea I) Wind Assessment 22103



CZWIND

Wind Speed
[mis) .
B s - 25 Wind Rose, P1
I 20 < WS <25 N(0°
15 < WS <20 :

10 =ws<15
s - WS <10
O - WS<5

W (270%) < - E (90°)

K] (‘\‘BD“)

Figure 6-1: Wind rose corresponding to the longterm wind distribution at point P1, applicable to all
analysis points.

For use in Fatigue Limit State (FLS) Design Load Cases (DLCs) in Integrated Load
Analysis, particularly those involving Normal Sea States (NSS), joint directional
occurrence frequencies for the wind speed and (Winéea) wave directions are needed.
These ae unambiguously provided through the misalignment tables in a Marine
Assessment.

For some purposes, e.g. calculation of Wind Farm Turbulence, it is necessary to use
directional occurrence frequencies of wind speeds. These can be found through

summing over (WindSea) wave directions in the aforementioned misalignment tables

provided inq 6 DWGI YTWUHqkt W~¢l ROJIW ++ W3+t aldUqow aqldl |
first justifies its applicability for that purpose, the Marine Assessment provides

directional Weibull fits that can be used for input to Wind Farm Turbulence analyses

6.2 Wind shear and wind shear profile for normal conditions
In this document, the wind shear will be modelled as:

o o Q Eq.6-1
W YQ 0w YQ Q_

where:
hret is the reference height
h is the height of theneeded wind speed,
1 is the wind shear exponent.

In the two Sections 6.2.1 and 6.2.2, this wind shear description is used for two different
purposes:
U In Section6.2.1, the focus is on normal conditionswind speed extrapolation over
a small elevation difference; for example, extrapolating a few tens of metres
beyond the+5 m elevation interval arounchuwn Y 1 Ws 6 RAG Wa 6 WWGI 13t JUa
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values need not be changed. For this purposeand to make the most accurate
mean wind shear description for such elevationsthe wind shear exponent is
calculated by fitting a power law across &LS measurementlevations between
40 and 300 mMSland for all model elevations between 50 and 300 mMSL fire
mesoscale data, and taking the mean value

U In Section 6.2.2, the focus is on derivation of the Normal Wind Profile (NWP),
wherefore the wind shear exponent iscalculated by fitting a power lawto wind
speeds vs. elevationacross the same range of elevations, but the mean absolute
wind shear is used instead of the simple mean

Ideally, on-site measurements would provide the best data source for prescribing wind

shear values. Due to the short duration of the measurement campaign, which as of

writing this document has collected less than a full year of data, additional analysis is

required to ensure thatno seasonal bias is introduced into the estimates.Figure 6-2

shows mean wind speed profilesand fitted shear exponents to the 3 NSI FLSs, their €o

located Vortex model time series, and the 2 EINS FLSBor the Vortex andEINS FLS

datasets, two versions are presented: one corresponding to their full datasd€tndicated

H! Waqé 13 WG 1 Rulshndlone coimeRpbriding only to timestamps concurrent with

the NSI FLS measurementsi RUT RH¢ q IJT WHA! Wdpdcid.dltelplotiSHdwsltHe 2 n'n R * L
following:

U All datasets find similar wind shear exponent values and similar shapes of the
wind profile.

U The three NSI FLSs conclude very similar values of the wind shear exponent,
ranging between 0.077 and 0.083.

U For the colocated Vortex time series, the wind shear exponent fitted to the lonrg
term time series is always a lower value than that fitted to the concurrent period
only.

U The Vortex series underestimate both the mean wind speed and the wind shear
exponent when compared to the NSI FLSs over their concurrent period.

300
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Figure6-2: Mean wind speed profiles and fitted shear exponents to the 3 NSI FLSs, theirlozated Vortex
model time series, and the 2 EINS FLSs
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From the observations above, the NSI FL®easurements can be used to characterize
wind shear at the site despite their shorter duration.

6.2.1 Normal conditions wind climate scaling

The time series offitted wind shear exponent for each time stamp across measurement
elevations between 40 and 300 mMSihas been used for deriving the shear exponent in
this section. Themean shear exponent values for the three FLSgere compared and he
largest of them, found forNSFLB-3 in Table 6-2, is chosen to characterize wind shear
conditions at the NSI site. Orthis basis, normal conditions wind speeds shall, for all wind
directions, be transformed to other heights using a shear exponent of (80

' ' Q 8 Eq.6-2
wYQ 'Y q

WS from WS_1500_NaN
T T

1.5 T T

| ! | ! | !
0 5 10 15 20 25 30 35
WS @150 mDVRS0 [m/s]

WS from WS_1500_NaN
T T T

!
0 5 10 15 20 25 30 35
WS @150 mDVRS0 [m/s]

Figure6-3: Scatter plots of wind shear exponents vs. hub height wind speed, obtained from the hub height
sensor atthe NSI1 FLSnd fitting the wind profile across all elevations covering the rotor plane and up to
300 mMSL as listed in Sectiorl.2. The plots show thepoints coloured according to density. The upper plot
shows all data, whereas the lower plot shows details for the most widespread values. The black points,
joined by the fully drawn black line, show the mea-of-monthly means wind-speed binned mean values.
The markers joined by dashed lines show the mean values described in the preceding sentence, plus and
minus one meanof-monthly-means wind speed binned standard deviation
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WSbin  Min  -15 15 45 75 105 135 165 195 225 255 285 315

ms] Max 15 45 75 105 135 165 195 225 255 285 315 345  Omni
I < Cenre 0 30 60 90 120 150 180 210 240 270 300 330

0O 2 1 0023 0061 0195 0086 0043 0075 0029 0093 0082 0111 0075 0006 0.069
2 4 3 0004 -0042 -0046 0000 0027 0078 0083 0051 0090 0043 0052 0057 0.038
4 6 5 0011 -0012 -0001 0007 0064 0033 0052 0043 0069 0059 0080 0030 0.035
6 8 7 0016 0017 0016 0038 0060 0061 0057 0086 0082 0064 0051 0038 0.049
8 10 9 0015 0021 0018 0045 0057 0073 0073 0079 0094 0080 0059 0.040 0.057
10 12 11 0029 0034 0031 0055 0080 0072 0105 0103 0107 0087 0061 0042 0.071
12 14 13 0041 0023 0026 0078 0103 0088 0112 0128 0136 0096 0081 0064 0.093
14 16 15 0041 0098 0045 0092 0101 0111 0136 0146 0148 0112 0077 0100 0.110
16 18 17 0042 0058 0078 0106 0111 0104 0139 0178 0155 0135 0086 0075 0.127
18 20 19 005 - 0049 0075 0092 0111 0156 0160 0154 0167 0091 0061 0.132

20 22 21 0.056 - 0.074 = 0.079 0.080 0.151 0.147 0.185  0.146 0.137 0.091 0.067 @ 0.123
22 24 23 - - 0.077 = 0.077 - 0.153 0.186 0.174 0.156 0.124 0.087 0.065 0.114
24 | 26 25 - - 0.088 @ 0.067 - 0.225 0.192 0.166 0.163 0.133 0.102 0.068 0.111
26 28 27 - 0.075 - 0.172 0.185  0.193 0.142 0.106  0.082 0.130
28 30 29 - - - - - - - 0.197 - 0.084 0.087 0.073 0.144
30 32 31 - - - - - - - 0.200 - 0.088 0.089 - 0.101
32 34 33 - - - - 0.096 = 0.088 0.095

Mean overWS: | 0.018 0.012 = 0.023 | 0.060 0.083 0.081 0.103 0.115 0.121  0.105 0.073 0.051 | 0.080
Table 6-2: Mean shear exponentmeasured at NSI3-LB, binned as function of wind speed and wind
direction.

6.2.2 Wind shear exponent to use in load calculations requiring Normal Wind Profile

For modelling the shear across the wind turbine rotor, a different approach to that of
Section 6.2.1 is needed. In particular, it could beinaccurate to average positive and
negative values of the shear, since both large positive and large negative shear values
could yield larger loads, despite their mean being numerically small.

Therefore, tofind a fair value of the shear exponent to use to model the shear across the
wind turbine rotor in Integrated Load Analyses, the analysis leading féigure 6-3 was
repeated, now including the mean of the absolute values of the shear exponents (i.e.
treating negative shear exponents as if they were positive shear exponents of the same
numerical magnitude). The resultdor NSFLB-3, which yields the highest resulting valug
together with wind-speed binned standard deviations,are tabulated in Table6-3.
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WS bin #10-min | Mean shear Std. dev. of Mean absolute Std. dev. of absolute
[mis] samples exponent shear exponent | shear exponent shear exponent

[-] [-] [-] [-] [-]

no<
0o 2 500 0.069 0.215 0.152 0.167
2 4 1984 0.038 0.200 0.131 0.157
4 6 3930 0.035 0.130 0.085 0.104
6 8 4680 0.049 0.102 0.072 0.088
8 10 4778 0.057 0.086 0.071 0.075
10 12 4927 0.071 0.089 0.084 0.076
12 14 4983 0.093 0.073 0.097 0.067
14 16 4526 0.110 0.066 0.110 0.065
16 18 3148 0.127 0.067 0.127 0.067
18 20 2135 0.132 0.064 0.132 0.063
20 22 119 0.123 0.064 0.123 0.064
22 24 601 0.114 0.059 0.114 0.059
24 26 334 0.111 0.050 0.111 0.050
26 28 87 0.130 0.050 0.130 0.050
28 30

30 32

32 34

Table 6-3: Statistical shear exponent values to use as input for the selection of shear exponent to use for
deriving the Normal Wind Profile (NWP); i.e. for use in the Integrated Load Analyses that require this wind
profile type. The values shaded with light blue artlhe ones that Section 12.3 ifIEC6131]requires are used

to evaluate the shear exponent to be used for Integrated Load Analysis with NWP for an IEC Class | site
(0.2-0.40%¢y); as noted in the text above, this is in line with the suggestions in Section 6.4.3.1[EC6131]

The values for the largestWS.p-bins have their values listed in to highlight that they are found
using onlyafew data points.

Please note that n the earlier Ed. 30 of [IEC611] this wind speed interval to be
considered for characterising the shear exponent corresponded to 0.2 to 0®%., using
the terminology in Section 11.3 of Ed. 3.0 ¢fEC611] In contrast, Section 11.3.2 of the
newer Ed. 4.0 ofIEC611]implies that the mean shear exponent may be used except for
certain areas in connection with highly stratified flow, complex terrain, or severe
roughness changes. However, Ed. 4.0 $ifEC611]does not give any guidance on the wind
speed range to use for this evaluation. Therefore, the guidance from Section 11.3 of Ed.
3.0 of [I[EC611]is maintained in the present document. This is also in line with the
suggestions of the (currently valid) Section 6.4.3 of [IEC6131](and Section 12.3 of its
earlier edition).

The wind shear exponent for the NWP is found as the (unweighted) mean of the values in
the cells shaded light blue inTable6-3 to 0.110:

D e a 8 Eq.6-3
W'Y [of wY Q_

Here, zand huw, are measured in metres above Mean Sealevel (MSL), i.e. mMSL.

Thisvalue of 0.110 is larger than the mean value fronTable 6-2, but smaller than the
mean value for some individual wind directional bins such as [195;585[ °N. This is
expected, as the largest shear values do not occur for the most frequent wind directional
bin. Also, this is acceptable since these mean shear values remain smaller than the value
of 0.2 used for RNA type certification.
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6.3 Free Stream Turbulence Intensity

Appendix Cprovides an analysis and discussion of free stream turbulence intensity
conditions for offshore sites, based on measurements from a series of publicly available
offshore met mast datasets.While the discussion inAppendix Cis of a general character
for sites far enough from shore thatcoastal effects can be considered negligible the
measurement datasets at NSI can be used to establish whether any effects from nearby
land or existing offshore wind farms are present in the measurements, and thus should
be accounted for. While turbulence intensity as measured by Lidars and floating Lidars
is not directly applicable in a quantitative manner for WTG design purposes, the
directional dependence of Lidar measured turbulences at the 3 NSI FLSs can be used to
qualitatively support the discussion of whether the site suffers from any landor wake-
added turbulence.

6.50°E  6.75°E  7.00°E  7.25°E  7.50°E 7.75°E  8.00°E  8.25°E

N ,’4"‘ :
56.50°N ( \ Vesterhav Nord .

56.25°N

56.00°N

A W — i\

55.75°N

Horns Rev II

Horns Rev 1T
55.50°N

[ NSl Site
i e vorsevt |_.: NSI Sub-Areas
[ — A FLs

Figure6-4: Location of the three NSI FLSs as well as nearby OWFs in operati@RS: WGS84.

Figure6-4 shows the site boundaries, the locations of the three NSI FLSs, along with the
locations of the nearby Horns Rev |, Il & 11, as well as Vesterhav Ssiad Nord OWFsThe
wind directions in which these OWFs are upwind from each FLS have been determined,
and a generic onshore wind direction sector of [30; 140] °N has been defined for all FLSs.
Figure 6-5 shows a scatter plot of FLSmeasured turbulence intensity as a function of
wind direction, highlighting the generic onshore sector in light red and the sectors with
neighbouring OWFs in dark reddorns Rev | and Vesterhav Nord are excluded from this
analysis as they are over 45 km away from the nearest FI\Shile the absolute values
found in this plot are likely biased compared to cup anemometer measurements
applicable for deriving an NTM, their directional dependence is useful in assessing
whether the FLSs see differences in the incoming flow that can be clearly attributable to
land or neighbouring OWFs.
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Figure6-5: FLSmeasured Tl at 150 mMSL as a function of wind direction at 150 mMSL for FING-1-LB
(top), NSI2-LB(middle) andNSI3-LB (bottom). Binned mean values are plotted with a solid black and the
90% quantiles are plotted with a dotted black line. The light red area indicates wind directions where wind
comes from land, while dark red areas indicate directions where there is an operationalM@F upstream.

While the plots inFigure 6-5 could seem to indicate a sector of higher turbulence for
onshore directions, closer inspection reveals this is not the case. All three plots seem to
reach their maximabetween 60° and70°, a direction which is neither the closest distance
to shore nor which can be associated with an operational OWF for all three FLSs. Rather,
the reason for all three FLSs measuring higheTl in those directions is likely a
combination of site-specific flow features andthe small number of datapoints in those
directions, as seen inFigure6-6, where the plots fromFigure6-5 have been reproduced
now removing the point clouds and adding histograms to indicate the amount of data
points in each directional bin. The fact that the local maximum happens at 60° for all
three FLSs despite them having different upwind features clearly indicates that this is
either caused by the low number of data points or a feature of the local wind climate,
rather than land or OWFsFurthermore, the fact that FLSs NSI2 & NSI3 do not see a clear
increase in FLSmeasured TI for directions with upstream operational OWFs, 180° and
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90° respectively, also suggests that no wake added turbulence is perceptible at the site
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Figure6-6: Reproduction ofthe plots from Figure6-5, removing the point clouds and adding histograms to
indicate the amount of data points in each directional birexample.

Thus, after the discussion at the start of this section, he turbulence intensity is treated
omnidirectionally in the present document Furthermore, following the analyses in
Appendix G it is characterized using measurements from the topmounted cup
anemometers at the IJmuiden met mast, extrapolated to hub height by the measured
wind shear from its cclocated Lidar.

6.3.1 Normal Turbulence Model and turbulence statistics
In the present section, the Normal Turbulence Model (NTM) and associated statistics are
calculated from the IJmuiden met mast measurements.

Mean wind speeds measured at 91.1 mMSL at the IJmuiden met mast were extrapolated

to 150mDVR9Q usingthecoll YH ¢ qq T Wx RT ¢ | k+ WG W¢t a1 T Ws ROT Wit
WS_1500 Hub. The cupmeasured wind speed standard deviation at 91.1 mMSL was

used directly for calculating Tlat hub height.As perFigures 411 and 4.17 offPOLLAK]

the wind speed variance is either constant folow wind speeds, or decreases with

elevation for high wind speeds. Assuming a constant wind speed variance when
extrapolating to hub height therefore result in conservativelirigh Thvalues.

In Figure 6-7, a scatter plot of TIvs. WSat 150 mMSL is shown, andWS-binned mean
values (7), standard deviation values §), and 90%quantile values Ps) of Tlare shown;
all calculated by using the method of mearof-monthly-means. In accordance with
Section 6.3.1.3 of [IEC611] the NTM values will be set to be thd’s-values. One
complication of this is that there are too few data points foMWWS2 31 m/s to reliably
estimate Py, which can be seen in the histogram in the bottom half dfigure6-7. As a
precautionary and conservative measure, the NTMalues, as well as their
accompanying statistical values, will be moderately increasedcompared to the
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measurements forwS?2 27.5 m/s, as indicated by the black diamonds joined by dashed
black lines in the top half ofFigure 6-7. Following this procedure, the NTMalues and
accompanying statistics are provided inTable6-4.
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Figure 6-7: The top figure shows a densityscatter plot of detrended Tlvs. WS @150.0 mMSL. TheWS
binned mean values are shown with blue squares, the standard deviation values with cyan inverted
triangles, andPgo-values with red dots. All these are calculated by the method of meanf-monthly-means.
The black diamonds joined by the dashed black line show the NF¥alues chosen for use in the Integrated
Load Analyses requiring this turbulence type. The bottom plot siws a WS occurrence frequency
histogram, where the 29 axis is logarithmic. As seen by comparing the upper and lower figures, the NTM
valuesare chosen to equal thePy-values forWS-values where there are a sufficient number of data points
in each bin, and conservative upper estimates are made for bins that have fewer data points
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Free Turbulence Intensity @150.0 mDVR90statistics and Tlntm

WS bin Tlstatistics

[m/s] m s Poo Tlnm
n < Centre [] [-] [] [-]
0.5 1.5 1 0.172 0.098 0.298 0.298
1.5 2.5 2 0.108 0.060 0.181 0.181
2.5 35 3 0.082 0.045 0.139 0.139
35 4.5 4 0.071 0.038 0.118 0.118
4.5 55 5 0.063 0.031 0.102 0.102
55 6.5 6 0.058 0.027 0.091 0.091
6.5 7.5 7 0.054 0.023 0.083 0.083
7.5 8.5 8 0.052 0.021 0.077 0.077
8.5 9.5 9 0.051 0.019 0.073 0.073
9.5 10.5 10 0.050 0.019 0.072 0.072
10.5 11.5 11 0.050 0.018 0.071 0.071
115 125 12 0.049 0.017 0.069 0.069
125 135 13 0.049 0.017 0.069 0.069
135 145 14 0.049 0.017 0.068 0.068
145 155 15 0.050 0.017 0.069 0.069
155 165 16 0.051 0.017 0.070 0.070
16,5 175 17 0.052 0.016 0.070 0.070
175 185 18 0.054 0.016 0.072 0.072
185 @ 195 19 0.055 0.015 0.074 0.074
195 205 20 0.057 0.015 0.075 0.075
205 215 21 0.059 0.015 0.077 0.077
215 225 22 0.060 0.015 0.078 0.078
225 235 23 0.061 0.014 0.078 0.078
235 245 24 0.062 0.014 0.078 0.078
245 255 25 0.063 0.014 0.081 0.081
25.5 26.5 26 0.065 0.014 0.082 0.082
26.5 27.5 27 0.068 0.014 0.084 0.084
27.5 28.5 28 0.072 0.011 0.083 0.083
28.5 29.5 29 0.073 0.011 0.089 0.089
29.5 30.5 30 0.072 0.008 0.083 0.083
30.5 315 31 0.070 0.007 0.078 0.078
315 325 32 0.110
325 335 33 0.110
335 345 34 0.110

Table 6-4: Free turbulence intensity statistics and Thrw @150.0 mMSL to be used in Integrated Load
Analyses requiring the use of NTM. Alllstatistics values in nonbold are taken from the statistics shown
in Figure6-7. TheTlstatistics values in bold text are assigned to conform with the assignment dfkrmin
Figure6-7. Should values folWS2 34.5 m/s be needed, theTlvalue forWS= 34 m/s can be used.

It is noted that the Tl mean- and standard deviation values are reasonable and
completely in line with values seen from other offshore projects. A comparison can be
made with the turbulence intensity statistics from other offshore sitest e.g. Sections
4.1.4 and 4.15 of [POLLAK]Jrom whereclose to identical TIvalues can be found.

6.3.2 IFORM analysis and discussion of ETM

A close inspection of the Hgvsgre met mast measurements, seeigure 2 ofHNSDTR19]
shows a considerable number of events seemingly exceeding tH&C Classes IC and IB
Extreme Turbulence Model (ETM) thresholds, over a duration of 10 years.
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As discussed in ibid., these events are likely not representative of extreme microscale
turbulence (characterised by either the Mannor Kaimal spectra in AnnexC of [I[EC611),
but instead originate from mesoscale flow features (fronts, mostly, but als convective
structures).

In essence, the difficulty of distinguishingmicroscale turbulence from mesoscale flow
features lies in the use of 1@minute statistics data: For each sample, having only the 10
minute mean- and standard deviation values does not allow discriminating between
turbulence features (expressed in terms okddies of frequenciesf) which belong to the
microscale inertial subrange (approximately defined ag >1/300 Hz), and the smaller
frequency features which belong to the lowfrequency part of the microscale spetra, i.e.

the gap region and the mesoscale spectra (see Figure 3[@ARSEN18jor an illustration

of these regions, as well as the discussion in Section 1 GKANG16). These mesoscale
features are also present at other sites across Northern Europe (Hgvsgre and Horns Rev,
see Section 4 of LARSEN16]and at @sterild, see Section 3 ofLARSEN18] and up to
241 mASL (at Dsterild in Figure 3 of ibid.). The spectral gap, and its corresponding (added)
variance noticeable on the 180minute standard deviation values, is thereby also present
at the NSlproject area.

C2Wind has replicated the findings fronfHNSDTR19Lsing the IJmuiden met mast data

(this analysis is not shown in the present report), and there too, large microscale (small
mesoscale) features, are responsible for seemingly large standard deviation values

which exceed the IEC Class IC ETM threshold. TRet G1 13t + RYU Wbt WG RUNDG! W
here to underline that these values are real, but cannot readily be compared with the type

of flow conditions prescribed for WTG design iflIEC611] (statistically stationary 10-

minute time series generated using modifieél Kaimal spectra, that is: a microscale

spectrum which does not include such mesoscale features).

Regarding the Ultimate Limit State (ULS) load effects on the WTGstlné NSI sites it is
helpful to compare with the results of Section 5 and its subsections HNSDTR19] In
particular, Figure 9 and Table 3, both from ibid., show thahe ULS load effects from DLC
1.3 using an IEC Class IC ETM are larger, in the absolute sense, than those of the
constrained simulations therein, where these constrained simulations model the
original (i.e. not highpass filtered) measurement time series. Due to the similarity of the
DTU 10 MW reference WTG model used[iINSDTR19(seeits Section 1) tomodern large
WTG typesrelevant for NS| and due to the considerably larger values in Table 3 of ibid.

& Compared to its original formulation in [KAIMAL72].

”In more detail, Section 5.2, particularly Figure 9 and Table 3, both pfNSDTR19%how that the IEC Class
IC ETM yields larger maximum absolute load effects than those of the constrained simulations, when this
maximum is taken over all wind speed bins. This is furthermore true for most wind speed bins individually,
with very few excepions. In all cases, as stated in the first sentence of this footnote, the load effects from
these exceptional wind speed bins are always exceeded, in the absolute sense, by load effects from other
wind speed bins. Moreover, although not the focus dHNSDTR19keveral of the load effects of both IEC
Class IC ETMand constrained simulations for the support structure would be exceeded by load effects
from other ULS DLCs. This is particularly true for the tower bottom for@&ft moment, shown in Figure 9c of
ibid., which is the DLC where the IEC Class IC ETM has the smallest margin to the constrained simulation:
For this structural elevation, gust DLCs almost invariably yield larger load effects, and if the WTG had been
an offshore type, extreme wave loads in DLO&.1 and 6.2 could yield even larger load effects further down
in the structure.
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of the DLC 1.3 load effects, obtained by using an IEC Class IC ETM, than the load effects
from the constrained simulations, the present report concludes that an IEC Clas&8 ETM
can be used for theNSI sites, and that further investigation with higlirequency data may
allow reduction of this envelope to anEC ClassICETM

Thus, for Integrated Load Analysis usingknv
The largest of the Tler/WS) from Table 6-5 and Tleentre-wake(WS) shall be used.

ETM Turbulence Intensity @150.0 mDVR90

WSbin

[m/s] Tletm
Il < Centre [-]

0 1.5 0.75 2.954
1.5 2.5 2 1.158
25 3.5 3 0.799
35 4.5 4 0.619
4.5 55 5 0.512
55 6.5 6 0.440
6.5 7.5 7 0.388
7.5 8.5 8 0.350
8.5 9.5 9 0.320
9.5 10.5 10 0.296
10.5 11.5 11 0.277
11.5 12.5 12 0.260
12.5 13.5 13 0.246
13.5 14.5 14 0.235
14.5 15.5 15 0.224
15.5 16.5 16 0.215
16.5 17.5 17 0.207
17.5 18.5 18 0.200
18.5 19.5 19 0.194
19.5 20.5 20 0.188
20.5 215 21 0.183
21.5 22.5 22 0.179
225 235 23 0.174
235 245 24 0.170
245 255 25 0.167
255 26.5 26 0.164
26.5 27.5 27 0.160
27.5 28.5 28 0.158
28.5 29.5 29 0.155
29.5 30.5 30 0.152
30.5 315 31 0.150
315 325 32 0.148
325 335 33 0.146
33.5 34.5 34 0.144

Table 6-5: Extreme Turbulence Model values of kv @150.0 mDVR0. In addition to application of these
values, Integrated Load Analysis for any WTG at tiNSIproject area shall also be performed usingrkws)
corresponding to the largest centrewake TIWS) that the given WTG at the project area can experience;
see item d of Section 11.9.3 ofIEC611]and Annex E.1 of ibid. Naturally, these centrgvake values cannot
be tabulated before the WTG type and wind farm layout are know
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6.4 Other normal conditions air parameters

6.4.1 Air temperatures

Air temperature conditions at hub heightneed to be evaluated using the Vortex time
series, as the incomplete measurementcampaign would not allow for assessing the
design temperature according to Table I of[DNV0126] and the FLSs would not give a
reliable indicator of the yearly mean temperature when lacking the summer months. As
a start, the three Vortex series are compared to thego-located floating Lidars in terms
of sea-surface temperatures and air temperatures. Since the mesoscale model has 50
m as its lowest elevation, data at this height is compared to the measurements at 4
MSWL at the FLSgFigure6-8 shows an example of such a plot foNSFLB-2, and C2Wind
has confirmed that the two other FLSs yield similar resultsThe Vortex series is found to
have a remarkably strong correlation with the measurements, with a minor bias in mean
sea surface temperaturenot higher than 0.3°C across all three FLSs. The slightly larger
bias of approximately 0.4°C for air temperature is partly explained by the different
elevations being compared.
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Figure 6-8: Scatter plots and histogramsbetween temperatures measured byNSFLB-2 and from the cc
located Vortex model.Top: sea surface temperature for both datasetsbottom : air temperature measured
at 4.1 mSWL and modelled at 50 mMSL
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After the Vortex series has been found to accurately reproduce measured temperatures,
the Vortex series for the NSI3 FLScation at 150 mDVR9O0 is selected for characterising
temperatures at the site The choice of this particular dataset is based on it providing the
largest range, ie. it has both the lowest minimum and highest maximum temperature
across the three locations.Seea plot of the time series and its histogram inFigure 6-9.
Using the time series displayed irthe figure,the following design parameters have been
evaluated:

Mean air temperature at hub height: 8.6°C

Normal ambient air temperature range, 1-hour mean: -6.0to 25.0 °C

Extreme ambient air temperature range, 1 -hour mean: -9.0to 28.0°C
The normal and extremeambient airtemperature ranges have been assessed using the
same type of extreme value analysis as in Sectio8.3.4, using 1 and 25year return
periods respectively.
While not explicitly a part of the deliverablesrequested in [ENCL6] the following

temperature-related parameters are often required by WTG OEMs in their site suitability
assessments.

Highest temperature in 25 years : 28.0°C
Highest temperature while WTG in production : 28.0 °C
Lowest temperature in 25 years : -9.0°C
Lowest temperature while WTG in production : -9.0°C

[ YI Wett 3ttt auUquWYnWgé JWGE! ¢ GUql + WeAY2134AWmi NJ
equivalent to wind speed at hub height between and 28 m/s, based on modern large
WTGs relevant for consideration in the NSI project.

For selection of steel types for design, the Design Temperature as specified in Tablé 1
of [DNV0126]has been calculated as the lowest daily mean temperature (which is also
defined in the same table). Using the time series shown iRigure 6-9 the curve for the
daily mean temperature is shown irFigure6-10, and from its lowest point:

Design Temperature (lowest daily mean temperature): 1.7 °C.
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Figure6-9: Top: time series of hourly air temperatureat 150 mDVR90from the Vortex dataset at theNS}H
LB-3 location. Bottom: Histogram, with a logarithmic 29 axis, corresponding to the time series in the top
part of the figure
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Figure6-10: Daily mean temperature found from the thour mean temperature values of the dataset shown
in the upper part ofFigure6-9. The lowest point on this curve is the design temperature according to Table
1-5 of [DNV0126] Each value on the red curve is computed as the mean of all the hourly temperature
records on the corresponding day of the year denoted on the first axis, using at least 5 different years (which
is fulfilled for the Vortex datase}.

6.4.2 Air humidity

In a similar manner to the previous subsection, the relative humidity measurements at
the FLSs near the surface were compared to the Vortex time series at its lowest elevation,
see Figure6-11. While the correlation is not as strong as it is for temperatures, C2Wind
considers it sufficient for the purposes of this section.From the Vortex mesoscale
dataset at the NSFLB-3 location, relative humidity values at 50 mDVR90are shown as

a time series in the left part ofFigure6-12, and a semilogarithmic histogram in the right
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part of the figure. On the basis of this information, the following conservative relative air
humidity design condition shall be applied:

Relative Humidity design condition, RelH: NNTWNMMLE t

R? = 0.74756: avg = 1h

T
® mean
100 B median
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Figure 6-11: Scatter plot and histograms between relative humidity measured b\WSFLB-3 at 4.1 mSWL
and from the co-located Vortex model at its lowest elevation, 50 mMSL.
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Figure6-12: The left part of the figure shows the time series of the hourly mean values of relative humidity
at 150 mDVR90from the Vortexmesoscale datasetat the NSFLB-3 location. The figure on the right shows
an MoMM histogram of the modelled values with logarithmic 2 axis.

6.4.3 Air pressure

In a similar manner to the previous subsection, the relative humidity measurements at
the FLSs near the surface were compared to the Vortex time series at its lowest elevation,
see Figure6-13. The correlation is as strong as itvas found to befor temperatures, and
the small bias can be explained by the comparison between surface level measurements
and lowest model level at 50 mMSLC2Wind considers the Vortex model dataset
adequate for the purposes of this section.Air pressure values from the/ortex mesoscale
dataset at the NSFLB-3 location at 150 mDVR90are shown as a time series in the left
part of Figure6-14, and a semilogarithmic histogram of these measurements are shown
in the right part of the figure.
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Figure 6-13: Scatter plot and histograms between atmospheric pressure measured b{NSFLB-3 at 4.1
mSWL and from the celocated Vortex model at its lowest elevation, 50 mMSL
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Figure6-14: The left part of the figure shows the modelled timseries of air pressure at 50 mMDVR90 from
the Vortex mesoscale dataset at the NSFLB-3 location. The right part of the figure shows raMoMM
histogram of themodelled values with a logarithmic 29 axis.

6.4.4 Air density

Air density conditions at hub height have been evaluated using the Vortexesoscale
dataset at the NSFLB-3 location. Using this time series, displayed together with its
histogram in Figure6-15, the normal conditions air density at hub height is assigned the
value:
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Figure6-15: Air density at 50 mDVR90from the Vortex time series computed at theNSFLB-3 location. The
left part of the figure shows the model time series, and the right part of the figure shows MoMM
histogram of the model values with a logarithmic 2 axis. TheMoMMmean value is shown in the title above
the histogram.

As an additional check, the air density @30 mDVR90is calculated through using the
Hgvsgre measurements of temperature and pressure at 100 mASas well as theNSFH
LB-3 measurements of temperature and pressure atthe surface. The relative humidity
could have been included in the calculation, but assuming dry air firstly yields a
(conservatively) larger air density, and secondly the correction due to relative humidity is
small enough to be insignificant.

To extrapolate the air density, the air is treated as an ideal gas, i.e. given at each
timestamp the pressure P and absolute temperatureT, the density at this timestamp is:

" 0to Eq.6-4
Yty
where:
R= 8.3144J moF! K% is the ideal gas constant,
Mair = 0.02896 kg/mol is the molar mass of dry air.

With an average atmospheric lapse constant of ca. 0.5 K/ 100 m, the transformation of
the temperature from measurement elevation to hub heightyields only an insignificant
difference. The air pressure has been corrected for each timestamp using the equation
RULWaq6 W UHRY B HIaWIKAPR 6/¥ h LWL

v e w a m w W 4 & . Eqg.6-5
oav 0d MiIAGD ——————h
) ' Y'YO
where:
P(z,t) is the pressure at elevatiorz at timestamp t,
P (Zzer 1) is the pressure at elevatiorzges at timestamp t,
g= is the gravitational acceleration; see the table above the
Executive Summary
z= 150 mASL is the elevation,
Zret = 100 mASL is the reference elevatiorfor Hgvsgre and 4.1
mMSL for the FLS
T(b) is the absolute temperature at timestampt.

Lot 3 (North Sea I) Wind Assessment 40103



CZWIND

The resulting time seriesare shown in Figure 6-17, and the time series derived from
measurements is compared against the Vortex model ifrigure 6-16. The results from
these two figures confirm that the choice of using the Vortex model time series to
describe air density at the site is appropriate for the purposes of the present document.

R? = 0.94693: avg = 1h
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Figure 6-16: Scatter plot and histograms between air density at hub height derived fromNSFLB-3
measurements as explained in the text, and modelled by the ctocated Vortex model at hub height
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Figure6-17: Air density at 50 mASL from the Hgvsgre measurementgdp) and 150 mDVR90 from théNSF
LB-3 measurements (bottom) The left part of the figure shows the model time series, and the right part of
the figure shows an MoMMhistogram of the values with a logarithmic 2 axis. TheMoMM mean value is
shown in the title above the histogram
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7. Wind farm induced conditions and gust conditions

7.1 Operational conditions T Wake andwWind Farm Turbulence

TheWind Farm Turbulence is not directly a Site Conditions Assessment issue, since it is
both dependent on the RNA type and the wind farhayout andis therefore not included
in the present document. The wind farm layout and layout of neighbouring wind farms,
wind direction distribution, and wind turbine thrust curves Cr) shall all be taken into
account in the evaluation of theWind Farm Turbulence.

7.2 Operational conditions T Gust amplitudes
For the Integrated Load Analysis, site specifidesign gust conditions must be used. This
is relevant for the gust types:

U Extreme Operating Gust (EOG);

U Extreme Direction Change (EDC);

i Extreme Coherent Gust with Direction Change (ECD);

U Extreme Wind Shear (EWS).

Evaluation of these gusts is not covered by this report since they depend on both the RNA
type and the wind farm layout.

7.3 Extreme wind speed conditions

Effects from neighbouring WTGs during conditions with wind speeds larger than the WTG
cut-out wind speed shall be disregarded since their effects are negligible for the
purposes of the present document.
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8. Extreme Wind Speed Model

This section documents the parameters to be used for load calculations requiring an
Extreme Wind Speed Model

8.1 Wind shear for the Extreme Wind speed Model
The shear exponent for the EWNbrescribed in Section 6.33.2 of [[EC611} gewm= 0.11,
has been selected for use with the EWM for the present site:

aswv=0.11.

This value agrees well with the large wind speed behaviour of the wind shear analysis in
both Sections 6.2.1 and 6.2.2. The wind speed profile to be used is the same as

prescribed in Section 6.3 (power law). This shear exponent shall be used for scaling

extreme wind speeds with elevation, and for describing the wind shear in Integrated Load
Analyses that use the EWM.

8.2 Air density for theExtremeWind speed Model

The three top parts ofigure8-1 below show data from the time series of the air density
from the Vortex model at 150mDVR9Q Looking only at air densities for the data points
with the highest wind speeds, the air density is consistentljower than 1.21 kg/m?, but
as stated in the caption ofFigure8-1, all data pointswith wind speedshigherthan 30 m/s
come from only two particular events. Hence, to obtain a better statistical basis for
assessing the air density, the top middle and right parts ¢figure8-1 show all data points
for WS @85.6mMSL2 25 m/s. Since events with more moderate wind speeds tend to
have higher air density than those withhigher wind speeds (due tohigh wind speeds in
the region being associated withlow values of the air pressure), this leads to a data
subset with conservatively high values of the air density associated withhigh wind
speeds.

Additionally, Figure8-2 repeats the analysis fromFigure8-1 for air density values derived
from measurements at the Hgvsgre met mast, and plots against wind speeds measured
by its top-mounted anemometers. The results found with the Hgvsgre dataset are
consistent with those found with the Vortex model dataset, whib adds confidence to
the use of the Vortex model for characterising air density for high wind speed situations.
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Figure8-1: Plots for determiningthe air density forhighwind speeds. The scatter plot on the top left shows
all air density datafrom the Vortex time series att50 mDVR90vs. wind speed at150 mDVR90Q where the
colours show the density of points. The plot at the top in the middle shows a detail of the figure on the left
for WS2 25 m/s, but the colours here show the timestamp so that similar colours show events that are
close in time. By careful study of this figure, one can see that the points with the very strongest wind come
from only a single event, whichs why wind speeds down to 25 m/s have been included in order to capture
data from several storms. The top rightmost part of the figure shows a histogram of the data in the plot in
the middle, and its title shows the mean value of these air densities. Gragtof the 150 mDVR90wind speed
and -air density time series are shown at the bottom of the figure, where the coloured points correspond
to the events shown in the middle figure on the tap
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Figure8-2: The same asrigure8-1, but created using data from the Hgvsgre met mast. Density has been
extrapolated to hub height as described in Section6.4.4, while wind speed measured at the top
anemometer has not been extrapolated and is used directly.

Using the data pointshighlighted in Figure 8-1 for WS @ 150 mDVR90? 25 m/s, the air
density to be used together with the Extreme Wind Model (EWM) is selected as the mean

value of their air densities, which is stated in the title of the upper rightmost part &igure
8-1:
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8.3 Extreme Wind speeds

The 50year extreme wind speed estimate has been found by comparing Extreme Value
Analysis (EVA) results derived using the Hgvsgre met mast time series with results
derived using standards and guidelinesthese derivations are made in the subsections
of the present section. Thus, the intermediary results in Section8.3.1-8.3.4 (in )
shall not be used on their own. Instead, a conclusion on the 59ear extreme wind speed
at hub height is provided in Sectior8.3.7.

8.3.1 Eurocode lsupplemented by DS472

The Danish nationalannex of[ENO1]givesin its Section 4.2 (1)P Note 2 a value of 27 m/s
for the basic wind speed at the Danish west coast, but no value is given for offshore sites.
In addition, [ENO1]also provides the tools and relations to convert the value given in the
national annex to other elevations and recurrence periods. HowevefENO1] is not
intended to be valid offshore, so the results in the present section are for comparative
purposes only.

The Danish standard D372 [DS472]also gives in its Section A.2.1 a basic wind speed of
27 m/s at the Danish west coast, and in addition proposes a linear horizontal
extrapolation to offshore conditions- increasing to 31 m/s 50 km from the coastFor the
three easternmost subdivisions of the NSI site, most of their area i®cated closer to
shore than50 km, yielding a largebasic wind speed of 31 m/s (50 years recurrence, 10
minute duration, at 10 mMSL)For the illustrative purposes of this subsection, the same
can be applied to the westernmost subdivision of the NSI sitddence:

Vp od I®B
A roughness length ok, = 0.003 m is given for the sea in Table 4.1[&N01]and the basic
wind speed value above is converted according to the method stated in Section 4.3 of
ibid.:

narnichiT a Eq.8-1
] @i o h

wYa 1 w

Please note that the above contains both a conversion to other elevations, but also a
conversion from terrain category Il to O (from roughness length 0.05 m to 0.003 mj:

8.3.2 The UK Health and Safety Executivaeethod

The UK Health and Safety Executive has published a number of guideline reports of which
one, [UKHSE] specifically addresses environmental conditions. In its Figure 1, it
provides estimates of 5Gyear return omnidirectional hourlymean wind speeds at 10 m
above Still Water Level, taken here to equal the loagrm value at 10 mMSL. The project
area is locatedbetween the 34 and 35 m/s contour lines; therefore, a value of 35.0 m/s
has been assigned. Converting this from-hour means to 183minute means by Section
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3.3b) of[UKHSE] and through Table 4 of ibid., one arrives at a 5@ar 10minute mean
value @10 mMSL of 36.0 m/s. Using Section 3.3c) and Table 5, both of ibid., interpolating
between the -hour and J-minute values therein,and extrapolating from 140 mMSL to
150 mDVR90using the wind shear exponent in Sectio®.1 one arrives at a

T=60°N

T—55"N

T—50*N

45°N
Contours are in mfs. Estimated maximum error is 2 mis.

Figure8-3: Contours of 50year 1-hour mean 10 nMSLwind speed over Northern Europe, from Figure 1 of
[UKHSE] According to Section 3.3b) of ibid., the values can be converted to 4@inute mean values at 10
mMMSL as described in the text, and using Section 3.3c) of ibid., the value can be extrapolated to 140 mMSL
and further extrapolated to 50 mDVR90using the shear exponent in Sectior8.1. The location of the
project site is shown with a red circle CRS: WGS84.

8.3.3 1SO 199011
In Section B.91 of [ISO901] for a location in the Central North Sea, Table B.7 provides a
50-year 10minute mean wind speed estimate of 36 m/s @10 mMSL. Using this

8.3.4 Extreme Value Analysis usinthe Hgvsgre met mast dataset

Subsets of extreme values belonging to independent storms (separated in time by more
than one day) were extracted from the l&year duration Hgvsgre met mast 116.5 mASL
10-minute wind speed time series, using various threshold values. For each of these
subsets, a Generalised Parete and a two-parameters Weibulldistribution have been
fitted to the histograms of extreme wind speeds.

To estimate the variability of the fit, a bootstrappingnethod has been used: Each subset

of extreme values has been resampled with replacement, and fitted 1000 times. The
Weibull distribution performed better than the General Pareto, and the results are
provided inFigure8-4. These results show that median value results range between 41
and 46 m/s, with both fits converging to 43 m/sFrom this analysis
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Using the 100 nmresult from [XWIWA]shown in Figure8-5, the extreme
wind speed at 100 mDVR90 is 1 m/s larger at the most severe location on tN&l site
than at the coast just next to the Hgvsgre met mast. The extreme wind speed at the coast
Rt Wl IGI 3t WUq¢ qR2UIWNnYI! W WWict qlqgYGWqY Y WnY! Wa
elevation and proximity to the coast, and the most severe wind velocitiesoming from
westerly directions. Extrapolating horizontally from the Hgvsgre met mast to thdSisite
using the aforementioned 1 m/s increase;
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Figure 8-4: Left column: examples of distribution fits to the extreme wind speed valuesRight column:
results from the Extreme Value Analysis for various wind speed thresholdsing the same distribution as
on the left. Top row: Weibull distribution. Bottom row: Generalised Paretdlistribution. Please note that
these figures show the analysis without taking into account the possible missing peak measurements
during the storm BodilT see the text for how this storm is taken into account in the results of the present
section.

Before ending this analysis, it is important to inspect in detail the independent storm
events that are analysed in this section. This shows thdhe highest 10-minute value in
the time series, 41.8 m/s,was recorded during the Category 8Gudrun storm on 2005
01-08, and the second-highest peak value, 40.2 m/s,during the storm Bodil on 201312-
05. However, during the Bodil stormthe instrument stopped recording whereforethe
real peak valueduring Bodilcould have beenhigherthan what was recorded This may

8 The storm categories can be foundte list of storms in Denmérhere (accessed 202®-30).
https://www.dmi.dk/fileadmin/user_upload/Bruger_upload/Stormlisten/STORMS IN_DENMARK_SINCE 1891

-pdf
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particularly be the case because Bodil, a Category 3 storm, was regionally a Category 4
on the coast near the site, whereas the Gudrun storm was just slightly below a regional
Category 4, see:

U https://www.dmi.dk/nyheder/2013/bodil -og-det-beskidte-dusin/

As noted in ibid., the largest (10 mASL) wind speed recorded during Gudrun was at
Hanstholm with a 10-minute mean value of 35 m/s, and 46 m/s (presumably,-8econd)
gust. In contrast, as also noted in ibid., the highest wind speeds recorded (at 10 mASL)
during Bodil was at Thorsminde (near Nissum Fjord) with a Aflinute mean value of 36.6
m/s, and 44.2 m/s (presumably, 3second) gust. Although the recorded gusts during
Gudrun were more powerful than those recorded during Bodil, the maximum i@inute
mean wind speed during Bodil was higher than those recorded during Gudrun. To
conservatively take into account that Bodil may have had higher 1®inute mean wind
speeds at the Hgvsgre met mast than what was recorded, the analysis above is repeated,
but with the peak 10-minute mean wind speed during Bodil of 40.2 m/s replaced with
41.8 m/s - 36.6/35 = 43.7 m/s. This has only a minor effect on the 5fear estimate,
yielding instead a

8.3.5 Estimates from xWiWa

A mapfrom [XWIWA]of 50-year 10-minute mean extreme wind speed estimatesat 100
m (elevation unspecified, but presumably MSL, which for thé&\Slsite equals DVR90)s
shown in Figure 8-5, yielding the largest value for the site of
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Figure8-5: Reproduction from [XWIWA]of map of 50year 10minute mean extreme wind speed estimates
at 100 m (assumed to be 100 mDVR90see the text above) CRS: WGS84.
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8.3.6 Estimates from Global Atlas of Siting Parameters
A subset of theGlobal Atlas of Siting Parameter§GASP)data [GASP]covering the NSI
project area has been downloaded using windPRO v3.6 and is shownRigure8-6. The
dataset contains estimates of50-year 10-minute mean extreme wind speed at 150 m
(elevation unspecified, but presumably MSL, which for th&lSlsite equals DVR90) This
dataset yields, at themost severe locationwithin the NSlsite, an estimate of52.9 m/s at

150 mDVR90r not to be used; see instead Sectior8.3.7 for the conclusion.

As a side note, the extreme wind speed uncertainties map GASP]shows that the site
belongs to the medium uncertainty category (this map is not shown in the present

report).
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Figure 8-6: Reproduction from [GASP]Jof map of 50year 10minute mean extreme wind speed estimates
at 150 m (assumed to be 150 mDVR90see the text above) CRS: WGS84.
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8.3.7 Comparison of, and conclusion on, extreme wind speed estimates
The results of the previous sections are listed ifiable8-1.

Source Extreme wind speeds, 10-min
mean values at 150 mDVR90

[m/s]
Section8.3.1; 52.3
Eurocode 19911-4 / DK NA & DS 47:
Section8.3.2; 48.5
UK HSE Guidelines
Section 8.3.3; 48.5
ISO 199011
Section 8.3.4; At the mast: 4.5
Hegvsgre met mast Extrapolated to site: 4.5
Section 8.3.5; 48.6
X-WiWa
Section 8.3.6: 52.9

Global Atlas of Siting Parameters
Table 8-1: Overview of the extreme wind speed estimates from standards and guidelines, and from the
Extreme Value Analysis using the Hgvsgre mast measurements; see text. Not to be used in IliAsee
instead the conclusion below.

Carefully considering the relevance and uncertainties of the sources yielding the values
in Table8-1, the present report selects the following value of the 5§ear 10-minute wind
speed at hub height:

W Shub50 = 48.0 m/s.

As an intermediate result, he same method and input dataset as in Sectio.3.4 has
been used to estimate the lyear 10minute wind speed at 116.5 mASL at the Hgvsgre
met mast location:

WSi16.smast Hevsere, = 313 M/s. Not to be used in ILAr see instead the value below.
The tyear wind speed at hub height at the site has then been estimated frolVSu 50

above and the ratio betweenWSiissmast Hovsore 18N WSi16 smast Hovsoreso = 43 M/S (see
Section 8.3.4)'°

WShuw1=48.0 mis 0—2=34.9m/s .

Extreme wind speedsat the additional return periods requestedby [ENCL6]have been
calculated in a similar manner to that of the 1year return period, namely, by deriving
ratios of EVA results between the different return periods and the 5@ear return period.

® The values listed here are the ones calculated when increasing the peak wind speed of the Bodil storm as
discussed at the end &ection8.3.4

10 Please note that increasing the peak wind speed of the Bodil storm, as discussed at theSexctias.3.4

does not lead to any discernible difference in thegear estimate. Furthermore, the Sgear value without
increasing the Bodil storm peak wind speed, 44 m/s, has been used here because it leads to a slightly more
conservative dyear value for the sitehian using the 44.5 m/s found when increasing the Bodil peak wind speed.
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WSHub,s =40.2m/s
WShub,10=42.3 m/s
WShub,25s=45.4 m/s

Furthermore, in order to provide extreme wind speed estimates at each of the analysis
points identified in Section5 and the locations of the three FLSsthe ratio between the
GASPvalues at the analysis pointsand said locationswas used to scale the 50year wind
speed found above, assigning the maximum value to point P2. The scaled results are
summarised in Table8-2.

[m/s] [m/s] [m/s] [m/s] [m/s]
P1 34.7 39.9 42.0 45.1 47.6
P2 34.9 40.2 42.3 45.4 48.0
P3 34.9 40.1 42.2 45.3 47.9
P4 34.8 40.0 42.1 45.2 47.8
P5 34.4 395 41.6 447 47.2
NSI1-LB 34.3 395 41.5 44.6 47.1
NSI-2-LB 34.6 39.8 41.9 45.0 47.5
NSI-3-LB 34.8 40.1 42.2 45.3 47.9

Table 8-2: Summary of 50-year 10minute wind speed at hub heightat the 5 analysis pointsand the
locations of the three FLSs

8.4 Turbulence for the Extreme Wind speed Model
For the EWM, theFree Stream Turbulence Intensity used for Integrated Load Analysis
shall be set to a conservative value of 11.0 % as suggested in Sectio.8.2 in[IEC611]

TlEWM =11.0 %.
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9. Other environmental conditions

This section provides background and results for a range of additional environmental
conditions relevant to WTG site suitability andlesign.

9.1 Lightning

[DMILYN]gives an indication of the frequency of lightning strikes in Denmark through
stating that the older, rough, estimate of the average areapecific yearly frequency of
lightning strikes in Denmark of 1 strike per kfper year is an overestimation made by
using older measurements from 19651978. Furthermore, [DMILYN]uses data from
1991-2000 to state that there may be regional differences in Denmark, with a somewhat
larger density in the southwest than in other regions, which seems to be based on the
reference (DEFU 2001) on Page 40 PFEJR13Q] Nevertheless, newer highprecision
measurements recorded from 20022010 treated on Page 40 ¢VEJR130¢lo not indicate
any significant regional differences, but rather that the conditions in southwestern
Denmark, as well as those in the centraland north-western parts where the site is
located, are similar to those of the rest of the country; if anythinghe conditions on the
site may be less severe than the national average. Furthermore, the 8 years of
measurements shown for northwestern Denmark in Figure 4 ofVEJR130]show,
together with the corresponding area in Figure 3 of ibid., that the arespecific frequency

of lightning strikes for this area is ca. 0.5 strikes per khper year. This value agrees well
with the result of 0.1-0.4 strikes per kn% per year shown in Figure 4 JATD5]and Figure

5 of [ATD6] which are obtained from data from the years 2002012 (for[ATD5) and
2008-2013 (for[ATD6).

Thus, for the site in the absence of Wind Turbine Generators (WTGs), the design value is
conservatively set to the average value frofivEJR13Q]which is conservativelyhigher
than the values inf[ATD5]and [ATD6]

Ng = 0.5 strikes per km2 per year. Valid for the entire site.

The Lightning Current Parameters, as specified iable 1 of[IEC24] are such that a
conservative Lightning Protection Level is:

Lightning Protection Level: LPL = 1. Valid for the entire site.

9.2 Solar radiation

N6 1J W Bxapidme $oldhiadiation intensity is conservatively set to a value slightly larger
than the maximum theoretical value shown inFigure 5 off PBUR] which is for a latitude

of 52 °N, i.e. several hundred kilometres south of the site. For comparison, this value
exceeds by 7% the largest measured value from all of the six Danish measurement
stations in Section 10 of DMIRY]

Solar Radiation intensity: 1000 W/m 2. Valid for the entire site.
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9.3 Earthquakes

Peak Ground Acceleration, (PGA), values arderived and reported from the Danish
national annex to Eurocode 198-1, [DK1998NA] see Figure D.2 of ibid., from which a
PGA value of 0.3 m/ais prescribed for the site.

As a supplement, a second source is the PGA values derived from tff@HARE]online
database, seeFigure9-1, from which a PGA interval of 0.20.25 m/s? is prescribed for
the site.

Peak Ground Acceleration [g]
10% Exceedance Probability in 50 years
00 0l 02 Q3 04 Qs

Low Moderate High Hazard

Figure9-1: Map and colour bar showing the 4¥®ar return period PGA, extracted from tf@gHAREHatabase.
Note that the values are in units gf yielding a PGA interval at the site of <G®39 m/<.

On this basis, the following design value and specification is selected:

Peak Ground Acceleration, 475-year return period: 0.30 m/s 2.
Valid for the entire site.

Depending on the hierarchy of design standards applied in support structure design, the
structural designer could be able to justif that seismic Design Load Cases may be
neglected. For example, Section 4.2.4.7(2) ¢GL12]states that earthquake analyses are
not required when PGA < 0.05g, (ca. 0.5 m/s2) where g is the acceleration of gravity.

Alternatively, according to Eurocode 19981, [DK1998NA] vertical seismic actions may
be ignored. Horizontal seismic actions can be calculated using the PGA value specified
above and the simplified load effect evaluation rules in Annex D gDK1998NA]may be
used.
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9.4 Icing on blades

As for the vast majority of the North Sea coastal areas, the risk of icing on blades is
considered to be negligible at the site; seé&igure9-2. Therefore,it is not needed to take
into account icing on blades in thelntegrated Load Analyses.

B Select data:
© 1ding frequency
4 ® Topography
# ® Basemap

| Layers:
W Low temperature climate

Bl 1cing frequency at 150m agl:
[/ Insufficient data
Low risk
I (IEA kce Class 1)

Intermediate risk
(EA kce Class 2)

I Moderate to severe risk

(IEA Ice Class 3-5)

mu!-. L e

Figure9-2: IEA wind turbine icing classes, fronhttp://virtual.vtt.fi/virtual/wiceatla/ .

9.5 Precipitation

9.5.1 Seasonal precipitation

The rain and snow-conditions for the NSl site are in the present report assessed to be
representable by the hourly precipitation time series from the ERAS dataset, interpolated
at the centre of theNSlI project area, see Figure9-3. The values correspond well to the

ones for Denmark and Lemvig municipality, se€igure9-4.

05— 14
I mean
=—6— min

max

02

0.15 -

sum of monthly precipitation [m]
sum of yearly precipitation [m]

0
1 2 3 4 5 6 7 8 9 10 1 12 1980 1985 1990 1995 2000 2005 2010 2015 2020
month no. year

Figure9-3: Statistics of monthly precipitation at the NSI site, from ERAS5 (1972019).
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Figure 9-4: Statistics of yearly and monthly precipitations for Denmark (left) and the Lemvig municipality
(right). Source:https://www.dmi.dk/vejrarkiv/ .

9.5.2 Hall

The hail conditions at the site are assessed in this report usg the[TORRO%§cale defined
in Table9-1and Table9-2 below.

Intensity Typical Probable Typical Damage Impacts
Category Hail Kinetic
Diameter Energy per
[mm] area [J/m?]
[mm] [3/m?]
HO Hard Hail 5 0-20 No damage.
H1 Potentially | 5-15 >20 Slight general damage to plants, crops.
Damaging
H2 Significant = 10-20 >100 Significant damage to fruit, crops, vegetation
H3 Severe 20-30 >300 Severe damage to fruit and crops, damage tc
glass and plastic structures, paint andwood
scored.
H4 Severe 25-40 >500 Widespread glass damage, vehicle
bodywork damage.
H5 Destructive = 30-50 >800 Wholesale destruction of glass, damage to
tiled roofs, significant risk of injuries.
H6 Destructive = 40-60 Bodywork of groundedaircraft dented, brick
walls pitted.
H7 Destructive = 50-75 Severe roof damage, risk of serious injuries.
H8 Destructive = 60-90 (Severest recorded in the British Isles).
Severe damage to aircraft bodywork.
H9 Super 75-100 Extensivestructural damage. Risk of severe
Hailstorms or even fatal injuries to persons caught in the
open.

Table 9-1: TORRO Hailstorm Intensity Scale  THIS, reproduced from
https://www.torro.org.uk/research/hail/hscale . The first column shows theTHIS and the second columns
shows the corresponding intensity category. The third column shows the approximate hail diameter
interval (typical maximum size in bold). Please note that other factors (e.g. number and density of
hailstones, hail fall speed and suface wind speeds) also affect severity
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Size | Maximum | Description
code | Diameter

[mm]
0 5-9 Pea
1 10-15 Mothball
2 16-20 Marble, grape
3 21-30 Walnut
4 31-40 Pigeon's egg > squash ball
5 41-50 Golf ball > Pullet's egg
6 51-60 Hen's egg
7 61-75 Tennis ball > cricket ball
8 76-90 Large orange > Soft ball
9 91-100 Grapefruit

Table9-2: Hail size and diameter in relation to TORRO Hailstorm Intensity ScalEH1S; seeTable9-1.
Reproduced fromhttps://www.torro.org.uk/research/hail/hscale .

An extensive review of hail climatology studies in Europe wasrried out in[PUNGE16]
From its Figure 3, reproduced irFigure 9-5 below, the NSl area is likely to experience
hailstorms of intensity H4.

Max. hail diameter [mm] - f b : = O ‘
4 3 h
200- Agiu} i -
60.0 [1429) ;

40.0 - 60.0

60.0 - 80.0 [355]

. 80.0 - 100.0 [102]
100.0 - 120.0 [16; g
‘ 120.0 - 140,

. 140.0 - 150.0 [3]"

Figure 9-5: Maximum size in mm of hailstones reported to the European Severe Weather Database;
reproduced from Figure 3 ofPUNGE16]

Furthermore, from Figure12 of [HAILCLIM] the number of hail days per yearon land
close to the site is less than2 in an area spanning 1° x 1when counting only hail with
diameters greater than 15 mmThese 2 hailstorms per approximately 7100km? per year
will in the present report, by a very conservative assumption of the mean area covered by
a hailstorm being 10000 km, be translated into 2 per year of such events of hail with
diameters greater than 15 mm.

Therefore:

Number of hail days per year (hail diameter 2 15 mm): 2.
Maximum THISto be used in design: H4.
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Appendix A.  Derivation of Weibull parameters

The derivation of the Weibull parameters at the analysis points derived in Secti&was
carried out using the following methodology:
1) The longterm wind speedat hub height is estimated athe three NSI FLS
measurement locations.
2) Thelong-term wind speed time seriesis spatially extrapolatedfrom the FL$ to
the analysis points.
3) Weibull parametersare fitted to the extrapolated time seriesat the analysis
points.

The datasets used taderive the Weibull parameters aresummarised in Table A-1, along
with an indication oftheir use for the analysis steps outlinedabove.

Use in the derivation of Weibull parameters

1) Longterm hub height wind speed time series.

NSHL-LB 2) Horizontal extrapolation. SectionB.1
NSE2-LB 1) Longterm hub helght_ wind speed time series. SectionB.1
2) Horizontal extrapolation.
NSE3-LB 1) Longterm hub helght_ wind speed time series. SectionB.1
2) Horizontal extrapolation.
EINS1-LB 1) Longterm hub he|ght. wind speed time series. Section B.2
2) Horizontal extrapolation.
EINS2-LB 1) Longterm hub he|ght. wind speed time series. Section B.2
2) Horizontal extrapolation.
Vortex 1. Longterm hub height wind speed time series. th described in
this document
NORA3 2. Horizontal extrapolation. See[NORAZ]
ERA5 2. Horizontal extrapolation. See[ERAS5]
MERRA? 1. Longterm hub helght_ wind speed time series. See[MERRAZ]
2. Horizontal extrapolation.
NEWA 2. Horizontal extrapolation. See[NEWA]
GWA 2. Horizontal extrapolation. See[GWA]

TableA-1: Datasets used for thederivation of Weibull parameters.

A.1 Longterm hub heightwind speed at theNSI FLS

The FLS measurements collected withithe NSl areaare best suited to describethe wind
conditions at the project site. The FLS measurements need to be loAgrm corrected to
provide estimates representative of the wind farm lifetime. Furthermoreat the time of
writing this report only 9 effectivemonths of FLS measurements are availableand thus
additional steps need to be taken toensure that the Weibull parametersderived from
these measurementsare free of seasonal bias.

The longterm correction can be done using another availablgime series which better
represents the distribution of the wind speed in the longerm. The following model
datasets were considered agpotential long-term references:

U NORA3 This mesoscaletime serieswas found to havegood correlation with the
FLS measurements collectedat NSland Energy IslandNorth Seaprojects, but are
only available until 202402-31, thus havingonly 5 concurrent months with the
FLSNSMatasets. Sincesuch a shortconcurrent period would exacerbate the risk
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of seasonal bias already present with the short measurement duratignit was
decided not to use NORAZ3 for the longerm correction of the FLS measurements.

U Vortex: This mesoscale time series was found to have good correlation with the
FLS measurementsat NSI and isavailable forthe period from 1994-01-01to 2024-
07-01, thus allowing for use of the fullFLS measurel dataset.

U ERAS This reanalysistime series was found to havea good correlation with the
FLS measurementsat NSI and EINS and iavailable for the period from 194001-
01 to 202406-30, thus also allowing for use of the entire measured datasetSince
ERAS was used as input tdhe Vortex time series, these two datasets are not
independent, andonly the higher quality Vortex datasetvas included in the long-
term correction.

U MERRA2 This reanalysis time series was found to have a good correlatiomith
the FLS measurementsat NSI and EINS and iavailable for the period from 19860
01-01 to 202405-31, thus also allowing for use of the entire measured dataset

The analysis usesthe MeasureCorrelate-Al JT RAqW b~ 9 A WA g6 YT W /bé
described in [RAMLIJwith 12 wind directional bins. The wind speed fromNSF1-LB, NSk
2-LB and NSI3-LB at 150 mMSLwere used as shortterm reference while data from
mesoscale and reanalysis time series Vortex and MERRA#re used as longterm
references. Different MCP configurations were useds part of sensitivity checks and in
order to obtain a robust assessment ofthe long-term wind speed.Such checks included
assessment of a range of longerm periods, from 5 to 30 years, as well as directional
binning, regression methodand time averaging TableA-2 shows the resultsfor long-term
mean wind speed obtained usingselected MCP configurations. The results for all long
term reference time series show that the estimated longterm mean wind speed is not
highly sensitive to the length of the longerm period for periods longer thanl5 years,
while the variance between MCRestimates using different long-term sources for the
same short-term dataset start to increase in variance for longerm periods longer than
23 years Additionally, although not shown in the document,the results obtained when
using different averaging periods are very similar.

Results from MCP analysis

Long-term WS at NSI FLSs @ 150 mMSL [m/s]
LT start LT start LT start LT start LT start LT start

Location #gf’;?éi:z 201906 201406 2009-06 200406 2001-06 1999-06 U St?;tol?/?“’%
(5y) (10y) (15y) (20y) (23y) (25Y)
NSL-LB = Vortex 10.58 10.64 10.69 10.69 10.63 10.62 10.64
NSF-LB = MERRA2 10.64 10.66 10.70 10.70 10.64 10.65 10.67
NSF2-LB | Vortex 10.32 10.36 10.41 10.40 10.35 10.34 10.36
NSF2-LB | MERRA2 10.46 10.48 1051 1051 10.45 10.46 10.48
NSF3-LB | Vortex 10.36 10.41 10.45 10.45 10.39 10.38 10.39
NSF3-LB = MERRA2 10.45 10.46 10.49 10.49 10.44 10.45 10.47
Longterm WS forNSF1-LB 10.61 10.65 10.70 10.69 10.64 10.64 10.65
Longterm WS forNSF2-LB 10.39 10.42 10.46 10.46 10.40 10.40 10.42
Longterm WS forNSF3-LB | 10.40 10.43 10.47 10.47 10.41 10.41 10.43

Table A-2: MCP results for thel50 mMSL wind speed time series at each of the FLS locationshe results
selected to continue the analysis are highlighted in bold.

The resulting longterm wind speed at150 mMSL at theNSF1-LB, NSI2-LBand NSI3-LB
locations are 10.64, 10.40 and 1041 m/s, respectively. These results wereobtained as
the average of the MCResults regressions with thetwo reference datasets shown in
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Table A-2 for a longterm period of 23 years The 150 mMSL wind speed and wind
direction time series resulting from the MCP analysiswith the Vortex time seriesas a
long-term reference has been scaled tdhe long-term meanwind speed obtained at each
FLS location Thedecision to use the time series resulting from MCP with the Vortex
dataset was takenbecause:

U The Vortex time serieswas found to havethe best correlation with the FLS
measurements, seefor instance FigureA-1for comparisons forNSF1-LB. Results
for the other two FLSs are consistent with this trend.

U The shape of thewind speed and direction frequency distributions from the
Vortex time series is the most similar tahose of the FLS measurements see
Figure A-1 for comparisons for NSF1-LB. Results for the other two FLSs are
consistent with this trend.

U When comparing thetime series resulting from the MCP with their respective
short-term measurements over the concurrent period and using the fitted
Weibull parameters as metric, the MCP time series obtained using thé/ortex
time series as longterm referenceis consistently found to be the closest to the
measurements, see Table A-3.

: , A A k k
] []

[m/s] [m/s]
MCPVortexNSI1 | 13.23 13.20 2.29 2.26
NSHL-LB | MCPERAS5NSI1 13.23 13.19 2.29 2.25
MCPMERRA2NSI] 13.23 13.20 2.29 2.26
MCPVortexNSI2 | 12.88 12.86 2.31 2.29
NSI2-LB | MCPERASNSI2 12.88 12.85 2.31 2.28
MCPMERRA2NSIZ, 12.88 12.84 2.31 2.27
MCPVortexNSI3 | 12.91 12.88 2.31 2.29
NSI3-LB | MCPERASNSI3 12.91 12.87 2.31 2.28
MCPMERRA2NSI? 12.91 12.87 2.31 2.27

Table A-3: Weibull parameters from the measurements of the FLSs deployed within North Sea | and MCP
time series obtained when using different longterm reference time series.
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Figure A-1: Wind speed scatter plot (left) and histogram (right) of the FLS measurements and three
candidate long-term reference time series (top: Vortex, middle: ERA5, bottom: MERRA2) B} 1-LB.
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A.2 Horizontal extrapolation to the analysis points location

The longterm wind climates derived in the previous sectionneed to be extrapolated to
the analysis points derived in Sectiorb. Speed-up factors derived from analysis of the
NORA3, NEWA and GWdatasets are considered for this purpose first assessing their
performance using the following methodology:

A. The longterm mean wind speed estimated forthe NSF1-LB, NSF2-LBand NSk
3-LB, together with longterm estimates at EINS1-LB and EINS2-LB (obtained
with the same approach)weretaken as a starting point, and thespeed-up factors
between the different pairs oflong-term wind speeds were used as reference
speed-up factors.

B. The speedup factors between the different pairs of locationsas predicted by the
NORA3, NEWA and GWdatasets were calculated.

C. The speedup factors estimated in the two steps abovewere comparedto assess
the ability of the different spatial datasets to predict the observed values

Results from the evaluation ofspatial datasets are shown inTable A-4. Thewind speed-
up factor from NORA3 was the one that better replicate the wind speedp factor from
the longterm corrected NSF1-LB, NSF2-LB, NSF3-LB, FLSEILotl and FLSEILo2
measurements, therefore the speedup factor from this mesoscale dataset was chosen
to do the horizontal extrapolation of the wind climate estimated in SectionA.l.
Comparing the modelbased speed up factors with those derived from measurements,
the NORA3 dataset is found to have the best performance, wittan RMSE of
approximately 0.5%.

From\ To NSF1- NSF2- NSE3- EINS EINS From\ To NSH1- NSF2- NSI3- EINS EINS
LB LB LB 1-LB 2-LB LB LB LB 1-LB 2-LB
NSF1-LB - 0.9782 0.9774 1.0241 1.0147 NSF1-LB - 0.9945 0.9987 1.0223 1.0101
NSF2-LB 1.0223 - 0.9992 1.0470 1.0373 NSF2-LB 1.0056 - 1.0042 1.0280 1.0157
NSI3-LB 1.0231 1.0008 - 1.0478 1.0382 NSE3-LB 1.0013 0.9958 - 1.0237 1.0114
EINS1-LB 0.9764 0.9552 0.9543 - 0.9908 EINS1-LB 0.9782 0.9728 0.9769 - 0.9881
EINS2-LB 0.9855 0.9640 0.9632 1.0093 - EINS2-LB 0.9900 0.9845 0.9887 1.0121
From\ To NSF1- NSF2- NSE3- EINS EINS From\ To NSH1- NSF2- NSE3- EINS EINS
LB LB LB 1-LB 2-LB LB LB LB 1-LB 2-LB
NSH1-LB - 0.9809 0.9847 1.0259 1.0169 NSF1-LB - 0.9846 0.9865 1.0262 1.0177
NSI2-LB 1.0195 - 1.0039 1.0459 1.0367 NSF2-LB 1.0156 - 1.0019 1.0422 1.0336
NSI3-LB 1.0155 0.9961 - 1.0418 1.0327 NSE3-LB 1.0137 0.9981 - 1.0403 1.0317
EINS1-LB 0.9748 0.9562 0.9599 - 0.9913 EINS1-LB 0.9745 0.9595 0.9613 - 0.9918
EINS2-LB 0.9834 0.9646 0.9683 1.0088 - EINS2-LB 0.9826 0.9675 0.9693 1.0083

TableA-4: Speed-up factors between pairs of locations involvingNSF1-LB, NSF2-LB, NSF3-LB, EINS1-LB
and EINS2-LB. Thetop-left table shows the speedup factors resulting from the longterm corrected
measurements. Thetop-right table shows the speedup factors from GWA, thebottom -left table shows
the speed-up factors from NORAS3 and thdoottom -right table shows the speedup factors from NEWA

Finally, the wind climate at each of the analysis points was estimated as follows:

1) The longterm meanwind speed at each of the analysis pointérom Section5was
calculated applying an inverse-distance weighted average between NSF1-LB,
NSF2-LB, NSIF3-LB, EINS1-LBand EINS2-LB.

2) The wind climate at each analysis point was estimated by rescaling the wind
speed time seriesfrom the long-term wind climates of the nearest measurement
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among NSF1-LB, NSF2-LBand NSI3-LBto the mean wind speed obtainedfrom
the weighted average in the bullet point above

A.3 Summary of Weibull parameters

Theresulting wind speed distributions and Weibull parameters estimated at each of the
analysis points and at the three FLSsre illustrated in Figure A-2 and summarised in
TableA-5.
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Figure A-2: Wind speed histogram of the wind climate estimated at each of the analysis poin&nd the
locations of the FLSs
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E3E I
speed

Al P1
A2 P2
A3 P3
A4 P4
A4 PS5
NSH1-LB
NSE2-LB
NSE3-LB

Table A-5: Weibull parameters estimated at theanalysis points.
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[m/s]
11.85
11.90
11.94
12.01
11.98
12.01
11.75
11.75

3
]
2.25
2.26
2.26
2.27
2.27
2.27
2.25
2.26

[m/s]

10.50
10.54
10.58
10.64
10.61
10.64
10.40
10.41
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Appendix B.  Description of Wind Measurement Datasets

B.1 North Seal FLS measurementampaign

The ongoingmetocean surveys for the development of five offshore wind project areas
within the Danish exclusive economic zonanclude measurements at three locations
within the NSI area usinglbating LIDAR Systems (FLS) as shown inFigure B-1. The
measurement campaign is carried out by Fugro, and it started on the*bf September
2023 when aFugro Seawatch Wind LIDAR (SWLB) bueyas deployed at each FLS
measurement location. The measurement campaign is planned to lastor 12 months
with the option of being extended [DOWS30PEPL3] In this report, the measurement
locations are referred toas NSF1-LB, NSI2-LBand NSF3-LB. At each location a primary
SWLBuUnit has been deployedas summarised in TableB-1, with an additional unit named
SWLB)90 being availableas spare unit, to be deployed in case one of th@rimary SWIBs
encounters problems. As mentioned inthe monthly report for month #8 iDOW30MR]
the spare buoy was deployed ilNSF1-LB, replacing SWLB082 Energinet has confirmed
that reason for this replacementwas related to the potential sensor damages described
in Section 2.4.3 of ibid, all of which are related to ancillary sensors ie. not the lidand
consistent with the planned Service Visit 1, stated in Table 2.4f [DOW30PEPL3]s
planned for April 2021.

The coordinates of the FLSdeployed at North Sea | araummarised in TableB-1.

FLS Primary Latitude Longitude
location SWLBunit

[°N] [°El
NSHI-LB  SWLB082 55.9444 7.0604
NSF2-LB  SWLB083 55.8856 7.6167
NSF3-LB | SWLB084 56.0694 7.6356

TableB-1: Coordinates of the FLS measurementocations within North Sea | Reproducedfrom Table 2.1
of [ DOW30PEPL3]Please note that, as described in Sectio8.1.3, a given position may have been served
by more than one SWLB unit.
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FigureB-1: Deployment location for the three FLSs within North Sea CRS: WGS84.

B.1.1 Instrumentation setup

A list of all instruments installed on each of the FLSdeployed at North Sea | ishownin
Table B-2. All reports, data and calibration certificates were shared by the Client in
[SHAREP]Table B-2 has been compiled by C2Wind from the information in the project
execution plan [DOW30PEPL3] project measurement plan[DOW30PMP] deployment
record [DOW30DR] as well asmonthly- [DOW30MR]Jand service reportsiDOW30SR]
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Parameters Instrument Serial Number | Calibration
certificate

' SWLB082
Wind speed& direction ZX Lidars ZX300M ZX1566 [2X1566]
Wind speed& direction Gill Instruments 1405-PK-300 23070242 Y
Waveparameters Fugro Oceanor Wavesense 3.2 | 485 Y
Current profile & water temp. ' Nortek Signature500 104508 Y
Air temp. & humidity VaisalaHMP155 V0831111 Y
Air pressure VaisalaPTB330 V0831797 Y
Precipitation Young 50203 3024 Y
Visibility (fog) Optical Sensors Sweden MiniOFS 562 N*
Water level Thelma Biotel ADTHP16 _v3.0 02YR0023 N*
Position Iridium 9602 0033227 NA
Position Septentrio DualGPS AsteRx4 22453089829 | NA
Motions Fugro LMCU 2232-00107 NA
' SWLB083 \ \
Wind speed& direction ZX Lidars ZX300M ZX1646 [2X1646]
Wind speed& direction Gill Instruments 1405 PK-300 23100157 Y
Waveparameters Fugro Oceanor Wavesense 3.2 | 375 Y
Current profile & water temp. ' Nortek Signature500 104511 Y
Air temp. & humidity VaisalaHMP155 V0831117 Y
Air pressure VaisalaPTB330 V0831798 Y
Precipitation Young 50203 03028 Y
Visibility (fog) Netsens MiniOFS 23150083 Y
Water level Thelma Biotel ADTHP16_v3.0 02YMO0017 N*
Position Iridium 9602 0033217 NA
Position Septentrio DualGPS AsteRx4 22453089844 | NA
Motions Fugro LMCU 2319-00109 NA
' SWLB084 | |
Wind speedé& direction ZX Lidars ZX300M ZX1739 [ZX1739]
Wind speedé& direction Gill Instruments 1405-PK-300 23090168 Y
Waveparameters Fugro OceanoiWavesense 3.2 387 Y
Current profile & water temp. ' Nortek Signature500 104497/102856 ' Y
Air temp. & humidity VaisalaHMP155 V0831109 Y
Air pressure VaisalaPTB330 V0831803 Y
Precipitation Young 50203 03026 Y
Visibility (fog) Optical Sensors SwederMiniOFS | 23080081 Y
Water level Thelma Biotel ADTHP16_v3.0 02Y0-0021 N*
Position Iridium 9602 0033218 NA
Position Septentrio DualGPS AsteRx4 22453089835 | NA
Motions Fugro LMCU 2319-00110 NA
' SWLB090 \
Wind speed& direction ZX Lidars ZX300M ZX1813 [2X1813]
Wind speed& direction Gill Instruments 1405-PK-300 23100153 Y
Waveparameters Fugro Oceanor Wavesense 493 Y
Current profile & water temp. Nortek Signature500 104518 Y
Air temp. & humidity VaisalaHMP155 V2531082 Y
Air pressure VaisalaPTB330 V1941356 Y
Precipitation Young 50203 3044 Y
Visibility (fog) Optical Sensors Sweden MiniOFS 23080080 N*
Water level Thelma Biotel ADT-HP16_v3.0 047E0047 N*
Position Iridium 9602 0038926 NA
Position Septentrio DualGPS AsteRx4 23043092950 | NA
Motions Fugro LMCU 2319-00108 NA
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* While these instruments are listed as having a calibration certificate fDOW30DR] the documents uploaded to
[SHAREP#re either quality certificates or declarations of conformity issued by the instrument manufacturers.

TableB-2: Instruments installed on the different FLS deployed as part of the DOW2030 campaigdrhe table
summarizes the information in[SHAREP][DOW30PEPL3][DOW30PMP] [DOW30DR] [DOW30MR]and
[DOW30SR]

B.1.2 Data description
The postprocessed data from Fugro described imable 3.3 of the first monthly report in
[DOW30MR]were shared to C2Windby Energinetin [SHAREP] For each FLS, all
measurements were extracted from 63 fileswith the following name structure:
U NSEN-LB_Mmm_CurrentData.csv
NSEN-LB_Mnm_MetOceanData.csv
NSEN-LB_Mnm_Posdata.csv
NSEN-LB_Mnm_ Status.csv
NSEN-LB_Mmm_WaveData.csv
NSEN-LB_Mnm_WindSpeedDirectionTl.csv
NSEN-LB_Mnm_WindStatus.csv

[enti enci et B et B e i e

Where N corresponds to the number of the FLS unias shown inTable B-1, mm is the
measurement campaignmonth number, which at thetime of writing this reportranges
from 1 (September 2023}0 9 (May 2024) Each postprocessed file contains 10minute
statistics, and for the purposes of the analyses in this document, only datafound in the
following files were used:

0 NSEN-LB_Mmm_WindSpeedDirectionTl.csv

0 NSEN-LB_Mmm_WindStatus.csv

U NSEN-LB_Mmm_MetOceanData.csv

0 NSEN-LB_Mnm_Posdata.csv

The data signals found in th@forementioned post-processed files arelisted in TableB-3.
Themeasurements wereconcatenated in one single filefor each FLS Data found in file
rPosdatarstipe files were used to ensure that all measurementshad been collected
within the deployment area ofeach FLS as shown inFigureB-5.
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L. Elevation

\ File type: NSIN -LB_Mnm_WindSpeedDirectionTIl.csv

TIMESTAMBRSO8601) UTC
WindSpeed004m m/s
WindSpeed012m m/s
WindSpeed040m m/s
WindSpeed080m m/s
WindSpeed100m m/s
WindSpeed130m m/s
WindSpeed150m m/s
WindSpeed170m m/s
WindSpeed190m m/s
WindSpeed220m m/s
WindSpeed260m m/s
WindSpeed300m m/s

WindDir004m deg
WindDir012m deg
WindDir040m deg
WindDir080m deg
WindDir100m deg
WindDir130m deg
WindDir150m deg
WindDirl70m deg
WindDir190m deg
WindDir220m deg
WindDir260m deg
WindDir300m deg

turbulence(Tl) 012m
turbulence(TI) 040m
turbulence(TI) 080m
turbulence(Tl) 100m
turbulence(Tl) 130m
turbulence(TIl) 150m
turbulence(Tl) 170m
turbulence(TIl) 190m
turbulence(Tl) 220m
turbulence(TIl) 260m
turbulence(TI) 300m

4
12

40

80

100
130
150
170
190
220
260
300

12

40

80

100
130
150
170
190
220
260
300
12

40

80

100
130
150
170
190
220
260
300

Gill Windsonic M
ZephIR ZX300m
ZephlR ZX300m
ZephIR ZX300m
ZephIR ZX300m
ZephlR ZX300m
ZephlR ZX300m
ZephIR ZX300m
ZephIR ZX300m
ZephIR ZX300m
ZephlR ZX300m
ZephlR ZX300m
Gill Windsonic M
ZephlIR ZX300m
ZephlR ZX300m
ZephlR ZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephlR ZX300m
ZephlRZX300m

ZephlIR ZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephlR ZX300m
ZephlR ZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephlR ZX300m
ZephIR ZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephIR ZX300m
ZephIR ZX300m
ZephlIR ZX300m

' File type: NSI N -LB_Mnm_WindStatus.csv

TIMESTAMP (1S8601) UTC
liPacketCount012m
liPacketCount040m
liPacketCount080m
liPacketCount100m
liPacketCount130m
liPacketCount150m
liPacketCount170m
liPacketCount190m
liPacketCount220m
liPacketCount260m
liPacketCount300m

12

40

80

100
130
150
170
190
220
260
300

ZephlIR ZX300m
ZephlIR ZX300m
ZephlRZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephlR ZX300m
ZephlR ZX300m
ZephlIR ZX300m
ZephlIR ZX300m
ZephlR ZX300m

' File type: NSI N -LB_Mmm_MetOceanData.csv

TIMESTAMP (1S8601) UTC

AirHumidity %
AirTemperature C
AirPressure hPa

adcp_temperature deg C

4.1
4.1
0
0

Vaisala HMP155
Vaisala HMP155
VaisalaPTB330A

Nortek Signature500

' File type: NSI N -LB_Mmm_Posdata.csv

TIMESTAMP (IS8601) UTC

irLatitude deg
irLongitude deg
spLatitude deg
spLongitude deg

Iridium 9602
Iridium 9602

Septentrio DualGPS
Septentrio DualGPS

TableB-3: Data signals used in theanalyses inthis report, found in the postprocessed files from Fugro.
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B.1.3 Data availability

The FLS measurements collected at North Sea | are available for the following periods:
0 NSHF1-LB: From2023-09-01 12:50:00to 2024-06-01 12:40:00
0 NSF2-LB: From2023-09-01 09:30:00to 2024-06-01 09:20:00
0 NSF3-LB: From2023-09-01 07:00:00to 2024-06-01 06:50:00

The monthly data availability of all three FLSs summarised in TableB-4. From the data
in the table and a highlevel analysis of the measurements the most significant data
gaps identified are
U NSHI-LB:
- Wind speed and direction from the Gill anemometerbetween 2023-11-24
and 2024-04-25: According to Table A1 of the monthly reports for months
3 to 8 in[DOW30MR] this gap was due to a potential problem with the
sensor or its connection due to adverse weatherThe data gap was
resolved with the buoy swap for the spare SWLB090 @©24-04-25.
- Air pressure fom 2024-04-01 to 2024-04-25, seeFigureB-2. According to
Table Al of the monthly report #8 iIfDOW30MR] the cause wasdamage
to the sensor due to potential water ingress.
U NSI2-LB: Two periods with low data availability for the wind direction
measurements were identified seeFigureB-3:
- From 2024-01-30 to 202402-08.
- From 2024-03-07 to 202405-09.
Comparing the data gaps idenfied above with those listed inTable A2 of the
monthly reports for months 5 to8 in[DOW30MR] the cause for this was a failure
in the Septentrio heading source which Fugro intended to fix with data physically
retrieved from the buoyT conceivably from the second position sensorr upon a
service visit C2Wind understands that this reprocessing has not taken place yet,
as thewind direction plot in FigureB-3is clearly consistent with the wind direction
plots in Figure 6.12o0f the monthly reports for months 6 to 8 ifDOW30MR] and
since the service report corresponding to the service visit on 202@4-25 has not
been available yet at the time of writing this report.
U NSF3-LB: No significant data gaps were identified in the measurements available
at this location, seeFigureB-4.

The data availability ofLidar wind speed measurements for all elevations and for the
three FLSs is higher tha®5%, as shown inTable B-5. Wind direction dataavailability is
higher than %% for all elevations at NSF1-LB and NSI3-LB, while it rangesbetween 69
and 72%for NSF2-LB.
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WS WD WS WD

Wem e | e | @ | e
availability 4 4 150 150 . 4.1
mMSL | mMSL | mMSL | mMSL mMSL
2023 9 0.9822 0.9808 0.9808 0.9486 0.9486 0.9815 0.9815 0.9810
2023 10 1.0000 0.9991 0.9991 0.9984 0.9984 0.9996 0.9996 0.9996
2023 11 1.0000 0.7840 0.7840 0.9963 0.9963 0.9998 0.9998 0.9993
2023 12 1.0000 0.0000 0.0000 0.9980 0.9980 0.9971 0.9971 0.9989
NSk1- | 2024 1 1.0000 0.0000 0.0000 0.9671 0.9671 0.9982 0.9982 0.9987
LB 2024 2 1.0000 0.0000 0.0000 0.9195 0.9195 0.9897 0.9897 0.9995
2024 3 1.0000 0.0000 0.0000 0.9413 0.9413 0.9906 0.9906 0.9989
2024 4 1.0000 0.1789 0.1789 0.9933 0.9933 0.9940 0.9940 0.1963
2024 5 1.0000 0.9980 0.9980 0.9944 0.9944 0.9998 0.9998 0.9987
2024 6 0.0178 0.0178 0.0178 0.0178 0.0178 0.0178 0.0178 0.0178
2023 9 0.9868 0.9856 0.9856 0.9616 0.9616 0.9863 0.9863 0.9863
2023 10 1.0000 0.9993 0.9993 0.9973 0.9973 0.9998 0.9998 0.9998
2023 11 1.0000 0.9993 0.9993 0.9942 0.9940 0.9998 0.9998 0.9998
2023 12 1.0000 0.9996 0.9996 0.9944 0.9944 1.0000 1.0000 1.0000
NSk2- | 2024 1 1.0000 0.9561 0.9561 0.9001 0.9001 0.9991 0.9991 1.0000
LB 2024 2 1.0000 0.9856 0.9856 0.8932 0.5989 0.9940 0.9940 0.9986
2024 3 1.0000 0.9996 0.9996 0.9397 0.1570 0.9993 0.9993 0.9982
2024 4 1.0000 0.9993 0.9993 0.9907 0.0009 0.9977 0.9977 0.9998
2024 5 1.0000 0.9962 0.9962 0.9922 0.7339 0.8533 0.8537 @ 0.9955
2024 6 0.0132 0.0132 0.0132 0.0132 0.0132 0.0000 0.0000 0.0132
2023 9 0.9903 0.9896 0.9896 0.9609 0.9609 0.9903 0.9903 0.9903
2023 10 1.0000 0.9991 0.9991 0.9960 0.9960 0.9996 0.9996 0.9993
2023 11 1.0000 0.9995 0.9995 0.9972 0.9972 1.0000 1.0000 0.9998
2023 12 1.0000 0.9993 0.9993 0.9910 0.9910 1.0000 1.0000 1.0000
NSk3- | 2024 1.0000 0.9996 0.9996 0.9630 0.9630 0.9978 0.9978 1.0000

1
LB 2024 2 1.0000 0.9995 0.9995 0.9143 0.9143 0.9947 0.9947 0.9993
2024 3 1.0000 0.9996 0.9996 0.9559 0.9559 0.9993 0.9993 1.0000
2024 4 1.0000 0.9993 0.9993 0.9931 0.9931 0.9986 0.9986 0.9998
2024 5 1.0000 0.9996 0.9996 0.9931 0.9931 1.0000 1.0000 0.9987

2024 6 0.0097 0.0097 0.0097 0.0097 0.0097 0.0097 0.0097 0.0097
TableB-4: Monthly data availability of wind speed and wind direction a4 and150 mMSL as well as surface
level air temperature, relative humidity and air pressureor the three FLSs Thedata availability cells are
colour coded, light green cellsindicate data availability between 0.75 and 1, light yellow cells mean data
availability is between 0.5 and 0.75, while light orange cellkighlight data availability between 0 and 0.5.
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Figure B-2: Time series of wind speed and wind direction at 15MSL, as well as surface levelair

temperature, relative humidity and air pressure collected alNSF1-LB.
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Figure B-3: Time series of wind speed and wind direction at 150 mMSlas well as surface levelair

temperature, relative humidity and air pressure collected atNSF2-LB.

Lot 3 (North Sea I) Wind Assessment

78103



= WS_1500_NaN; average: 11.45; median: 11.20; min: 0.56; max: 36.61; of sz 046
T T

i T T T T T T é

ey ! o 2000

22 5

= 5 1000

8 2

-« 10] E

@ g 2 0

¢ I | ! h ! B o w0 20 30

»

Oct 2023 Nov 2023 Dec 2023 Jan 2024 Fab 2024 Mar 2024 Apr 2024 May 2024 Jun 2024
o Y ! WS @150 mMsL [m.s™']
WD 1500 _NaN
)

number of samples
= B
] =2

i Ha..nf e

Oct 2023 Nov 2023 Dac 2023 Jan 2024 Feab 2024 Mar 2024 Apr 2024 May 2024 Jun 2024 WD @150 mMSL ['N]
RelH_41_NaN; average: 82 8; median: B4.4; min: 41.9; max: 88.8; ol 01
T T T

3 2

0
40 60 80 100

Reitd @41 mMSL 4] WD @150 mhk

| | 1 | 1 | 1 1
Oct 2023 Nov 2023 Dec 2023 Jan 2024 Feb 2024 Mar 2024 Apr 2024 May 2024 Jun 2024 RelH @41 mMSL [%]

P_0_NaN; average: 1008.2; median: 1009.4; min: 960.7; max: 1041.8; ofs: 0.0
T

5 ]
T T T T T = K
26000
H
£ 4000
= Vi 5
& 2000
E
ER
| 1 L L L L = 960 980 1000 1020 1040

Oct 2023 Nov 2023 Dac 2023 Jan 2024 Feab 2024 Mar 2024 Apr 2024 May 2024 Jun 2024 P @0 mMSL [hPa)

T_41_NaN; average: 8.8; median: 7.4; min: -3.8; max: 21.8; ol 06
T T T 6000
4000
2000

1 1 I 1 I I I I o 10 20
Oct 2023 Nov 2023 Dac 2023 Jan 2024 Feab 2024 Mar 2024 Apr 2024 May 2024 Jun 2024 T @4.1 mMSL [°C]

Figure B-4: Time series of wind speed and wind direction at 150 mMSlas well as surface levelair
temperature, relative humidity and air pressure collected alNSI3-LB.

P @0 mMSL [hPa]

©
a

]
T

=
T

number of samples

=
T

T @41 mMsL [°C)

Elevation Availability [] Elevation Availability [] Elevation Availability []

[mMSL] WS WD [mMSL] WS WD [mMSL] WS WD
12 0.9968 = 0.9968 12 0.9733 | 0.7139 12 0.9816 @ 0.9816
40 0.9984 = 0.9984 40 0.9894  0.7241 40 0.9989 | 0.9989
80 0.9884 ' 0.9884 80 0.9763 @ 0.7173 80 0.9876 | 0.9876
100 0.9814  0.9814 100 0.9702 @ 0.7119 100 0.9818 | 0.9818
130 0.9770  0.9770 130 0.9658 @ 0.7082 130 0.9775 | 0.9775
150 0.9753 | 0.9753 150 0.9643 | 0.7070 150 0.9752 | 0.9752
170 0.9739 ' 0.9739 170 0.9635 @ 0.7062 170 0.9734 | 0.9734
190 0.9728  0.9728 190 0.9618 @ 0.7050 190 0.9718 # 0.9718
220 0.9709 @ 0.9709 220 0.9597 | 0.7034 220 0.9690 | 0.9690
260 0.9675  0.9675 260 0.9565 @ 0.7011 260 0.9665 | 0.9665
300 0.9634 = 0.9634 300 0.9538 | 0.6994 300 0.9632 | 0.9632

TableB-5: Data availability of the LIDARneasurements collected by the three FLSs at North Sea .

B.1.4 Data reliability and validity

The most criticalinstruments installed on the SWLB passed the calibration tests, see
TableB-2. Those whose calibration certificates were not found in [SHAREP] are either not
crucial for the analyses in the present document, or likely simply missing from the data
sharing folder rather than norexistent. Since most of theanalyses inthis document are
based on the Lidar measurements, a more detailed description of their validity is

provided in this subsection.

Both the Lidar units and the floating Lidar systemmeasurements have been compared
against reference measurements prior to deployment:
U The Lidar units have been checked against reference cup anemometer
measurements, see[ZX1566] [ZX1646] [ZX1739] andZX1813]
U The floating LIDAR data have been checked against a eefnce Lidar, see
[SWLB082] [SWLB083] [SWLB084]Jand [SWLB090]
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Sections 4.30f [ZX1566] [ZX1646] [ZX1739]and [2X1813]show that for wind speedat

the top height in the test (92 m)the mean deviation between the cups and the.idar

ranges from -0.6% to -0.1%. According to Table 53 of [SWLB082] [SWLB083]

[SWLB084]Jand [SWLBO090] the highest deviations between floatingLidar and reference

Lidarmean wind speeds occurred forelevations close to the surfacei.e. between 80 and
40 m above the surface. Thigs likely due to the referenceLidar being located onshore

close to the seaat distances between 560 and 390nirom the FLSs and wind conditions
when the wind is flowing from landtowards the FLSsnot being filtered out from the

analysesin [SWLB082] [SWLB083] [SWLB084]and [SWLB090] Table B-6summarises

some of the main results in the predeployment validation reports of the Lidar units

installed on the SWLBs [gX1566] [ZX1646]and [ZX1813) and WLBs [SWLB082]

[SWLB083] [SWLB084]and [SWLB090]. Figure B-5shows the coordinates of all 10

minute statistic measurements from NSF1-LB, NSF2-LB and NSI3-LB, all

measurements were collected at a close location to the expected deployment location
coordinates.

Elev. WS WS Rel. WS WS Rel. WS WS Rel. diff. WS WS Rel. diff.
[m] ref. Lidar diff. ref. Lidar diff. ref. Lidar [-] ref. Lidar [-]
[mis] [mis] [-] [m/s] [m/s] [%] [m/s] [m/s] [mis] [mis]
92

[ZX1566] [Z2X1646] ZX1739 [Z2X1813]
731 731 | 000% 692 @ 6.89 | -043% 820 822  -0.24% @627 @623 | -0.69%
71 6.96 = 7.00 | 057% 655 & 654  -015% 7.70 & 7.72 @ -0.26% @ 601 @ 601 0.03%
46 655 @ 656 | 0.15% 618 | 614  -065% 7.05 705 @ 000% 571 @572 | 0.11%
[SWLB082] [SWLB083] [SWLB084] [SWLB090]

250 7.88 7.90 0.25% 7.88 7.91 0.38% | 8.04 8.07 0.37% 11.12 | 11.23 0.95%
200 7.75 7.78 0.39% 7.76 7.79 0.39% | 7.86 7.87 0.13% 11.01 1111 0.88%
180 7.68 7.70 0.26% 7.69 7.71 0.26% | 7.76 7.76 0.00% 10.98 @ 11.07 0.82%
160 7.63 7.64 0.13% 7.63 7.64 0.13% | 7.70 7.69 -0.13% | 10.91 @ 11.00 0.78%
140 7.60 7.61 0.13% 7.60 7.61 0.13% | 7.60 7.59 -0.13% | 10.89 @ 10.98 0.78%
120 7.48 7.50 0.27% 7.48 7.50 0.27% | 7.44 7.44 0.00% 10.82 = 10.90 0.73%
100 7.38 7.42 0.54% 7.38 7.41 0.41% | 7.34 7.33 -0.14% | 10.78 @ 10.83 0.49%
80 7.18 7.25 0.97% 7.19 7.22 0.42% | 7.18 7.21 0.42% 10.72 = 10.77 0.48%
60 7.16 7.28 1.68% 7.16 7.22 0.84% | 7.34 7.44 1.36% 10.62 @ 10.70 0.74%
40 6.91 7.12 3.04% 6.91 7.04 1.88% @ 7.11 7.29 2.53% 10.78 | 10.77 | -0.03%

TableB-6: Mean relative wind speed differences between thé&idar- and floating Lidar measurements, and
the reference measurements, fromSection 4.30f [ZX1566] [ZX1646]and [2ZX1813] as well as Section 5.2

of [SWLB082] [SWLB083] [SWLB084]Jand [SWLB090] Apart from the comparison at 40, 60 and 80 mMSL
in, where the deviation is likely due to the fact that the reference LIDAR measurements are not located in
the marine boundary layer, these comparisons show that the LIDAR measurements are both accurate and
precise enough for performing theanalysis of this report
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FigureB-5: Coordinates of all 10-minute measurementsfrom NSF1-LB, NSI2-LBand NSI-3-LBused in this
document. CRS: WGS84.

B.2 Energy Island FLS measurement campaign

The metocean surveys for the development ofthe Danish Energy Islands included
measurements at two locations related to the Energy Island North Sea, located
northwest of the NSI area, using FLSs as shown kgure B-6. The FLS measurement
campaign was carried out by Fugro and consisted of deployirgFugro SeawatchLidar
Buoy at each measurement locationfor a duration of 2 years In order to ensure a high
data availability, a third Fugro Seawatch waavailable as a spare unit to baleployed in
casethe primary units met problems andneededto be recovered. The FLS measurement
campaign lasted two years and covered the period from 20211-15 to 202311-15. The
two FLS measurement locations withirthe Energy IslandNorth Sea projectare referred
to in this document asEINS1-LBand EINS2-LBand their coordinates and locations are
shown inTableB-7and FigureB-6, respectively. EINS2-LBwas deployed at an alternative
location during approximately 4 months.However, since this alternative location is
located only approximately 200 m away from the originalEINS2-LB location,
measurements collected at the alternative location are throughout this document
considered as valid for the originalEINS2-LB location and for all practical matters
treated as co-located.

FLS Primary i _

[°N] [°El
EINS1-LB WS170 56.6280 6.3007
EINS2-LB Wws181 56.3444 6.4574

TableB-7: Coordinates of theFLS measurementocationsat EINS1-LBand EINS2-LBobtained from Table
1-1 of [EIPMP] Please note that, as described in SectiorB.2.3 and TableB-9, a given position may have
been served by more than one SWLB unitRS: WGS84.
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Figure B-6: Deployment locations of the Energy Island North SedLSsrelative to the NSI area CRS:
WGS84.

B.2.1 Instrumentation setup

As specified inTable 21 of [EIPMP] buoys WS170, WS181 and WS191 were equipped
with the same type of instruments as shown in Table B-2. Information regardingthe
specific serial numbers and calibration certificates, akin to that inTableB-2, is available
through [EINSDR] The performance verification reportsfor units WS17Q WS19land
WS181show similar results as the ones of thddOW2030 campaign

B.2.2 Data description
The postprocessed data from Fugroas described in Table 54 of [EIPMP]were shared
with C2Wind. Only data containing LIDAR measurements, in addition to other relevant
metocean measurements were used in this document. These measurements were found
in files which following the following name structure:

U Energinet_LoN_SWLB YYYYMMDD Monthname Ye#&VindSpeedDirectionTlcsv

U Energinet_LoN_SWLB YYYYMMDD Monthname Ye#&VindStatus.csv

U Energinet_LoN_SWLB YYYYMMDD Monthname YeMetOceanData.csv

U Energinet_LoN_SWLB YYYYMMDD Monthname Ye&osdata.csv

Where N corresponds to the Lot number (1 and 2 for Energy Island North Sea), the date
components YYYYMM, and DD are understood by C2Wind to denote the creation date
of the post-processed file, and finally Monthname and Year correspond to the month
and yearin which the file ends, sinceeach .csv data file contains data from the 13' day
of the previous month to the 13 day ofMonthname.
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L. Elevation
Header in file mMSL] Instrum

' File type:WindSpeedDirectionTl.csv

TIMESTAMP (1S8601) UTC

WindSpeed004m m/s 4 Gill Windsonic M
WindSpeed030m m/s 30 ZephlRZX300m
WindSpeed040m m/s 40 ZephlRZX300m
WindSpeed060m m/s 60 ZephIRZX300n
WindSpeed090m m/s 90 ZephIRZX300n
WindSpeed100m m/s 100 ZephlRZX300m
WindSpeed120m m/s 120 ZephlRZX300m
WindSpeed150m m/s 150 ZephIRZX300n
WindSpeed180m m/s 180 ZephIRZX300n
WindSpeed200m m/s 200 ZephlRZX300m
WindSpeed240m m/s 240 ZephlRZX300m
WindSpeed270m m/s 270 ZephlRZX300m
WindDir004m deg 4 Gill Windsonic M
WindDir030m deg 30 ZephIRZX300n
WindDir040m deg 40 ZephlRZX300n
WindDir060m deg 60 ZephlRZX300n
WindDir090m deg 90 ZephIRZX300n
WindDir100m deg 100 ZephIRZX300n
WindDir120m deg 120 ZephlRZX300n
WindDirl50m deg 150 ZephIRZX300n
WindDir180m deg 180 ZephIRZX300n
WindDir200m deg 200 ZephIRZX300n
WindDir240m deg 240 ZephIRZX300n
WindDir270m deg 270 ZephlIR ZX300m
turbulence(T1)B0m 30 ZephlIR ZX300m
turbulence(T1)040m 40 ZephlIR ZX300m
turbulence(T1)060m 60 ZephlIR ZX300m
turbulence(TI)0B0mM 90 ZephlR ZX300m
turbulence(TIYL0O0Om 100 ZephIR ZX300m
turbulence(TI)120m 120 ZephlIR ZX300m
turbulence(TI150m 150 ZephlIR ZX300m
turbulence(TIY1L80m 180 ZephlR ZX300m
turbulence(TI200m 200 ZephIR ZX300m
turbulence(TIR240m 240 ZephIR ZX300m
turbulence(TI1270m 270 ZephlIR ZX300m
' File type: WindStatus.csv

TIMESTAMP (1S®601) UTC

liPacketCount030m 30 ZephIR ZX300m
liPacketCount040m 40 ZephlIR ZX300m
liPacketCount060m 60 ZephlRZX300m
liPacketCount090m 90 ZephlIR ZX300m
liPacketCount100m 100 ZephIR ZX300m
liPacketCount120m 120 ZephlIR ZX300m
liPacketCount150m 150 ZephlR ZX300m
liPacketCount180m 180 ZephlR ZX300m
liPacketCount200m 200 ZephlR ZX300m
liPacketCount240m 240 ZephlIR ZX300m
liPacketCount270m 270 ZephlR ZX300m

' File type:MetOceanData.csv

TIMESTAMP (1S8601) UTC

AirHumidity % 4 VaisalaHMP155

AirPressure hPa 2 VaisalaHMP155

AirTemperature C 4 VaisalaPTB330A

WaterTemp001 degC -1 Nortek Signature500
' File type:Posdata.csv

TIMESTAMP (1S8601) UTC

irLatitude deg Iridium 9602

irLongitude deg Iridium 9602

spLatitude deg Septentrio DualGPS

spLongitude deg Septentrio DualGPS

TableB-8: Data signals used in the analyses in this report, found in the pogtrocessed files from Fugro
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The data signals found in the aforementioned posprocessed files are described inTable

B-8, all these measurements were concatenated into one single file for each FLS. Note

that the measurement elevations are not identical to those for the NSI FLSs listedTiable

B-3tOLWL? ¢ q ¢ LRo¥data LIhRRMWO® Ws 131 W Wet BT WY WIUt 21 WWaéb ¢ q
at all timestamps were collected at their expected location.

B.2.3 Data availability
The FLS measurements collected aEINS1-LBand EINS2-LBare available for the
following periods:

U EINS1-LB: From2021-11-15 09:30:00to 2023-11-15 09:30:00

U EINS2-LB: From2021-11-15 15:30:00to 2023-11-15 15:30:00

A summary of the main events that affected the data availability of the FLS
measurements can be found inTable B-9. The table offers a condensed version of the
event logs of all monthlyreports in [EINSMR] focusing only on the key instruments for
the purposes of thepresent document (namely Ldars, position and data transmission).
Additionally, the data availability of the measurements issummarised in Table B-10,
FigureB-7, FigureB-8 and TableB-11.

The data availability of the LIDAR measurements collected &INS2-LBis higher than for
the measurements collected atEINS1-LB. In the case ofEINS1-LB, the data availability

of the LIDAR measurements varies between 75.8% and 78.0% over the measurement
period, while the data availability forEINS2-LBvaries between 81.6% and 86.7%.

Active From To Description
FLS

EINS1-LB
A e Problems with theWS170 power supply, ldar measurements unavailable.
WS170 2022:04-06 2022:05-20 Sparebuoy WS191 was deployed and buoy WS170 was recovered.
Lidar unit was affected by a storm Lidar measurements unavailable.
WS191 202302-15 | 202304-22 Buoy WS170 was deployed and WS191 was recovered.
Communication problems between Lidar and dataloggerresulted in data loss
WS170 2023-04-26 2023-06-13 | Raw data wasapparently available forreprocessingbut was not used
WS191 was deployed
WS191 2023-11-15 | (WS191 wasoperational until the end ofthe measurement campaign)
EINS2-LB

WS181loperated normally, however naintenance activities planned for 2022-

07-13 failed due to weather conditions. WS170 was deployetihe same day and
WS181 2022-11-15 2022-07-13 | the Lidaron WS181 was turned dfdue to low fuel.

From 202207-13 onwards, measurementswere collected by WS170.

WS181 was recoveredor serviceon 2022 10-26.

Communication problems between Lidar and dataloggerresulted in data loss
WS170 2022-11-22 2022-11-30 | Raw data wasapparently available for reprocessingbut was not used

WS181 was redeployed aits original mooring and WS170 was recovered.

Lidarwas affected by storm Ottq starting a period ofsporadic Lidar data gaps

wsisl 20230217 2023-04-22 Buoy WS181 was recoveredor maintenance, but no spare buoy was available
for deployment.

No buoy 2023-04-22 2023-06-13 | No buoy deployed at the siteall measurements unavailable.

WS181 2023-06-13 Buoy WS181 was deployed.
Buoy WS181 started drifting.

No buoy 2023-06-27 2023-07-05 | Buoy was recovered and redeployed on 20287-05.
No measurements are available during this period

WS181 2023-11-15 | (WS181 was operatnal until the end of the measurement campaign).

Table B-9: Description of the eventsimpacting data availability for the FLS measurement campaignat
Energy IslandNorth Sea.
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System WS | WD | WS | WD T

e e | @ | @ | @ | @

availability 5 . e

mMSL | mMSL | mMSL | mMSL | mMSL
2021 11 05201 05194 05194 05192 05192 05199 05199 0.5181
2021 12 1.0000 | 09991 09991 09514 09514 09991 09991 0.9937
2022 1 1.0000 | 09989 09989 09767 09767 09973 09973 0.9951
2022 2 1.0000 | 09995 09995 09965 09965 1.0000 1.0000 0.9893
2022 3 1.0000 | 09989 09989 09220 09220 09993 0.9993 0.9740
2022 4 1.0000 | 09986 09986 02116 02116 09981 09981 0.9789
2022 5 1.0000 | 0.7554 0.7554 03766 03766 0.7554 0.7554 0.6951
2022 6 1.0000 | 09993 09993 09734 09734 09995 0.9995 0.9664
2022 7 1.0000 | 0.9989 09989 09825 09825 09996 0.996 0.9816
2022 8 1.0000 | 09996 09996 09823 09823 1.0000 1.0000 0.9774
2022 9 1.0000 | 0.9995 09995 09998 09998 1.0000 1.0000 0.9831
cnsp 2022 10 1.0000 | 09996 09996 09798 09798 1.0000 1.0000 0.9931
ol 2002 11 1.0000 | 09995 09995 09979 09979 1.0000 1.0000 0.9914
2022 12 1.0000 | 06107 06107 09890 09890 09908 0.9908 0.9807
2023 1 1.0000  0.0000 00000 09962 09962 1.0000 1.0000 0.9962
2023 2 1.0000 | 0.0000 00000 05057 05057 09948 0.948 0.9683
2023 3 1.0000 | 0.0000 0.0000 00000 00000 09908 0.9908 0.9763
2023 4 1.0000 | 0.2560 02560 01100 01100 07042 07042 0.6933
2023 5 1.0000 | 09662 09662 00000 00000 09644 09644 0.9469
2023 6 1.0000 | 09933 09933 05278 05278 09910 09910 0.9683
2023 7 1.0000 | 09993 009993 09978 09978 09991 09991 0.9698
2023 8 1.0000 09991 009991 09727 09727 09841 09841 0.9897
2023 9 1.0000 09991 09991 09593 09593 09963 0.963 0.9995
2023 10 1.0000 09993 009993 09689 09689 1.0000 1.0000 0.9991
2023 11 04801 04792 04792 04799 04799 04794 04794 04787
2021 11 05118 05111 05111 05097 05097 05116 05116 05102
2021 12 1.0000 | 09991 09991 09308 09308 09996 0.9996 0.9931
2022 1 1.0000 | 0.9993 009993 09550 09550 09980 0.9980 0.9973
2022 2 1.0000 | 0.9990 09990 09943 09943 09995 0.9995 0.9978
2022 3 1.0000 | 0.9991 009991 09285 09285 09993 0.9993 0.9707
2022 4 1.0000 09988 009988 09810 09810 09995 0.9995 0.9771
2022 5 1.0000 | 0.9996 09996 09485 09485 1.0000 1.0000 0.9718
2022 6 1.0000 | 09991 09991 09389 09389 09991 09991 0.9588
2022 7 1.0000 | 09987 09987 09574 09574 09991 09991 0.9794
2022 8 1.0000 | 0.9996 09996 09637 09637 09991 09991 0.9754
2022 9 1.0000  0.9995 009995 09787 09787 1.0000 1.0000 0.9817
cnsp. | 2022 10 1.0000  0.9996 09996 09341 09341 1.0000 1.0000 0.9931
o 2022 11 1.0000 | 09981 09981 07275 07275 09986 0.9986 0.9951
2022 12 1.0000 | 09993 09993 09756 09756 09996 0.9996 0.9924
2023 1 1.0000 | 0.9996 09996 09691 09691 1.0000 1.0000 0.9944
2023 2 1.0000 | 09995 09995 09447 09447 09993 0.9993 0.9906
2023 3 1.0000 | 0.9996 009996 06434 06434 09953 0.9953 0.9850
2023 4 1.0000 | 0.7097  0.7097 01308 01308 07100 0.7100 0.6914
2023 5 1.0000 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2023 6 1.0000 | 04854 04854 04465 04465 04856 0.4856 0.4769
2023 7 1.0000 | 08571 08571 08109 08109 08575 08575 0.8378
2023 8 1.0000 09991 09991 09028 09028 09987 0.9987 0.9910
2023 9 1.0000 | 09988 09988 09019 09019 09988 09988 0.9991
2023 10 1.0000 | 09987 009987 09066 09066 09991 09991 0.9991

2023 11 0.4884 0.4880 0.4880 0.4863 0.4863 0.4882 0.4882 0.4882
Table B-10: Monthly data availability of wind speed and wind direction a## and 150 mMSL,as well as
surface level air temperature, relative humidity and air pressuremeasured at EINS1-LB and EINS2-LB.
Thedata availability cellsare colour coded, light green cellsndicate data availability between 0.75 and 1,
light yellow cells mean data availabilityis between 0.5 and 0.75, while light orange cellfighlight data
availability between 0 and 0.5 Please note that the low availability numbers for the firstand last month
are in part due to the campaign startingand ending on the 1% of the month.
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FigureB-7: Time series of wind speed and wind direction at 150 mMSL, air temperature, relative humidity
and air pressure collected atEINS1-LB.
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FigureB-8: Time series of wind speed and wind direction at 150 mMSL, air temperature, relative humidity
and air pressure collected atEINS2-LB.
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Elevation Availability [] Elevation Availability [-]

[mMSL] WS WD [mMSL WS WD
30 0.7797 | 0.7797 30 0.8666 0.8666
40 0.7798 | 0.7798 40 0.8673 0.8673
60 0.7784 | 0.7784 60 0.8660 0.8660
90 0.7715 | 0.7715 90 0.8319 0.8319
100 0.7703 | 0.7703 100 0.8311 0.8311
120 0.7687 | 0.7687 120 0.8299 0.8299
150 0.7663 | 0.7663 150 0.8273 0.8273
180 0.7644 | 0.7644 180 0.8240 0.8240
200 0.7631 | 0.7631 200 0.8221 0.8221
240 0.7599 | 0.7599 240 0.8181 0.8181
270 0.7580 | 0.7580 270 0.8161 0.8161

TableB-11: Data availability of the LIDAR measurements collected aEINS1-LBand EINS2-LB.

B.2.4 Data reliability and validity

Although the verification reports are not available at the moment, C2Wind understands
from the references in[EINSDR}hat the most critical instruments installed on theFLSs
passed their calibration tests. Furthermore, comparisons and correlations against
nearby datasets such as the NSI FLSs or Vortex series show that the EINS FLSs record
reasonable values Finally, Figure B-9 shows that the FLSs have been located close to
their deployment positions without signs of drift.

5.50°E 6.00°E 6.50°E 7.00°E 7.50°E 8.00°E 8.50°E
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57.00°N
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56.00°N | /’
L A2 = EINS-2-L8
it \; ~4
|
’/
55.50°N
[ NS Site |
2 & 2 di /A FL 0 100 200 m
55.00°N / I . -

,
Figure B-9: Measurement location of all 18minute statistics for EINS1-LB and EINS2-LB used in the
analysisthis document. CRS: WGS84.
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Appendix C.  Turbulence Intensity Conditions

This appendix provides an analysis of freestream turbulence conditions offshore,
applicable to sites located far from shore where the influence of land is negligibld=or
the results presented herein to be applicable, the minimum distance to the coastline
varies depending on the type of onshore roughness and orography. As per the discussion
in Section 2.7 offPOLLAK] and theconclusions of [PO293] such coastal effects can be
considered negligible for distances larger than 20 km, however a sigpecific analysis is
always required.

Furthermore, this appendix argues that either of the three met mast datasets considered
in the analysis (IJmuiden, Dogger Bank West, FINO1) form a sound basis for
characterizing turbulence intensity conditions at the NSI site. In effect:
U The analysis demonstrates that sea surface roughness and atmospheric stability
affect turbulence conditions in a similar fashion at all three sites.
U A simple model is provided, explaining the mechanism as play.
U Roughness and atmospheric stability conditions are similar at NSI and the three
mast locations, thereby these datasets are applicable.

Eventually, and following the sameargumentation as in[THORWA, namely that the
dataset is several years long, of high quality, and contains mean wind speed (lidar)
measurements near the considered hub height, the [IJmuiden dataset is recommended
for deriving the Normal Turbulence Model at the NSI site.

In the remainder of this appendix, atmospheric stability is characterized using the
Obukhov length computed from ERADS time series.

C.1 Note on measurement datasets
The measurement datasets used in the analysis come from three publicly availabtaip
anemometer datasets:
U The IIJmuiden met mast in the Dutch North Sea, documented in Section 4 of
[THORWA
U The FINOL1 dataset, documented ifiFINO1}
U The Dogger Bank WegDBW)dataset, documented in[DBW].

For each dataset, only freestream conditions have been selecte@.e. no wakes from
neighboring wind farms, or from the mast). For DBW, the cup anemometers mounted on
the booms pointing to theNorthwest havebeen used (measurements from the opposite
anemometers are erroneous due to a mismatch between the logger and the type of
anemometer).

C.2 Introduction

In the Atmospheric Boundary Layer (ABL), the meaand turbulent quantities of the wind
flow are interlinked. A simple (yetrealistic and well accepted) expression of the
dependency of the mean wind speedYwith the elevation above the surfacelis provided
in Eq.C-1, see background andeferences in[GG24] where:
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U Y YO 0O 0,witho 0 the short-term fluctuations over typically 10 to
30mint,

i 0. is the friction velocity at the surface (proportional to the square root to the
vertical momentum fluxo 0 ).

0 a is the roughness &ngth, itself a function ofo. (see below)

i 0 isthe Obukhov &ngth, a measure of atmospheric stability

U [ is a dability-dependent function, derived from the MoninObukhov Stability
Theory (MOSTand experiments

U Il is the Von Karman constant (here taken equal to 0.4), an@ afr f isa
function of @, the ABL heightt and an additional length scaled
(characterizing turbulent eddies in the middle of the AB). see[GRYNINGO7hand
[GG24]

., 6: . .q O Eq.C-1

The Turbulence Intensity (TI) is the ratio of the standard deviation of the longitudinal

component of the horizontal wind speed, 66 7 and the mean wind speed Y
derived fromEq.C-1:

o Eq.C-2

e
Y&

Offshore, the roughnesslength varies withd. (wave height increases with wind speed),
this is most often described using a Charnock relationshipsee Eq. C-3 and [GG24]
where:
U | isthe Charnock paameter, either constant or sea state dependent
0 | isaparameterlinkngo. and’,the air kinematic viscosity(term only
relevant for very small wind speeds, smaller than 3 m/s at 10 mASL for instance)

, 0, ’ Eq.C-3
a | O= | O
Q 0:

An illustration of the dependency of6. and & with wind speed for neutral conditions
¢ - misshown inFigureC-1.

1 |n this study, 10minute measured statistics have been used, and no detrending (linear, or highass
filter) have been applied.
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z =10mASL; ag, = 0.018; neutral conditions
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n . I . 0
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FigureC-1: lllustration of the relationship between wind speed(x-axis), roughness length(right y-axis)and
friction velocity (left y-axis).

Mean wind speed and turbulence arghereby primarily driven by atmospheric stability
and sea surface roughness. When accounting for differences in elevation, sea state and
stability, turbulence conditions are similar across far offshore locations. This is
illustrated in Figure C-2 and Figure C-3, where binned mean and standard deviation
values of , and “Y'@re plotted for the three met mast datasets and four distinct
atmospheric stability classes. The IIJmuiden dataset tends to show slightly largeFl
values due to itslower elevation and a slightly larger portion of large Tl values caused by
low-frequency outliers.

[10 m/ L| < 0.03 (neutral)

0.2

m— |jmuiden 91.1 MASL
DBW 104.5 mASL |7
FINO1 101.2 mASL

0.18
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FigureC-2: Mean (full line) and standard deviation (dashed line) of and "Y'@easured at three different
offshore met masts, for neutral (left) and unstable (right) conditions.
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