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Nomenclature

Abbreviations

aMSL Above Mean Sea Level

mMSL Meters above Mean Sea Level

DSD Directional Spreading in degrees
GHRC Global Hydrology Resource Centre
HAT Highest Astronomical Tide

HRFC High Resolution Full Climatology
HRL High Residual Level

HRMC High Resolution Monthly Climatology
HSWL Highest Still Water Level

IEC International Electrotechnical Commission
ISO International Organisation for Standardization
LAT Lowest Astronomical Tide

LIS Lightning Imaging Sensor

LRFC Low Resolution Full Climatology
LRL Lowest Residual Level

LRMTS Low Resolution Monthly Time Series
LSWL Lowest Still Water Level

MCP Measure-Correlate-Predict

MHWS Mean High Water Spring

MHWN Mean High Water Neap

MLWS Mean Low Water Spring

MSL Mean Sea Level

MWD Mean Wave Direction

NTM Normal Turbulence Model

ONT Offshore Normal Turbulence

OTD Optical Transient Detector

POT Peak Over Threshold

PWD Peak Wave Direction
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Abbreviations
SWL Still Water Level
Tl Turbulence Intensity
Tr Return period
WTG Wind Turbine Generator
Subscripts
HD Hydrodynamic model
HKN Hollandse Kust (noord)
HKNWFZ Hollandse Kust (noord) Wind Farm Zone
HKW Hollandse Kust (west)
HKWWFZ Hollandse Kust (west) Wind Farm Zone
HKZ Hollandse Kust (zuid)
HKZWFZ Hollandse Kust (zuid) Wind Farm Zone
Sea Wind-sea partition of a sea state
Swell Swell partition of a sea state
SW Spectral Wave model
Tide Tide partition of the surface elevation
Residual Surge partition of the surface elevation
Definitions
Time Times are relative to UTC
Level Levels are relative to local LAT (if not specified otherwise), graphs
are however relative to MSL
Coordinate system UTM31 ETRS89 or Longitude/Latitude (if not specified otherwise)
Direction Directions are 30 and/or 45-degree bins relative to true North (i.e. 12
or 8 bins covering:
with 30° bins: 0° = 345°-15°; 30°=15°-45°, etc)
Wind: °N coming from
Waves: °N coming from
Currents: °N going to
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Symbols

CD Current direction

CSs Current speed

Crmax Maximum wave crest level

D Water depth

D1o Wind direction @10mMSL

Hmo Significant wave height

Hmax Maximum wave height

To1 Mean wave period

To2 Zero-crossing wave period (spectral based)
Tp Peak wave period

T Zero-up crossing wave period (time domain based)
Uc Current speed

Uc,avg Depth-averaged current speed

U1o Wind speed @10mMSL

WD Wind direction

WS Wind speed

Zo Mean sea level
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1 Introduction

Rijksdienst voor Ondernemend Nederlands (RVO) in September 2018 awarded DHI
(contract number: WOZ 2180106 — dated on September 13t, 2018) to establish metocean
conditions and provide a web-based database for the offshore wind farm zone Hollandse Kust
(noord) (HKNWEFZ). Within the same contract, an optional task was awarded in Q3 2019
dedicated to Hollandse Kust (west) (HKWWFZ). This report contains the study performed for
HKWWFZ.

The Ministry of Economic Affairs and Climate Policy introduced a roadmap towards 4,500 MW
offshore wind power in the Netherlands. The road map sets out a schedule of tenders offering
700 MW for development each year in the period 2015-2019. Apart from Borssele (1,400 MW),
Hollandse Kust (zuid) (1,400 MW) and Hollandse Kust (hoord) (700MW) wind farms, three more
areas are designated to be developed as wind farm zones after 2024: Hollandse Kust (west),
Ten Noorden van de Waddeneilanden and Ijmuiden Ver. Figure 1.1 shows a schematic
representation of these wind farm zones and the planned timetable for related tenders to be
issued.

RVO requires the establishment of meteorological and oceanographic (metocean) conditions to
serve as a crucial input for the safe and cost-efficient design, installation and maintenance of
wind turbines and their related structures.

The overall objective of the study undertaken by DHI and presented in this report was to provide
accurate metocean conditions (wind, wave, water level and current) for Hollandse Kust (west)
offshore wind farms. The metocean conditions have been established based on numerical
modelling and on performing analyses on the modelling results. A comprehensive web-based
database is provided to RVO?, which enables users to access the modelling data and the
analysis results through a user-friendly interface.

This report presents information on the meteorological and oceanographic (metocean)
conditions in the HKWWFZ to serve as input for the design, installation and maintenance of
wind turbines, inter array cables, substations and their support structures for companies
submitting bids to develop the wind farm.

It is noted that the data applied in this metocean study was validated against the 9 months
measurement data at the Hollandse Kust (west) made available to DHI on February 2020,
covering the period from February 2019 until November 2019.

In order to establish the metocean conditions, DHI performed high-resolution numerical
modelling covering the period 1979-2020 (inclusive - 41 years) and state-of-the-art analyses, the
results of which are presented in this report.

It must be mentioned that this report contains some references to DHI’'s comprehensive study
for the Hollandse Kust (zuid) and (noord) offshore wind farms? (herein called HKZN project) and
for the Hollandse Kust (noord) offshore wind farm? (herein called HKN project), available from
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Figure 1.1  The road map towards 11,500 MW offshore wind power in the Netherlands (source:
offshorewind.rvo.nl)

The green areas are the wind farms currently in development while the areas in dark green
are the already existing offshore wind farms.
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This report is arranged as follows:

e Section 2 provides the Executive Summary

e Section 3 presents the data that was used for establishing, calibrating and validating the
numerical models such as measurements acquired from RVO and from other sources,
bathymetry data, external wind and wave data and satellite measurements

e Sections 4 and 5 summarise the hydrodynamic and wave models used to establish the data
for this project and also provide details of the model set-up and model validation against
measurements

» Section 6 briefly describes the web-based database for Hollandse Kust (west)

» Section 7 presents the analysis point within the wind farm area

« Section 8 includes analyses of wind, wave, current and water level normal conditions

e Section 9 contains the results of extreme metocean conditions based on J-EVA method

e Section 10 provides the results of joint metocean conditions analyses

e Section 11 presents the analyses of other metocean variables such as air temperature, sea
temperature, air density, visibility, lightning, marine growth, sea and marine icing

e Section 12 presents conclusion

In parallel with this metocean study, RVO commissioned Tractebel to perform the wind
resource assessment for the Hollandse Kust (west) wind farm zone. The information provided in
Tractebel’s study [1] is intended for wind farm modelling, yield assessments and business case
calculation for the offshore wind farms to be developed in HKWWFZ. However, as mentioned
above, the purpose of the present study by DHI is to provide normal and extreme conditions to
be used in design of the offshore wind farms.

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04 3





DA

This page is intentionally blank

4 hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS D H l

2.1

Executive Summary/Samenvatting

In English

This report provides detailed information on the meteorological and oceanographic (metocean)
conditions for the Hollandse Kust (west) Wind Farm Zone (HKWWFZ). The results provided

here aim so serve as input for design, installation and maintenance of wind turbines, inter-array
cables, substations and their support structures.

DHI established dedicated high-resolution (~200m for the hydrodynamic model and ~300m to
400m for the wave model) state-of-the-art numerical models (based on MIKE Powered by DHI
software package) covering the 41-year period from 1979 to 2020 to provide metocean
conditions in the Hollandse Kust (west) Offshore Wind Farm Zone. The models were forced with
corrected (by DHI) wind/pressure fields data from the Climate Forecast System Reanalysis
(CFSR) dataset established by the National Centre for Environmental Prediction (NCEP).
Extensive validation of the modelling results was conducted using local measurements. The
validation showed very good model performance and thus ensured accurate high-quality
metocean conditions at the desired area.

Normal metocean conditions are described in detail and were based on the 41 years of
modelling results. Extreme conditions were established for winds, currents and water levels for
return periods up to 1,000 years and for waves (significant wave height, maximum individual
wave height and maximum crest height) for return periods up to 10,000 years using advanced
statistical methods. Joint probability of metocean conditions is also provided within this report.
The results can be directly used for design purposes at the HKWWFZ site.

The comprehensive web-based digital database developed during the Hollandse Kust (noord)
metocean desk study has been updated to include the new high-resolution dataset for Hollandse
Kust (west) as shown in Figure 2.1.

It should be noted that the majority of the methodologies in this report are based on the work
performed by DHI for Hollandse Kust (noord) and Dutch Offshore Wind Farm zones, and thus
multiple references have been made [2]. The main differences with the metocean desk study for
Hollandse Kust (noord) are the implementation of a more accurate bathymetry within the domain
and a longer time coverage of the metocean data (1979-2020).

The advanced extreme value analyses were performed at all model element points within
HKWWFZ (~7,700 elements for waves and ~18,388 elements for hydrodynamics). The detailed
results are discussed in this report at 5 points (see Section 7) within the Hollandse Kust (west)
wind farm, in particular at the analyses location called HKW2019 (see Section 7) where the
largest extreme sea states were reproduced by the models. Table 2.1 summarises the extreme
value results at the location HKW2019 for return periods up to 100 years.
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Figure 2.1  The area covered by the database for Hollandse Kust (west) — current study in 2020 - (outer
pink line) shown together with the database (2019) for the other Wind Farm Zones (outer
purple line)

Table 2.1 Summary of the extreme values at the point HKW2019

Extreme values (omni) — Return period [year]

Variable

1 2 5 10 50 100
Wind speed, 100mMSL, 10-min [m/s] 334 35.0 37.0 38.2 41.4 42.5
Water level, Total, High [mLAT] 2.8 3.0 3.2 3.3 35 3.7
Water level, Total, Low [mMLAT] -0.3 -0.5 -0.6 -0.7 -0.9 -1.0
Water level, Residual, High [m] 1.5 1.7 1.9 2.0 24 2.5
Water level, Residual, Low [m] -0.9 -1.0 -1.2 -1.3 -1.4 -1.5
Current speed, Total, Depth-averaged [m/s] 1.0 1.0 1.0 1.0 1.1 1.1

Current speed, Residual, Depth-averaged [m/s] 0.5 0.5 0.6 0.6 0.7 0.7

Significant wave height, Hmo,n [M] 5.6 6.0 6.5 6.8 7.5 7.7

Peak wave period, Tp associated with Hmo3n [S] 10.3 10.7 11.2 11.6 12.2 125

Maximum wave height, Hmax [m] 10.5 11.2 12.1 12.8 141 14.7
Wave period, T associated to Hmax [S] 8.9 9.3 9.8 10.0 10.5 10.7
Maximum crest level, Cmax, SWL [MSWL] 6.6 7.1 7.8 8.2 9.2 9.6
Maximum crest level, Cmax, MSL [MMSL] 7.8 8.4 9.2 9.7 10.9 114
Maximum crest level, Cmax, LAT [MLAT] 8.6 9.2 10.0 10.6 11.8 12.2
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In Dutch

Dit rapport bevat gedetailleerde informatie over de meteorologische en oceanografische
condities voor windgebied Hollandse Kust (west) (HKWWFZ). De resultaten die worden
gepresenteerd in dit rapport kunnen worden gebruikt voor het ontwerp, de installatie en het
onderhoud van windturbines, kabels, substations en de daarbij behorende
funderingsconstructies.

DHI heeft geavanceerde numerieke modellen ontwikkeld met een hoge resolutie (~200m voor
het hydrodynamische model en ~300m tot 400m voor het golvenmodel). De modellen zijn
gebaseerd op het MIKE Powered by DHI software pakket en zijn gebruikt om een groot aantal
meteorologische-oceanografische condities te simuleren voor de periode van 1979 tot en met
2020. Als randvoorwaarden voor het model zijn (door DHI) gecorrigeerde wind/druk data
gebruikt uit de Climate Forecast System Reanalysis (CFSR) dataset van het Amerikaanse
National Centers for Environmental Prediction, USA (NCEP).

De modelresultaten zijn uitgebreid gevalideerd met behulp van lokale metingen. Uit de validatie
blijkt een goede overeenkomst tussen de modelresultaten en metingen en toont daarmee de
hoge nauwkeurigheid van de gesimuleerde gegevens voor Hollandse Kust (west) aan.

De gemiddelde meteo-oceanografische condities zijn berekend op basis van de 41 jaar
modelresultaten. De extreme condities zijn berekend op basis van geavanceerde statistische
methoden. Voor wind, stroming, en waterstanden zijn de extreme condities berekend met een
herhalingstijd tot 1.000 jaar en de extreme golfcondities (significante golfhoogte, maximale
individuele golfhoogte en maximale golfkamhoogte) zijn berekend met een herhalingstijd tot
10.000 jaar.

Dit rapport bevat ook gegevens over de gecombineerde kansverdeling van verschillende meteo-
oceanografische condities. De resultaten kunnen direct worden gebruikt voor ontwerp
doeleinden in het Hollandse Kust (west) windpark.

De uitgebreide digitale database (MOOD), ontwikkeld bij de Hollandse Kust (noord) studie, is
bijgewerkt en bevat de nieuwe hoge resolutie dataset voor Hollandse Kust (west), zie figuur 2.1.
Er dient te worden opgemerkt dat het overgrote deel van de aanpak en methodieken in dit
rapport gebaseerd zijn op het werk voor Hollandse Kust (noord) en de andere
windenergiegebieden, zie de referenties onder [2].

De resultaten van de geavanceerde extreme waarde-analyse zijn uitgevoerd op alle
rekenpunten binnen HKWWFZ (~7.700 elementen voor golven en ~18.388 elementen voor de
hydrodynamica). De gedetailleerde resultaten worden gerapporteerd op vijf punten (zie sectie 7)
binnen het windgebied Hollandse Kust (west), met name voor punt HKW2019 (zie sectie 7)
waar de hoogste extreme golfcondities worden voorspeld. Tabel 2.1. geeft een overzicht van de
extreme waarden in Hollandse Kust (west) voor herhalingstijden tot 100 jaar. De belangrijkste
veranderingen ten opzichte van de vorige metocean desk studie voor Hollandse Kust (noord)
zijn een gedetailleerdere bathymetrie binnen het gebied en een langere tijdreeks van metocean
data (1979-2020).
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Figuur 2.2  Database voor Hollandse Kust (west) — deze studie in 2020 - (roze lijn) en de database
(2019) voor de andere windenergiegebieden (buitenste paarse lijn)

Tabel 2.1 Overzicht van extreme condities voor Hollandse Kust (west), gebaseerd op punt HKW2019

Extreme values (omni) — Return period [year]

Variable

1 2 5 10 50 100
Wind speed, 100mMSL, 10-min [m/s] 334 35.0 37.0 38.2 414 | 425
Water level, Total, High [mMLAT] 2.8 3.0 3.2 3.3 35 3.7
Water level, Total, Low [mMLAT] -0.3 -0.5 -0.6 -0.7 -0.9 -1.0
Water level, Residual, High [m] 1.5 1.7 1.9 2.0 24 2.5
Water level, Residual, Low [m] -0.9 -1.0 -1.2 -1.3 -1.4 -1.5
Current speed, Total, Depth-averaged [m/s] 1.0 1.0 1.0 1.0 1.1 1.1

Current speed, Residual, Depth-averaged [m/s] 0.5 0.5 0.6 0.6 0.7 0.7

Significant wave height, Hmo,sn [m] 5.6 6.0 6.5 6.8 7.5 7.7

Peak wave period, Tp associated with Hmo,3n [S] 10.3 10.7 11.2 11.6 12.2 125

Maximum wave height, Hmax [m] 10.5 11.2 12.1 12.8 141 14.7
Wave period, T associated to Hmax [S] 8.9 9.3 9.8 10.0 10.5 10.7
Maximum crest level, Cmax, SWL [MSWL] 6.6 7.1 7.8 8.2 9.2 9.6
Maximum crest level, Cmax, MSL [MMSL] 7.8 8.4 9.2 9.7 10.9 11.4
Maximum crest level, Cmax, LAT [MLAT] 8.6 9.2 10.0 10.6 11.8 12.2
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3 Data/Study Basis

This section provides information about the various sets of measurement data provided by RVO
and acquired by DHI, which was used to calibrate/validate the numerical models and as input
metocean data. It also presents the bathymetry data applied to make the high-resolution
computational mesh for the modelling process. The meteorological data (wind & pressure fields)
which was used as model forcing is also described in this section.

3.1 Bathymetry

This section provides information about the bathymetry data sources and processing applied to
establish the computational meshes for the hydrodynamic (HD) and wave (SW) modelling
activities at HKW.

The bathymetry datasets used in this study are EMODnet v2018’s Digital Terrain Model* (DTM),
Rijkswaterstaat’s bathymetric measurements and the Fugro bathymetric measurements at the
HKZ, HKN and HKW wind farm zones provided by RVO. These datasets are described in Table
3.1. The different datasets have been merged giving priority to the latest high-resolution Fugro
bathymetric measurements. An interpolation of the merged bathymetry has then been
conducted onto the computational meshes used for SW and HD. More details about the
processing of bathymetric datasets can also be found in the previous HKN and HKZ reports ( [3]
and [2]), and in Fugro’s geophysical site investigation surveys ( [4], [5]. [6], [7], [8] and [9]).

The high-resolution Fugro bathymetry survey (0.5m) has been interpolated on 50m by 50m
gridded datasets to be more easily handled in the creation of the meshes for numerical
modelling. The bathymetric data is provided based on the UTM31N ETRS89 map projection. As
the Fugro bathymetry data is given in the LAT vertical reference, a conversion to the MSL
equivalent datum has been conducted (by DHI). For HKW, space-varying conversion factors
provided by Rijkswaterstaat [10] were used to convert the LAT measurements to MSL. The
corresponding values over the Dutch offshore wind farms are presented in Figure 3.1. Figure 3.2
(top panel) gives an overview of the spatial coverage of the HKW bathymetry conducted by
Fugro.

In addition to the high-resolution bathymetry data within HKZ, HKN and HKW, high-resolution
bathymetry along the Dutch coasts (Vaklodingen) has been retrieved from Rijkswaterstaat and
processed by Deltares®. The data is publicly available. The data is available on a 0.03 minutes
grid in MSL vertical datum. Figure 3.2 (bottom panel) gives an overview of the Vaklodingen
bathymetry’s spatial coverage.

The areas not covered by local bathymetry surveys were filled with the latest European Marine
Observation and Data Network (EMODnet) Digital Terrain Model (DTM) data. This dataset
consists of aggregated bathymetric surveys, composite DTMs, satellite derived bathymetry and
information from the General Bathymetric Chart of the Oceans (GEBCO). The EMODnet
bathymetric data is quality controlled®. The portal also includes a metadata discovery service
that provides information about the background survey data used to produce the DTM, its
access restrictions, originators and distributors. In this study, the version EMODnet v2018 was
used, which is available on a 1/16 arc minutes grid in MSL vertical datum. Figure 3.3 shows the
coverage of this bathymetry within the North Sea.
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DHI found a good agreement between the local bathymetric measurements and EMODnet
v2018. This ensures that no discrepancies are introduced in the areas covered by more than
one bathymetric dataset.

Table 3.1 Bathymetry datasets implemented for HKW
Priority Dataset Horizontal vertical Resolution
reference reference
HKW by Fugro 0.5mx0.5m interpolated
1 TM31IN - ETR LAT
(2019) UTM3 S89 on 50m x 50m by DHI
HKN by Fugro 0.5mx0.5m interpolated
2 (2018) UTM3IN — ETRS89 LAT on 50m x 50m by DHI
HKZ by Fugro 0.5mx0.5m interpolated
3 (2016) UTM3IN - ETRS89 LAT on 50m x 50m by DHI
4 Vaklodingen by | -y 100 N ETRS89 | MSL | 0.03minute x 0.03minute
Rijkswaterstaat
Longitude/Latitude 1/16 x 1/16 arc minutes
5 EMODnet v2018 (WGS84) MSL (115m x 115m)
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Figure 3.1 Space-varying factors for the conversion from LAT to MSL (from Rijkswaterstaat [10])
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Figure 3.2 Bathymetry from Fugro at HKW interpolated on a 50m grid (top panel) and Vaklodingen
bathymetry (bottom panel). The legend shows the water depth in mMSL
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Figure 3.3 EMODnet v2018 bathymetry (snapshot from https://portal.emodnet-bathymetry.eu/)
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3.2 Observations
This section provides a description of the ensemble of metocean observations used in this study
for validation of the numerical models. Comprehensive lists of the relevant parameters, i.e. wind,
waves, water level and currents, and their characteristics are given here.
3.2.1 Wind
Updated (compared to [2]) offshore mast wind observations (wind speed and wind direction) up
to January 2020 have been mostly acquired from the Royal Meteorological Institute of the
Netherlands (KNMI)7. Local wind observations collected during Fugro’s measurement
campaigns at the sites HKNA, HKNB [11], HKWA, HKWB and HKWC [12] in the framework of
the HKN and HKW Dutch offshore wind farm zones projects have been provided by RVO. The
location of the stations used in this study and their characteristics are shown in Figure 3.4 and
inTable 3.2. Figure 3.5 provides an overview of the wind speed data availability over time (1981-
2020). The present study does not include any external LIDAR information (except at HKW) as
no LiDAR measurements have been conducted in the area during 2019, year of update of the
database (compared to [2]). Previous comparison work with the LIDAR are provided in the HKN
report, Section 3.3.1.5 [2].
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Figure 3.4  Location of considered wind measurement stations
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Table 3.2 List of wind observations considered in this study

ETRS89 ETRS89 Heights [MMSL]
Station UTM31 UTM31 Period Provider
Northing[m] | Easting[m]
548,391 5,824,677 02.2019- 4, 30, 40, 60, 80, 100, 120,
HKWA 11.2019 RVO 140, 160, 180, 200, 250
549,949 5,824,693 02.2019- 4, 30, 40, 60, 80, 100, 120,
HKWB 11.2019 RVO 140, 160, 180, 200, 250
549,818 5,824,247 08.2019- 4, 30, 40, 60, 80, 100, 120,
HKWC 11.2019 RVO 140, 160, 180, 200, 250
583,948 5,838,366 04.2017- 30, 40, 60, 80, 100, 120,
HKNA 04.2019 RVO 140, 160, 180, 200
583,951 5,837,765 04.2017- 30, 40, 60, 80, 100, 120,
HKNB 04.2019 RVO 140, 160, 180, 200
546,027 5,753,353 01.1981- 10
LEG 01.2020 KNMI
Europlatform 518,947 5,760,962 07.1996- KNMI 10
(EPL) 01.2020
566,162. 5,996,979 02.2009- 10
F16 01.2020 KNMI
608,757 6,079,292 01.1994- 10
F3 01.2020 KNMI
496,155 5,963,418 03.2009- 10
J6 01.2020 KNMI
514,802 5,896,678 07.1996- 10
K13a 01.2020 KNMI
542,238 5,902,126 12.2006- 10
K14 01.2020 KNMI
630,090 5,942,674 12.2006- 10
L9 01.2020 KNMI
523,829 5,801,882 11.2009- 10
P11 01.2020 KNMI
Hoorn 656,295 5,917,486 05.1994- KNMI 10
(Terschelling) 01.2020
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Time coverage of the wind speed data at the considered stations

Water level and current data were available at the three buoys (HKWA, HKWB and HKWC)
deployed by Fugro in the Hollandse Kust (west) Wind Farm zone. These measurements have a
fixed averaging period of 10 minutes and are available at every 2m depth bin for the currents.
Depth-averaged currents were calculated (by DHI) by averaging current bins over the first 2/3 of
the water column, i.e. between 4m and 15m for HKWA, and 4m and 21m for HKWB and HKWC.
The water levels have been derived by DHI, making use of the provided 9-months water
pressure measurements from [12].

Besides the three buoys mentioned above, long-term water level measurements have been
collected from the Rijkswaterstaat Data Portal®. The data has been made available at mean sea
level by RWS. Locations and detailed description of the stations used in this work are given in
Figure 3.12 and Table 3.3. Figure 3.7 and Figure 3.8 provide an overview of the time coverage
of the data. These measurements were used to carry out a comprehensive validation of the local
hydrodynamic model for Hollandse Kust (west) described in Section 4.3. It is noted that some
data from some stations contain gaps and/or erroneous data which are removed from the
dataset during comparison and analysis processes. This is the case at the buoy HKWB where
the measured currents (current speed and direction) are erroneous from 15t August 2019

Figure 3.5

3.2.2 Water level and current
onwards (see Figure 3.10).
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Figure 3.6 Location of considered stations for water levels
Table 3.3 List of current and water level observations considered in this study
ETRS89 ETRS89
Station UTM31 UTM31 Period Provider | Variables
Northing[m] Easting[m]
Currrent
HKWA 548,391 5,824,677 02.2019-11.2019 RVO Water
level*
Current
HKWB 549,949 5,824,693 02.2019-11.2019 RVO Water
level*
Current
HKWC 549,818 5,824,247 19.09.2019- RVO Water
11.2019
level*
HKNA 583,948 5,838,366 | 04.2017-04.2019 | RVO Current
Water level
HKNB 583,951 5837,765 | 04.2017-04.2019 | RVO Current
Water level
Brouweggta;'ens‘:he 518,886 5760,829 | 01.1979-01.2020 | RWS | Water level
Europlatform (EPL) 518,947 5,760,962 01.1983-01.2020 RWS Water level
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ETRS89 ETRS89
Station UTM31 UTM31 Period Provider | Variables
Northing[m] Easting[m]

F16 566,162 5,996,979 02.2009-01.2020 RWS Water level
J6 496,155 5,963,418 02.2009-01.2020 RWS Water level
K13a 514,802 5,896,678 01.1979-01.2020 RWS Water level
K14 542,238 5,902,126 02.2012-01.2020 RWS Water level
L9 630,090 5,942,674 02.2012-01.2020 RWS Water level
LEG 546,027 5,753,353 01.1983-01.2020 RWS Water level
Q1 577,052 5,863,763 05.2007-01.2020 RWS Water level

*the water levels at HKWA, HKWB and HKWC are derived by DHI, making use of the 9-months water

pressure measurements from [12]
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Figure 3.7  Time coverage of water level data at the considered stations
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An overview of the time series of the calculated depth averaged currents for HKWA, HKWB and
HKWC for a period of 9 months is presented in Figure 3.9, Figure 3.10 and Figure 3.11.
Following measurements periods were discarded by DHI in this study:

« HKWB: Currents after 1st August 2019 (see Figure 3.10) because of the clear deterioration
of the current measurements

It must be mentioned that the accuracy of the water levels should be considered with care. As
an example, the time series of measured water levels at HKWB (upper panel of Figure 3.10)
shows some discrepancies in the water level offset, which suggests the data is erroneous.
According to the campaign report at Hollandse Kust (noord) by Deltares [13], water level data
measured with the bottom mounted water level recorder (WLR) has been bias corrected. In
addition, Deltares states the following: ‘Due to the uncertainties on the depth at which the WLRs
are located, it is not possible to obtain accurate absolute water level observations from HKN, the
validation of the data against the model data indicates that the water levels at HKN should be
expected to vary between -2 and 2 m MSL’ The first dataset received from Fugro (and made
available to DHI at the time of writing this report) at HKW does not contain such corrections. The
quality of the water level measurements at HKW is thus not quality approved.
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Figure 3.9  Water level, depth-averaged current speed and depth-averaged direction measured at HKWA
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Figure 3.10 Water level, depth-averaged current speed and depth-averaged direction measured at HKWB
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Figure 3.11 Water level, depth-averaged current speed and depth-averaged direction measured at HKWC
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3.2.3

Waves

Wave observations are required to assess the quality of the numerical wave models. Similar to
the collection of wind and water level observations, wave data has been collected from different
sources. Most of the wave data, and more especially the integral spectral significant wave
height, Hmo, used in this work was provided by RWS®. To update the already available datasets
established during [3] and [2], DHI requested wave data by RWS from 15, August 2018 to 171,
February 2020 (date of the request) at the stations EPL, F3, F16, J6, K13a, K14, L9, LEG and
Q1. Wave measurements from the campaign conducted by Fugro for RVO at HKN wind farm
area (April 2017 to April 2019) and at the HKW wind farm area (February 2019 to November
2019) were as well considered in the validation work. The above-mentioned stations and their
characteristics are presented in Figure 3.12 and Table 3.4. The wave data coverage is
presented in Figure 3.13.
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Figure 3.12 Location of considered stations for waves
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Table 3.4 List of wave observations (Hmo) considered in this study
Station Eszti?n%-[rm]gl ETI};;??n;J[TnI:/I]M W[ar:]e'\r/lgf;th Period Provider
HKWA 548,391 5,824,677 22 02.2019-11.2019 RVO
HKWB 549,949 5,824,693 30 02.2019-11.2019 RVO
HKWC 549,818 5,824,247 32 08.2019-11.2019 RVO
HKNA 583,948 5,838,366 24 04.2017-04.2019 RVO
HKNB 583,951 5,837,765 24 04.2017-04.2019 RVO
Europlatform (EPL) 518,947 5,760,962 32 01.1983-01.2020 RWS
F16 566,162 5,996,979 47 02.2009-01.2020 RWS
F3 610,813 6,079,819 43 12.2013-01.2020 RWS
J6 496,155 5,963,418 45 02.2009-01.2020 RWS
K13a 514,802 5,896,678 29 01.1979-01.2020 RWS
K14 542,238 5,902,126 29 02.2012-01.2020 RWS
L9 630,090 5,942,674 25 02.2012-01.2020 RWS
LEG 546,027 5,753,353 24 01.1983-01.2020 RWS
Q1 577,052 5,863,763 26 05.2007-01.2020 RWS

*Water depths obtained with updated bathymetry EMODnet v2018 and Fugro bathymetric
measurements

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04






The expert in WATER ENVIRONMENTS

Europlatform —

3.24

Data coverage - Waves (HmO)
I

K13a —

LEG —

K14 —

Q1 — —
L9 — —

J6 — =
F16 — —
F3 — —
HKNA —
HKNB — —
HKWA — —
HKWB — -

HKWC -

NN D
S H D
F & F

Figure 3.13 Time coverage of the significant wave height Hmo at the considered stations

Lightning data

Lightning data was taken from the NASA'’s Global Hydrology Resource Centre (GHRC) and
more precisely the LIS/OTD gridded Climatology datasets'?. The LIS/OTD Gridded Climatology
datasets consist of gridded climatology for total lightning flash rates seen by the spaceborne
Optical Transient Detector (OTD) and Lightning Imaging Sensor (LIS) from 1995-05-04 to 2013-
12-31. The dataset comprises a climatology of annual total lightning at both resolutions, the
High-Resolution Full Climatology (HRFC) on a 0.5° grid and the Low-Resolution Full Climatology
(LRFC) on a 2.5° grid. Among others, it includes a 0.5° High-Resolution Monthly Climatology
(HRMC) and a 2.5° Low Resolution Monthly Time Series (LRMTS) that are 30-days averages of
the flash rate density. The description of the datasets can be found in [14]. The long LIS
(equatorward of about 38°) record makes the merged climatology more robust in the tropics and
subtropics, while the high latitude data are entirely from OTD. Figure 3.14 shows the global
average flash rate density (fl/lkm?2/yr) based on the high- and low-resolution data from the GHRC
while Figure 3.15 shows the average flash rate density from the high-resolution GHRC data
within the Dutch waters.
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Figure 3.14  Global average flash rate density from the GHRC: (a) HRFC mean annual flash rate from
combined LID and OTD 0.5° grid and (b) LRFC mean annual flash rate from combined LIS
and OTD 2.5° grid (from [14])
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Figure 3.15 Average flash rate in count/km?/year in the Dutch WFZ (data from 11)

11 https://ghrc.nsstc.nasa.gov/hydro/#details?ds=lohrfc
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3.3

3.3.1

Atmospheric models

Atmospheric data used as forcing of the numerical hydrodynamic and wave models and for
analyses purposes were adopted from the Climate Forecast System Reanalysis (CFSR)
atmospheric model established by the National Centre for Environmental Prediction (NCEP).
CFSR was designed as a global, high-resolution, coupled atmosphere-ocean-land-surface-sea
ice system to provide the best estimate of the state of these coupled domains. This model
system uses synoptic data for initialisation. GFS (Global Forecast System) is the atmospheric
model included in CFSR’s modelling complex. Further detailed are given in [15].

The data used for this study are available on an hourly basis from January 1st, 1979 to January
1st, 2020. The 41-year data provides confidence for the calculation of extreme values. Since
CFSR is an operational dataset, it is possible to use it, later on, to update the database
consistently. DHI’s previous experience using CFSR in the North Sea has shown very good
performance in terms of wind speed and direction [3], [2].

The CFSR data cover the period from 1979 to 2010 (31 years), and since then, the operational
re-forecast dataset (denoted CFSv2) is applied. The underlying model in CFSv2 is the same as
for CFSR; however, the spatial resolution of wind has been increased from 0.3° to 0.2° (see
Table 3.5), while the resolution of the atmospheric pressure is 0.5° for the entire period
(interpolated to the same grid as the wind components in this project). Hereafter, ‘CFSR’ will
refer to the combined CFSR and CFSv2 datasets.

Table 3.5 Characteristics of the CFSR availability and resolutions

Dataset (period) Temporal resolution [h] Spatial resolution of wind data [°]
CFSR (1979-2010) 1 0.3
CFSv2 (2011-2019) 1 0.2

In addition to CFSR which was used to force the numerical models and to provide the wind
conditions, the KNMI North Sea wind KNW atlas (herein referred as Harmonie) was selected as
the basis for the non-wind parameters such as the air temperature and the specific humidity,
parameters that are not provided by CFSR at levels between 10m and 200m.

KNMI North Sea Wind — KNW Atlas (Harmonie)

This section provides a description of KNMI’s first version of the North Sea wind atlas
(Harmonie). The KNW-atlas is a product from the Royal Netherlands Meteorological Institute??.
The dataset is based on the global reanalysis ERA-Interim from the European Centre for
Medium Weather Forecast (ECMWF) [16] that is downscaled using the state-of-the-art weather
forecasting model HARMONIE?2. In this dataset, wind speeds are corrected by increasing the
vertical shear of the horizontal wind speed by 15% based on the measurements of the
meteorological mast at Cabauw. The product has been validated at the stations OWEZ, FINO1
and MMIJmuiden. Open access to the data is granted“. The first version of the KNW-atlas
provides atmospheric data on a horizontal grid of 2.5km at an hourly sampling rate. The
Harmonie data was available until April 2018 at the time of performing the HKN study [2]. The
domain covers only the Dutch waters from 1.45°E-8°E and 50.30°N-54.63°N (see Figure 3.16).
Table 3.6 provides a description of the Harmonie atmospheric parameters.

12

13

14
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Please note that Harmonie data was made available to cover until end of August 2019, by early
2020. Such data has not been incorporated in this study, as the additional 16 months of data
compared to already used 35+ years of data is negligible in terms of normal conditions (what

Harmonie has been used for).
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Figure 3.16 Spatial domain of Harmonie, example of wind speed (WS) distribution within the domain

T080, T100, T150, T200

80m, 100m, 150m, 200m

Table 3.6 Parameters provided by Harmonie
Parameters Unit Description Comments
D010, D020, D040, D060, ° [from Wind direction at 10m, 20m, 40m, 60m,
D080, D100, D150, D200 direction] 80m, 100m, 150m, 200m
F010, F020, F040, F060, m/s Wind speed at 10m, 20m, 40m, 60m, Shear corrected
F080, F100, F150, F200 80m, 100m, 150m, 200m
P010, P020, P040, P060, Pa Air pressure at 10m, 20m, 40m, 60m,
P080, P100, P150, P200 80m, 100m, 150m, 200m
Q010, Q020, Q040, Q060, - Specific humidity at 210m, 20m, 40m, 60m,
Q080, Q100, Q150, Q200 80m, 100m, 150m, 200m
T010, T020, TO40, TO60, K Air temperature at 10m, 20m, 40m, 60m,
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3.3.2

3.3.3

CFSR output specifications

The CFSR parameters characteristics applied in this study are summarised in Table 3.7. In
CFSR, the wind speed at 10mMSL (U1o0) is calculated from the lowest level model wind speed
(~+20mMSL) using the surface-layer similarity theory, where the roughness length over water is
updated at each time step using the Charnock relationship [15].

The model values are instantaneous (‘snapshots’) and may be saved at arbitrary time intervals
from the model (every hour in CFSR). Hence, the model values are not inherently associated
with any time-averaging period, for instance, synoptic measurements (typically 10min for wind
data). However, the model values represent an area (grid cell) determined by the spatial
resolution of the forcing, model grid etc. rather than a single point.

The model data have been referred to as a representative approximation of a 10-minute
average values by some providers of meteorological data. However, the models generally
produce a smooth variation of the atmospheric parameters, and the fluctuations between each
instantaneous model grid value are usually small compared to synoptic measurements. Hence,
for practical applications such as extreme value assessment or load calculations (wind
associated with severe sea states), appropriate account for the smoothed nature of the model
data should be considered. Comparisons of wind power spectrum at different locations around
the North Sea have shown that the CFSR data is representative of about 2-hour averages.
Section 3.3.3 provides an example of such an analysis.

Table 3.7 Specifications of CFSR wind parameters

Abbreviation Unit Description Comment

WS; or Uz m/s Wind speed at height z mMSL Representative of
2-hour averages

WD; or D, °N (coming from) Wind direction at height z mMSL

Temporal scale of CFSR data

Mean wind observations commonly represent 10-min averages at a single point, while
atmospheric modelled wind data represent an area and duration determined by a combination of
the applied forcing and the model grid. One may therefore expect the observations to exhibit
higher variability compared to model data. Correspondingly, the model data may be regarded as
somewhat ‘smoothed’ (in space and time) compared to the observations. Meaning that the
model data do not show the small (or even larger events like gusts) and rapid changes
compared to reality and are thus considered smooth.

In this section, the effect of ‘smoothing’ is estimated by assessing a representative averaging
period of the observations to more closely reflect the lower variability of the model. The
averaging period was assessed by comparing power spectra of the observed and modelled U1o
time series at MMIJmuiden (sampled every 10min and converted from 90m above MSL to 10m
above MSL using the Frgya profile, see section 3.3.3.1 of the HKZN study [3]. The spectral
analysis was based on the period 2012-2014. A Hamming window'® width of 1024 was applied.

The frequency power spectra of the observations (available every 10 minutes), 1- and 2-hour
moving average window, and the model are shown in Figure 3.17 below where the maximum
frequency of the averaged time series was taken as the width of the window. The observed and
modelled spectra start to deviate for periods below about 10 hours, which agrees with the
findings in [17]. A good agreement between the model and the averaged observations was
obtained applying a window of 2 hours (this suggests that for a fair comparison, the

15
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measurements must be averaged over 2 hours). Based on DHI’s experience, a much better
agreement would be observed if the measurements were performed at 10m above MSL, and not
converted from 90m above MSL. Unfortunately, at this stage, no such data was available.

Power spectrum of U1o at ljmuiden 90m Lidar
01-Jan-2012 - 31-Dec-2014
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Figure 3.17 Frequency power spectrum of Uio at MMIJmuiden

Land-sea mask

The land-sea mask of CFSR defines where the surface of the earth is interpreted as land and as
sea, respectively. Whether an element is interpreted as land or sea affects e.g. the estimated
roughness of the surface, which in turn affects the wind velocity profile. On land, the roughness
is generally higher than at sea, hence the wind speed on land is lower than at sea.

In some areas, the resolution of CFSR may be too coarse to resolve the land-sea boundary
properly. With relation to this project, since the dominant sea states travel from the North Sea,
which is well resolved with CFSR’s resolution, a very good performance is expected from CFSR
and thus also from the hydrodynamic and wave models. However, as it was explained in section
9.1.1 of the HKZN report [3] and in the Section 3.3.1.4 in the HKN report [2], CFSR is expected
to be under-estimating the wind conditions at locations close to the shoreline. Figure 3.18 and
Figure 3.19 show the land-sea masks in CFSR and CFSv2 covering the North Sea area. DHI’s
experience using CFSR in the North Sea has been very good and has proven that CFSR wind
fields will result in accurate hydrodynamic and wave conditions.
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3.3.5

Figure 3.18 CFSR land-sea mask (1979-2010) where the land cells are shown in brown
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Figure 3.19 CFSv2 land-sea mask (2011-present) where the land cells are shown in brown

Correction of CFSR data

Based on DHI’s experience using CFSR, in particular close to the Dutch coast, some corrections
were deemed necessary to achieve better quality of wind speeds (in terms of mean and easterly
winds) and wave conditions close to the coast. This section describes the correction process
applied to the CFSR wind fields.

A description of the characteristic wind profile used to extrapolate CFSR wind speeds from 10m
up to 300m (namely at 60m, 100m, 120m, 160m, 200m, 250m and 300m) is provided too. The
CFSR data at 100m is not considered to be of high quality because of the coarser resolution of
0.5°; thus extrapolation is necessary.
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To assess the vertical wind profiles, the corrected CFSR (for land-sea mask) wind data have
been used. The effect of the correction of CFSR and its validation are shown afterwards in
Section 3.3.6.

A few quality indices (e.g. scatter plots and wind roses) described in Appendix A are used to
quantify the model performance against measurements. Please note that in all the scatter plots
presented in this report, the x-axis corresponds to the measured values and the y-axis
corresponds to the modelled values, if not mentioned otherwise. In addition, please note that in
almost all scatter plots presented in this report, the coordinates of the locations at which
comparisons/analysis were made, are presented in Longitude and Latitude (on the plot’s
legend). All the tables in this report contain the coordinates in ETRS1989_UTMS31N projection.

Coastal effect

In Section 3.3.4, the quality of CFSR near the coast was questioned. CFSR tends to
underestimate the wind speeds along the shoreline as a result of the coarse resolution. In the
previous HKN study [2], the value of the wind speed has been modified in the grid cells close to
the shore. First, a directional correction of the wind speeds was performed. The wind speeds
were corrected for 12 directions between 0° and 360° applying scaling coefficients obtained from
comparisons at the OWEZ station for the period 2005-2010. In order to account for the influence
of neighboured offshore wind farms on the OWEZ measurements, the data was filtered to keep
only undisturbed periods [18]. Additionally, a shift of cells from offshore to nearshore was
realised, but only in the domain of interest (see Section 3.3.1.4 of [2]). This procedure allows for
higher wind speeds near the coast and smoother interpolation from offshore to nearshore
(instead of the relatively sudden decrease in wind speed due to coarse land/sea mask). The
next step was to crop the global CFSR wind fields to the domain of interest and interpolate the
data for the period 1979-2011 (0.3°) to 0.2° (same as the period 2011-2019). The land
correction is based on the method from the HKZN study (see section 3.3.3 of [3]). Then, the
offshore grid cells of CFSR were shifted such that a smooth wind speed gradient towards the
coast is achieved. This methodology is based on obtaining similar averaged wind speeds to
wind observations close to the coast and aligning the mean wind speed to the Wind Resource
Assessment study conducted by Oldbaum during the HKN study [2].

The correction leads to an increased mean wind speed near the coast (up to 1.7m/s). It must be
mentioned that the CFSR wind speeds were not corrected along those coasts that are not
included in the database. In addition, no correction was applied offshore (corrections are limited
to ~80km from the coastline). This correction is lower for HKW than for HKN as can be seen in
Figure 3.20. This correction has been proven to be satisfactory in terms of wave model results
next to the shore. Some results of comparisons of Hmo at the coastal station [jmuiden
Stroommeetpaal are provided in the Section 5.3.3 of [2].
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Figure 3.20 Spatial differences of mean wind speed at 10mMSL in 2017 (as an example) between the
corrected CFSR and the original CFSR data

Figure 3.21 shows the comparisons of wind speeds between the original CFSR data and the
measured data at OWEZ. The scaling coefficients used for correction are based on the fitting
coefficients derived from the comparisons (lower right of each plot). The main differences, and
hence the main corrections are applied for the directions 150° to 240°, that corresponds to
south-eastern to south-western wind directions. CFSR tends to underestimate winds coming
from these directions. Similar coefficients were found at the HKN (2017-2018) and HKZ (2016-
2018) stations (not shown here).
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Directional comparison of the original CFSR wind speeds with the measured wind speeds at OWEZ.
Direction sectors from 0° to 330°

Characteristic of vertical wind profile

Description

As part of the study (HKW), wind fields should be provided at heights between 10m and 300m
height. Most of the wind observations and atmospheric model outputs are not provided at all
levels. To get values at all desired levels, the data needed to be extrapolated.

Vertical wind speed profiles based on mean wind speed measurements at heights between 30m
and 200m for HKZ and HKN, and 250m for HKW, were investigated in this study. Since wind
information has been recorded by floating LIDAR within the wind farm area HKZ (2016-2017),
HKN (2018-2019) and HKW (2019), an analysis of empirical wind profiles was performed. For
the HKW study, wind measurements up to 250m were provided.

A regression fit was applied to the mean measured wind speeds at each measured level at the
four stations HKZA, HKZB, HKNA, HKNB, HKWA and HKWB over the available recording
period. The profiles are presented in Figure 3.22.
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Figure 3.22  Empirical wind profiles based on HKWA, HKWB, HKNA, HKNB, HKZA and HKZB. Mean
wind speed at each level are shown in coloured circles

The wind speeds for a given height above mean sea level can be calculated by means of the
following equation:

U, =" "u
z2 H1 z1 (3_1)

Where Uz is the wind speed (in m/s) at the desired height Hz (in m)
Uz is the wind speed (in m/s) at the available level Hi (in m)

The value of the coefficient « is equal to 0.07472 at the station HKNB, to 0.07938 at the station
HKZA, to 0.0906 at the station HKWA and to 0.1041 at the station HKWB. It must be mentioned
that the shear obtained at the locations in HKW is based on 9 months data only. For this reason,
the shear calculated at HKN for 2 years is preferred for extrapolation of wind speeds to other
levels.

The wind shear given here is used to extrapolate wind speed to higher altitudes. According to
IEC 61400-3:2009, the wind shear for normal conditions to be used for load calculations is 0.13.
Alternatively, the shear for load calculations for normal conditions can be obtained from site
specific data (which is what has been done above), from for example a scatter plot of shear
coefficient versus wind speed, where the negative shear is included by the absolute value. For
the HKW site and wind speed extrapolation only, DHI recommends using a shear value of
0.07472 as an overall value.
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Validation of wind profile

Based on DHI experience and as shown in Section 9.3.2 of [2], the above profiles are valid for
extreme wind cases as well (apart from normal conditions). It should be noted that such profiles
are a function of atmospheric stability (especially during summer period). Validation plots at the
30m, 100m and 200m at HKWA and HKNA are provided in Figure 3.23 and Figure 3.24. The
figures show good agreement between the measured wind speeds and the extrapolated
modelled wind speeds. As a result, the empirical profile based on the observations at HKNB
implementing a coefficient a equal to 0.07472 is applied for the extrapolation of the wind speeds
along the present metocean desk study (including normal and extreme conditions).
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Figure 3.23 Comparison between wind speed measurements and extrapolated CFSR wind speeds using
the empirical profile at HKWA at 30m (top), 100m (middle) and 200m (bottom)
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Figure 3.24 Comparison between wind speed measurements and extrapolated CFSR wind speeds using
the empirical profile at HKNA at 30m (top), 200m (middle) and 200m (bottom) — from the
HKN study [2]

Validation of CFSR data

A comprehensive validation of the corrected (based the directional correction from OWEZ
station and the cell shifting near the shore) CFSR wind speeds and directions at 10mMSL
against in-situ wind observations is provided in this section. The empirical profile presented in
Section 3.3.5.2 is used to extrapolate wind speeds and enable comparisons of the wind
observations at HKW (first measured height is 30mMSL). The results of these comparisons at
K14 and LEG are as well presented here to demonstrate the validity of the profile at offshore
locations.
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The validation results at the other stations listed in Table 3.2 are provided in Section 3.3.1.5 of
the HKN study report [2] (not shown here). Figure 3.25 to Figure 3.29 show the comparisons of
the 10m wind speeds at the stations HKWA, HKWB, HKWC, K14 and LEG.
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Figure 3.27 Comparisons of measured against corrected CFSR wind speeds at 10mMSL at the station
HKWC; scatter (left) and wind rose (right)
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K14, scatter (left) and wind rose (right)
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Figure 3.29 Comparisons of measured against corrected CFSR wind speeds at 10m (top) at the station
LEG; scatter (left) and wind rose (right)

3.3.7 Conclusion

36

Based on the results provided in this chapter, it was concluded that CFSR could reproduce the
normal and extreme wind conditions with high quality at offshore locations. Due to the land-sea
mask resolution, CFSR tends to under-estimate wind speed at nearshore locations. This
deficiency was corrected (by DHI) based on long-term measurements.

At HKW, CFSR compares well with measurements and no corrections were applied. As reported
in Appendix E, CFSR aligns well with the results from the wind resource assessment.
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4.1

)

Hydrodynamic Modelling

Normal and extreme water level and current data for the metocean study were adopted from a
dedicated high-resolution local hydrodynamic model developed for this study. This model is
referred to as HDobwrz2020 (Hydrodynamic model for the Dutch Wind Farm zones) herein. This
version of the hydrodynamic model differs from its predecessor at HKN by its bathymetry and
mesh resolution within Hollandse Kust (west) wind farm zone. More details about these
modifications are given in Section 4.3. The HDpwr2020 was forced by boundary conditions
extracted from DHI’s high-resolution regional model covering the North Atlantic, HDna-pa.

The flow modelling includes both astronomical tide and surge forced by the meteorological data
described in Section 3.3. The hindcast covers a period of 41 years between 1979 and 2020 and
has a fifteen (15) minutes temporal resolution (time step). The model is based on DHI's MIKE 21
Flow Model FM (Flexible Mesh) [19] module which includes:

o« Water level
« Depth-averaged zonal and meridional current components

MIKE 21 Flow Model FM

The MIKE 21 Flow Model is a modelling system for 2D free-surface depth-averaged flows that is
developed and maintained by DHI and offered as part of MIKE Powered by DHI 16, The model
system is based on the numerical solution of the two-dimensional (2D) incompressible
Reynolds-averaged Navier-Stokes equations subject to the assumptions of Boussinesq and of
hydrostatic pressure. The model is applicable for the simulation of hydraulic and environmental
phenomena in lakes, estuaries, bays, coastal areas, and seas wherever stratification can be
neglected. The model can be used to simulate a wide range of hydraulic and related items,
including tidal exchange and currents and storm surges.

The hydrodynamic (HD) module is the basic module in the MIKE 21 Flow Model FM. This
module simulates water level variations and flows in response to a variety of forcing functions in
lakes, estuaries and coastal regions. The effects and facilities include:

o  Bottom shear stress

e  Wind shear stress

o  Barometric pressure gradients

»  Sources and sinks (e.qg. rivers, intake and outlets from power plants — not used in this
study)

e  Flooding and drying

e  Momentum dispersion

e  Tidal potential

o  Coriolis force

e  Precipitation/Evaporation (not used in this study)

e lIce coverage (not applicable)

»  Wave radiation stresses

The model uses a flexible mesh (FM) based on unstructured triangular or quadrangular
elements and applies finite volume numerical solution technique. The version 2019 of MIKE 21
Flow Model FM was used in the present study.

Further details are provided in [19].

16
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4.2

421

Regional hydrodynamic model (HDna_pa)

In this section, a brief introduction (already described in section 4.2 of [3] and [2]) ) to the
regional North Atlantic hydrodynamic model (HDna-pa) is given. The North Atlantic regional
hydrodynamic model previously developed by DHI, HDna-pa, was used to obtain boundary data
for the local hydrodynamic Dutch Wind Farm model, HDpwr2020. The HDna-oa model presented in
Figure 4.1 was based on unstructured flexible mesh with progressively increasing spatial mesh
resolution in shallow water areas. Cell sizes along the Dutch coast range from 1km?2 to
approximately 3km2 for water depths < 15-20m.

The HDna-pa model includes tide (boundaries extracted from DHI's global tide model) and surge
forced by wind and air pressure from the CFSR dataset. Furthermore, the model is optimised by
using assimilation of measured water levels. For more information on data assimilation, please
see Section 4.2.1 below.

The results of HDnapa have been applied in many projects in the North Sea, English Channel,
Baltic Sea and Inner Danish waters, and were able to well represent the water level and current
conditions at these sites.
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Figure 4.1 The North Atlantic regional hydrodynamic model (HDna-pa) model domain and bathymetry

Data assimilation

Data assimilation is a methodology that applies observed measurements in order to improve the
skill and accuracy of the flow model. In this project, we considered only assimilation of in-situ
water level data for the period after 15t January 1994 until 1st January 2019 when most station
data were available. Figure 4.2 and Figure 4.3 show the vast number of stations (both water
levels and current) used for assimilation or validation of the HDna-pa model. Water level data at
the various stations have been acquired from Coastal Authority of Denmark'’, Copernicus'® ,
BODC® & CEFAS?® and some are owned by DHI.

17
18
19

20
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Figure 4.2 A map showing water level and current measurement station used in HDna-pa model (English Channel)
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The observations were used to update the model such that, broadly speaking, the model was
used as an advanced interpolation and extrapolation tool. This allowed the model accuracy to be
greatly improved also at non-observed positions and for additional variables such as the depth-
averaged velocity. All measurements were corrected such that the datum approximately
represents the model datum in order to allow proper comparison of observations and the model.
The model datum was determined by the open boundary levels and a long-term average
dynamical balance from a 1-year simulation without data assimilation. Note that the
measurement-model difference could have a yearly mean variation. However, this was assumed
to be insignificant.

The data assimilation scheme considered for this project was the Steady Kalman Filter
approach based on the so-called Ensemble Kalman Filter. A time-varying temporally smoothed
and distance regularised Ensemble Kalman Filter was used with an 8-ensemble member. The
assimilation scheme assumes uncertainty in the open water level boundary conditions and wind
forcing. The Ensemble Kalman Filter was used to construct a long-term averaged Kalman gain
matrix based for January 2005 (this period had high coverage of assimilation data and was
considered a representative year). The Steady Kalman Filter then applies this time constant
Kalman gain matrix, which has the advantage of reducing the computational cost significantly,
while preserving good assimilation skills [20].

Several parameters need to be specified in the filter schemes. The assimilation system is very
complex; hence, the parameters were based on experience and iterations (simulation tests).
The standard deviation for most of the water level observations was in the range of 0.04 -
0.07m. The standard deviation is a measure of the (anticipated) weighting/error of the
observations. The observations were assumed to have mutually uncorrelated, unbiased
Gaussian distributions of in this case 0.04m - 0.07m [20]. A lower value of the standard
deviation for a measurement station implies that more trust was put on the observation data and
hence the model was pulled more towards it. The importance of the standard deviation with
respect to the local model uncertainty often relates to the sea level variability.

The HDna-ba flow model was extensively calibrated and validated for water levels and current
conditions against measurements within the domain. Figure 4.4 shows an example of the HDna-
pa water level validations (for a period of 20 years) at Europlatform (situated close to Hollandse
Kust wind farms, Texel Noordzee at the north of the Hollandse Kust (noord) and Newhaven
(located south west of Dutch Wind Farms and close to the boundary of the local model). For the
quality indices presented in the scatter plots within this report, please see Appendix A. The long-
term validations at various stations show excellent performance of the HDna-pba model and thus
ensure that high-quality boundary conditions were obtained as input forcing to establish the
HDpowr model for this study.
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Figure 4.4  Validation of HDna-ba model at Europlatform, Texel Noordzee and Newhaven for the period 1994-2014

4.3 Hydrodynamic model for the Dutch Wind Farm area (HDpowr2020)

This section describes the establishment of the hydrodynamic (HD) data developed and used in
this project. In order to achieve high-quality results, a dedicated high-resolution local HD model
using the latest bathymetric surveys and available data listed in Section 3.1 was set up for the
Dutch Wind Farm area.

4.3.1 Model domain, bathymetry and resolution

The dedicated high-resolution local HD model was set up to provide the highest quality results at
Hollandse Kust (noord), Hollandse Kust (west), IJmuiden Ver and Ten Noorden van de
Waddeneilanden. The high-resolution Hollandse Kust (noord) offshore wind farm areas is kept
as developed during the HKN metocean desk studies ( [2]).

The local model uses unstructured mesh with progressive increasing spatial resolution towards
the Dutch Wind Farm area. The model domain used for the present study is shown in Figure 4.5
and Figure 4.6 with highest resolution of about 200m at Hollandse Kust (west) and Hollandse
Kust (noord). The mesh element size was chosen to be around 400m at the offshore wind farm
areas IIJmuiden Ver and Ten Noorden van de Waddeneilanden. Outside the refined areas, the
mesh resolution varies from 1km to 5km close the boundaries.

The model bathymetry has been generated based on the bathymetric datasets described in
Section 3.1 with the vertical datum corresponding to mean sea level (MSL).
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Zoom of the final mesh used in HDpbwr2020 close to the Dutch offshore wind farm areas

The HDbwr2020 model was defined with two open boundaries. The local HDpwr2020 model used in
the present study relies on the boundary information from the regional HDna-pa model. So-called
‘flather’ boundary conditions technique that includes both the surface elevation and the currents
from the regional HD model is implemented into the local HD model.
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The HDbwr2020 flow model was set up with the specifications listed in Table 4.1 that were used
as well during the HKN study.

Table 4.1 Summary of the HDpwr2020 model settings applied for the production period

Settings Value

Mesh resolution Element size at HKW ~200m (similar to the
resolution used in HKN and its cable corridors)

Simulation period 1979-01-01 to 2019-12-31 (41 years)

15 min time step
Eddy viscosity Smagorinsky formulation with constant=0.28
Wind forcing CFSR dataset

Wind drag (the empirical factors Ca, Cb, Wa
and W are used to calculate the empirical
drag coefficient of the air):

Ca =1.88825 10°%

Cb =3.110°%
Wa = 7m/s
Wb = 25m/s
Tidal potential Not included
Bed resistance Manning number:

M=35m*?/s if depth<-25m
M=38m3/s elsewise

Boundary conditions From HDpba-na (described in Section 4.2 of [2])
Water levels and current velocities varying in
time and along boundaries

Convergence study

The grid convergence study was performed in order to decide upon the optimal mesh resolution,
which ensures the highest accuracy and enhanced computational schemes combined with
reasonable computational time. The test was conducted on two different spatial resolutions (i.e.
100m and 200m) within the HKW Dutch Wind Farm area as shown in Figure 4.8. Differences in
water depths between the two resolutions are presented in Figure 4.9.

To assess the level of representation of the processed bathymetry at the HKW site, some profile
comparisons were conducted between the generated bathymetry for the numerical modelling
and the Fugro bathymetry data. The comparison of water depth presented in Figure 4.7 is given
for computational meshes of 100m, 300m and 400m along a south-west/north-east profile within
HKW site. The bathymetry from the computational meshes follows well the trend of the
observations. The sand waves and mega-ripples as observed in the Fugro data (0.5 m
resolution) are however not captured by the 100m resolution mesh.
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Figure 4.7 Bathymetry cross-section of the Fugro bathymetry data in MSL against different the meshes
generated by DHI for the HD model (100m and 200m) in MSL (the LAT to MSL conversion is
based on the space-varying map described in Section 3.1 and shown in Figure 3.1)

It should be noted that for the convergence study, the resolution was changed, and results were
compared only at HKW area. The rest of the area within the Dutch North Sea was not of an
interest for the convergence study.
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Figure 4.8  Computational domain around the study area (white polygon) showing the unstructured flexible mesh with
100m grid resolution (left panel) and 200m grid resolution (right). The bathymetry (referred to mMSL) is
shown in blue shadows
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Figure 4.9  Bathymetry in mMSL of the 100m grid and the 200m grid used for the convergence of the local HD model

4.3.3.1 Time series model comparisons (1D analysis - Points)
A time series comparison of modelled water level, current speed and current direction was
carried out at the locations HKWA and HKWB for a 15-days period (15t December 2019 to 15t
December 2019). The time series of modelled water level, current speed and current direction
are shown in Figure 4.10.

46 hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS ﬁ
DHI

4.3.3.2

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04

HKWA 100m [m]
HKWA 200m [m]
HKWB 100m [m]
HKWB 200m [m]

CS [m/s]

CD [rad]

2019-12-05

Figure 4.10 Water level (m), current speed (m/s) and current direction (rad N) at the locations HKWA and
HKWB for the 100m grid and the 200m grid during 15 days (01-12-2019 to 15-12-2019)

The differences found were negligible along this cycle as the difference between 100m and
200m grid size had a minimum impact on the modelled water levels and currents within the wind
farm zones. Here, it can be seen that the model captures differences in currents between HKWA

and HKWB.

Spatial model comparisons (2D analysis - Maps)

The spatial comparison was carried out for the modelled minimum water level, maximum water
level and maximum depth-averaged current speed on both grids. The difference maps are
shown in Figure 4.11, Figure 4.12 and Figure 4.13. Differences in minimum water level of
around less than 0.001m were found between the two datasets. Minor differences were also
found for the maximum water level and the depth-averaged currents where the maximum
difference reaches 0.2cm and 5cm/s, respectively. The differences were considered negligible
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and confirmed that the model predictions are insensitive to further refinement in the mesh
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Figure 4.11 Difference map of minimum water level based on 15-days analysis period. Negative values
(blue contours) indicate higher water level in the 100m grid. The red squares correspond to
the HKW stations
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Figure 4.12 Difference map of maximum water level based on 15-days analysis period. Negative values
(blue contours) indicate higher water level in the 100m grid. The red squares correspond to
the HKW stations
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Figure 4.13 Difference map of maximum current speed based on 15-days analysis period. Negative
values (blue contours) indicate higher current speed in the 100m grid. The red squares

correspond to the HKW stations

4.3.3.3  Conclusions of the hydrodynamic model convergence study

By comparing the 100m grid resolution against the 200m grid resolution for the hydrodynamic
parameters (i.e. water level, current speed and current direction), it was possible to conclude
that the flows were sufficiently resolved by the 200m grid resolution. Time series and spatial
comparisons showed negligible changes in the hydrodynamic parameters at the study site with
a maximum difference of 5cm/s for current speed and 0.2cm for maximum water level (0.02cm

for minimum water level).

434 Calibration

In this study, given that the new EMODnet v2018 replaced the EMODnet v2016 in the areas of

the model not covered by the Fugro and Vaklodingen bathymetric data, DHI conducted

additional tests to ensure that the results do not worsen by the integration of the updated
bathymetry outside the offshore wind farm areas in comparison (to what was already produced
and considered of high quality) to the HKN study. A simulation covering the full year 2019 in
order to include the HKN and the HKW measurement periods has been conducted. The model
setup used in the HKN study [2] was implemented. The results of the comparison of water level
at EPL, LEG, K13a, F16, HKNB (no water level observations available at HKNA in 2019) and
HKWA are shown in Figure 4.14 to Figure 4.19 below. The comparison between observed and
modelled water levels at HKWA should be considered with care as the WLRs measurements

are not quality approved yet (see description of the data in Section 3.2.2).
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Figure 4.14  Scatter plots of water level at EPL between the HKN mesh (left panel) and the new HKW mesh (right
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Figure 4.15 Scatter plots of water level at LEG between the HKN mesh (left panel) and the new HKW mesh (right
panel) for the period 02.2019-11.2019
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Figure 4.16 Scatter plots of water level at K13a between the HKN mesh (left panel) and the new HKW mesh (right
panel) for the period 02.2019-11.2019
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Figure 4.17 Scatter plots of water level at F16 between the HKN mesh (left panel) and the new HKW mesh (right panel)
for the period 02.2019-11.2019
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Figure 4.18 Scatter plots of water level at HKNB between the HKN mesh (left panel) and the new HKW mesh (right
panel) for the period 02.2019-11.2019
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Figure 4.19  Scatter plots of water level at HKWA between the HKN mesh (left panel) and the new HKW mesh (right
panel) for the period 02.2019-11.2019

Regarding the currents, the results are provided at the stations HKNB and HKWA in Figure 4.20
and Figure 4.21. Please note that the number of points for the HKW mesh is two times larger
than for HKN. This is due to the output time steps (30min for the maps in HKN as no time series
were saved for HKWA, HKWB and HKWC at that time - and 15min for the time series in the new
HKW model). All results are shown for the period February 2019 to November 2019, which
corresponds to 9-months HKW measurement period.
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Figure 4.20  Scatter plots of current speed and current direction at HKNB between the HKN mesh (left panel) and the
new HKW mesh (right panel) for the period 12.2018-04.2019

HKWA (0.71E;52.57N;22.00mMSL) HKWA (0.71E;52.57N;22.00mMSL)
Scatter plot (2019-02-05 - 2019-10-31; Ta =30min; dt = 10min) Scatter plot (2019-02-05 - 2019-10-31; Ta = 30min; dt = 10min)
1.1 27 1 11 7
1 24 N 1,444 (79.5days) 50 N 2,891 {159.0days)
1 . MEAN = 0.44m/s (107.7%) 45 MEAN = 0.45m/s (109.5%)
BIAS  =+0.03m/s (7.7%) 40 BIAS = +0.04mis (9.5%)
09 18§ AME = 0.05mis (12.2%) - 15 B AME = 0.05m/s (13.4%)
15 2 RMSE .08m/s (15.1%) 2z £ RMSE .07m/s (16.4%)
0.8 £ 5 30 E
- = E] .13 (Unbiased) S = S| .13 (Unbiased)
L. 25 | EV E %S |Ev
H a % |cc e 205 |CC
E PR iy 2| PR
= 0.6 £ £ £
q g 2 E g
E & 2 8
n 0.4 3 3 e 3
o 5 = 5 B
0.3 I £ H
£ a3 £
0.2 E Data (linear +~ 30min) = Data {linear +/- 30min)
1:1 Line (45°) 1:1 Line (45°)
0.1 @ Quantiles (0.0 - 100.0%) ®  Quantiles (0.0 - 100.0%)
oLt , -~ - QQfit y=1.08%-0.00 ; - - - Q@ it y=1.11x-0.00
REPSPA IS PN IS P S IS O N ar e? % ? P P 2 N0
CS [m/s] - Measured CS [mis] - Measured
HKWA (0.71E;52.57N;22.00mMSL)
Seatter plot (2019-02-05 - 2019-10-31; T_ = 30min; dt = 10min} HKWA (0.71E;52.57N;22.00mMSL) .
360 g =rE= r =5 360 Scatter plot (2019-02-05 - 2019-10-31; Ta = 30min; dt = 10min)
: = == = a20 444 (79.5days) 360 === : 870
S=Z==23 = 783 N 2,891 (158.0days)
— === = 280 30 e 565
300 ¢ = = E =——— 240 £ - 300 609
5 == = - £
2001 = s = 0 9 2 .. 522 3
E = = = z E bt
B 240 = = = 160 £ : 435 #
= == 5 5 B 240 - °
2 210 B : i === 120 8 348 5
£ ==Z=3= 2 s = = = v 21 <
© = =S 3 == S=5== n z =
LY . ; > s 5 = 180 £
7y ; % 2 c 5
£ 5 174
E 150 === === = % g 150 g
3 120 : =: a5 S 120 :
= : = = = = T = & o
= = E & w t
= : = == 3 g 5
B0 ES s 3 : = © 60 =
30 % == £53 B Data (within +/- 30min) 30 9P +  Data {within +/- 30min)
" B . | :1 Line (45°) o e 4 1:1 Ling (45°)
SR SO N S R S g ST R R S

CD [*N-to] - Measured GD [*N-to] - Measured

Figure 4.21  Scatter plots of current speed (top panel) and current direction (lower panel) at HKWA between the HKN
mesh (left panel) and the new HKW mesh (right panel) for the period 02.2019-11.2019
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The expert in WATER ENVIRONMENTS

DHI

It was concluded that a recalibration of the local HDpowr2020 model was not necessary as the
results were of same accuracy as during the HKN study and considered satisfactory. For some
stations, the update of bathymetry lead to slight improvements of Root Mean Square Error and

Scatter Index.

4.35 Validation

The validation of the local Dutch Wind Farms (HWbwr2020) hydrodynamic model is based on
water level and current measurements at HKWA, HKWB and HKWC [12]. Please note that the
data at HKW corresponds to a draft version (hot validated). Due to the deterioration of the
HKWB buoy from July 2019, the validation is performed at the neighbour buoy HKWC from
August to November 2019 (see Table 4.2). The updated measurements of water level at the
stations EPL, F16, J6, K13a, K14, L9, LEG, Q1 and Brouwershavensche Gat 2 and 24-months
data at HKN were as well used in this section.

Table 4.2 Overview of the HKW measurements and corresponding time range (official measurement
period). The validation of the hydrodynamic model is based on the first 9 months
Deployment . Start Time End Time
Station Buoy

Number (UTC) (UTC)

1 HKWA WS187 2019-02-05 12:15 2019-09-21 09:30

2 HKWB WS188 2019-02-10 09:00 2019-09-19 09:20

3 HKWC WS170 2019-08-01 00:00 2019-11-24 08:30

4 HKWA WS188 2019-09-21 13:50 2019-11-24 07:30

5 HKWA WS187 2019-11-24 08:00 2020-02-14 23:50

6 HKWC WS188 2019-12-18 09:20 2020-02-07 18:40

Presented in Figure 4.22 to Figure 4.24 is an overview of the time series comparisons between
the observed and the modelled water levels and currents at HKWA, HKWB and HKWC.
Compared to long-term validation of water levels are provided in Figure 4.26 and Figure 4.27,
results at HKW buoys are not consistent. The model shows good comparisons at long-term
stations, but at HKW buoy large scatter is observed together with overestimations of water
levels. DHI considers the water levels measurements at HKW buoys to be more scattered
(reduced accuracy) compared to other locations (even at HKN). Although no data validation
report was provided to DHI, similar inaccuracies were reported by Fugro in Section 10.5 & 10.6
of [21].

Regarding the validation results at long-term measurement stations, it should be noted that due
to not having data assimilation in the model in 2019, results during 2019 are not as high quality
as the period before (more info was provided in Section 4.3.3.2 of [2]). Given the long time
series available and the duration of data assimilation (1994-2018), DHI does not consider this to
have a major impact on the water level/current values.

Figure 4.28 shows the validation of the depth-averaged currents at HKWA and HKWC. Model
shows an acceptable agreement with the measurements given that the measurements do not
output the depth-averaged values and they are calculated separately based on the water depth
at the measurement station and also considering that the measured currents at surface are not
trustworthy.

Overall, DHI considers that the HDpwr2020 reproduces the hydrodynamic conditions with good
quality and further adjustments are not required for normal and extreme analyses.
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HKWA WS187+WS188 (548391.17E;5824677.75N;0.00mMSL)
Time series (2019-02-05 - 2()‘\9-1()-31;T‘g = 30min; dt = 10min)
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Figure 4.22  Time series comparison of observed and modelled water levels and currents (speed and direction) at
HKWA
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HKWB WS188 (549949.97E;5824693.43N;0.00mMSL)
Time series (2019-02-10 - 2019-09-19; Ta = 30min; dt = 10min)
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Figure 4.23 Time series comparison of observed and modelled water levels and currents (speed and direction) at
HKWB
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HKWC WS170 (549818.95E;5824247.12N;0.00mMSL)
Time series (2019-09-19 - 2()‘\9-1()-31;T‘g = 30min; dt = 10min)
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Figure 4.24 Time series comparison of observed and modelled water levels and currents (speed and direction) at
HKWC
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Figure 4.25 Scatter plots of observed and modelled water levels at HKWA, HKWB, HKWC, HKNA and HKNB. Please
note that no water level measurements are available in 2019 at HKNA
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Figure 4.26  Scatter plots of observed and modelled water levels at EPL, F16, J6, K13a and K14

58 hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS

Scatter plot (2012-03-04 - 2017-(!1-01;TBl = 30min; dt = 10min)
3

WL [MMSL] - HD oo

WL [MMSL] - HD oo

1440 4500
1280 N =168,402 (3.2years) 5 4000 N =1.059,388 (20.1years
1120 MEAN =-0.03m (-6.0%) 2500 MEAN = 0.00m (0.4%]
< | BIAS =.0.03m (-5.2%) 25 < | Blas = +0.00m (0.5%)
960 S | AME = 0.06m (11.3%) 2 3000 2 | AME = 0.14m (22.7%)
go0 2 | RMSE =0.07m (14.2%) N 2500 £ | RMSE =0.18m (28.8%)
E |SI =013 (Unbiased) S 15 E|s1 =0.29(Unbiased)
640 = o 2000 =
g v -oem £, g |ev -om
s 5 |CC o0 3 1e00 B | GG zo88
§ | PR =108(N =10) g o5 5| PR =113(N;=60)
£ " &
a0 2 e 1000 £
2 2 s 2
a E 8
160 8 = - 500 S
3 Z -5 s
Data (lingar +/- 30min) 2 Data (linear +- 30min)
1:1 Line (45°) 25 1:1 Line (45°)
= Quantiles (0.0 - 100.0%) 3 = Quantiles (0.0 - 100.0%)
; - - - - QQfit y=1.02x-0.03 35 , - - - - QQfit y=1.13x+0.00
R I R L I oo ® Do R O N B Tab b
WL [mMSL] - Measured WL [mMSL] - Measured
Q1 (577052.72E:5863763.55N:0.00mMSL) Brouwershavensche Gat 2 (518886.67E;5760829.25N;0.00mMSL)
Scatter plot (2007-06-12 - 2017-01-01; T_ = 30min; dt = 10min) Sffsﬂer plot (1992-12-14 - 2019-12-31; T_ = 30min; 10min) 2500
3 800
1600 N =30,642 (5.9years) 5 3200 N =840.482 (16.0years)
1400 MEAN = -0.02m (-6.3%) 2800 01m (-1.4%)
< | BIAS =-0.02m (-6.3%) 25 = 01m (-1.9%)
1200 S | AME = 0.12m (30.2%) 2 2400 5 | AME  =0.10m (12.7%)
1000 2 | RMSE =0.14m (36.6%) - 2000 2 | RMSE =0.13m (17.0%)
E |si =0.36 (Unbiased) g 15 E|si =017 (Unbiased)
80D § EV =001 £y 1800 S BV =098
S lcc =o0ss H 2 e =09
600 3 | pR ;1‘oe(Nn=1a; a 0.5 120 8 pr =111 (N, =48)
£ " 0 &
a0 4 jary B0 2
E @ .05 ]
g = a
a H E 4 2
200 3 o 400 o
5 2 15 s
£ 2
/e Data (linear +/- 30min) Data (linear +/- 30min)
4 1:1 Line (45°) 2.5 —— 1:1 Line (45°)
< Quantiles (0.0 - 100.0%) a3 °  Quantiles (0.0 - 100.0%)
, oo cany=106c002 a5 . oo cafuy=106x002
Pgd B8 NH O L NEH e PSR I N N R R RN I P

o = N
o & oo inom b

25
2

o -
o o=

&
o

Loa
R

L9 (630090.09E;5942674.66N;0.00mMSL)

LEG (546027 .09E;5753353.11N,0.00mMSL)
Scatter plot (1983-01-03 - 2019-12-31; TBl = 30min; dt = 10min)
35 .

WL [mMSL] - Measured

WL [mMSL] - Measured

Figure 4.27  Scatter plots of observed and modelled water levels at L9, LEG, Q1 and Brouwershavensche Gat 2
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Figure 4.28 Scatter plots of observed and modelled currents at HKWA, HKWB and HKWC

4.3.6 De-tiding of water levels and currents

The modelled water levels were subjected to a harmonic tidal analysis to separate the tidal and
non-tidal (residual) components. This “de-tiding” was conducted using the U-tide method [22].
This method builds on the 10S tidal analysis method defined by the Institute of Oceanographic
Sciences as described by [23] and integrates the approaches defined in [24] and [25].

De-tiding was performed separately for the periods with and without data assimilation. During
de-tiding, only constituents with frequency above 1/30h-! were applied, which means that larger
period constituents are instead included in the residual component. The residual water
level/current was found by subtracting the predicted tidal level/current from the total water
level/current.

Astronomical water levels (see Section 8.2.2) were derived based on 19 years of data-
assimilated hydrodynamic results from 1999 to 2017, which constitute a full metonic cycle.

60 hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS %
DHI

4.3.7 Output specifications

The output of the HDbwr2020 model included water level and depth-averaged u and v-velocity
components covering the entire model area (all grid cells) at 15-min intervals. The water level
and current data were de-tided applying the I0S method (see the description of the method in
the section 4.3.6 above) to obtain time series of total, tidal and residual water levels and
currents.

Water level and current data are considered representative of instantaneous data. The output
specifications are summarised in Table 4.3. The near-seabed and near-surface current speeds
are calculated based on the depth-averaged data CSrot, CStid, CSres, applying the vertical
profiles presented in Section 8.3.3.

Table 4.3 Specifications of water level and current parameters

Abbreviation Unit Description Comment
WLot, WLrid, WLRes mMSL Total, tidal and residual water level De-tided vis IOS
CStot, CSrid, CSRes m/s Total, tidal and residual current speed

Depth-averaged
. Total, tidal and residual current -ti i
CDrot, CDrid, CDres | °N (going to) direction De-tided via 10S
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5.1

Spectral Wave Modelling

To quantify waves for normal and extreme conditions and to provide long-term wave data, the
numerical spectral wave model from the MIKE modelling software was used [26]. This section
gives a detailed description of the model set-up, its calibration and its validation.

MIKE 21 SW Spectral Wave FM Model

MIKE 21 Spectral Wave (SW) Flexible Mesh (FM) model is developed and maintained by DHI.
Like the other modules included in the FM series of MIKE Powered by DHI, the spectral wave
model is based on an unstructured, cell-centred finite volume method and uses an unstructured
mesh in geographical space. This approach allows the mesh resolution to be varied and
optimised according to the requirements in the different part of the studied domain.

The MIKE 21 SW version 2019 was used in the present study. A summary of the model
description and abilities is given below?".

MIKE 21 SW is a third-generation spectral wind-wave model based on unstructured meshes.
The model simulates the growth, decay and transformation of wind- and swell-waves in offshore
and coastal areas. MIKE 21 SW includes the following physical processes:

«  Wave growth by wind

o Non-linear wave interaction

o Dissipation due to white-capping

o Dissipation due to bottom friction

o Dissipation due to depth-induced wave breaking

o Refraction and shoaling due to depth variations

e«  Wave-current interaction

o Effect of time-varying water depth and currents

o Effect of ice coverage (not applicable)

o Diffraction (not applicable)

o Reflection

o Influence of structures (e. g. piers, wind turbine foundations, Wave Energy Converted
(WEC), Tidal Energy Converter (TEC) — Not applied in this study.

The main computational features in MIKE 21 SW are:

e  Source functions based on state-of-the-art 3 generation formulations

e  Fully spectral and directionally decoupled parametric formulations

e In-stationary and quasi-stationary solutions

«  Optimal degree of flexibility in describing the bathymetry and the ambient flow conditions
using depth-adaptive and boundary-fitted unstructured mesh

e  Coupling with hydrodynamic flow module for modelling of wave-current interaction and
time-varying water depth

» Flooding and drying in connection with time-varying water levels

« Extensive range of model output parameters (e. g. wind sea, swell, air-sea interaction
parameters, radiation stress, spectra, etc)

o Parallelisation using Open MP and MPI techniques

Further details are provided in [26].

21
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5.3
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Global Wave Model (GWM)

The DHI Global Wave Model (GWM) is forced by CFSR wind and ice coverage data. The model
has been validated against wave observations and has proven successful when applied as
boundary conditions for numerous regional models around the globe. The GWMv3 uses a
computational mesh with a varying element size resulting in a resolution of ~100km offshore and
~50km nearshore (snapshot of the mesh in Figure 5.1). For this project, a dedicated version of
the GWM model hindcast was run, including the following updates:

e Cap on wind friction

o  Stability corrected wind fields

o Temporal and spatially varying ratio of air/sea density (based on CFSR)
o Correction of wave celerity for surface current speeds

Validation results are presented in section 5.3 of the HKZN study [3]

Figure 5.1 Domain of the DHI Global Spectral wave model GWMv3

North Sea Wave Model (SWhs)

To force the local wave model with high-accuracy data, an existing DHI regional spectral wave
model, SWns, was used. Figure 5.2 shows the model domain covering the North Sea, going
from a resolution of around ~16.5km (in the North Atlantic) to about 5km in the southern North
Sea and the English Channel. As indicated in this figure, the SWns model spatial resolution was
made with focus on the Southern North Sea and specifically to provide boundary conditions to
the local model used for the HKZN project [3]. The open boundaries of the regional wave model
were forced by directional wave spectra (2D spectrum) from the DHI’s Global Wave Model
presented in the previous section.
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Figure 5.2 Domain of the DHI regional North Sea spectral wave model SWhns

Regional wave model specifications

The SWhs has been widely used with success in various projects in the North Sea including
major offshore wind farm projects as well as oil/gas industry projects. It takes advantage of
some of the latest developments also implemented in the Global Wave Model such as:

e Accounting for the atmospheric stability effects
o Accounting for air-sea density ratio (varying in time and domain)
e Accounting for wind-induced current effect on the wave growth

Details about the atmospheric stability and the wind drag corrections are provided in Appendix
B.

Calibration/Validation of the regional wave model

To ensure correct propagation of waves within the North Sea, the model was calibrated and
validated against various measurements in the North Sea and close to the English Channel.
Figure 5.3 and Figure 5.4 show the stations used for calibration/validation of SWns. The Dutch
measurement stations are available through Rijkswaterstaat??. The rest have been acquired
from Coastal Authority of Denmark?3, Copernicus?* , BODC? & CEFAS?¢ and some are owned
by DHI.

22

23

24

25
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Figure 5.5 shows comparisons of the SWns model against measurements at K13a and FINO1
(located very close to Ten Noorden van de Waddeneilanden wind farm). The SWns model
shows zero bias and good performance especially for the peak events and provides confidence
in producing high-quality results. The results show a very good performance, which indicates
that the SWns model will be a suitable model to provide spectral boundary conditions to local
wave model (SWbwr2020). Additional long-term validations of SWns with observations from
Europlatform, Ekofisk, IJMuiden munitiestortplaats and from altimetry can be found in the
Section 5.4.4 of the HKZN study [3].
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Figure 5.5 Scatter comparison of modelled (SWhns) significant wave height against the measurements at
K13a (left) for the period 1989-01-01 to 2016-09-01 and at FINO1 (right) for the period 2003-
07-30 to 2012-01-01

For this project, the North Sea wave model was extended (to cover the entire year 2019) and
new boundary conditions for the local wave model were extracted.

5.4 Local Dutch Wind Farms wave model (SWowr2020)

In order to achieve high-quality results, a dedicated local wave model, SWpwr2020, Was
established for the Dutch Wind Farm areas shown in Figure 5.6. The local model was forced by
spectral boundary data (2D spectra varying in time along the boundaries) from the regional
wave model SWns described in Section 5.3.

The local Dutch Wind Farms wave model extends from -1.5° to 9°E in longitude and from 49.5°
to 55.3°N in latitude. The domain is divided into several sub-domains, where the resolution is
increasing from offshore (4km) towards the focus areas (approximately 300m) as shown in
Figure 5.7. The Hollandse Kust (west) area is characterised by sandbanks, sand waves and
mega-ripples (see Section 3.1 of this report or [9] for details about the bathymetry). As such, it
was decided to increase the resolution along the two major sandbanks. The resulting mesh for
HKW is a hybrid resolution mesh with higher resolution along the sandbanks (shown in Figure
5.7). The objective of such a modelling strategy is to ensure the smooth propagation of waves
into the domain, increase model accuracy and enable high-resolution outputs in the area of
interest, here HKW.
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Figure 5.7  Zoom of the final mesh used in SWbowrz020 close to Dutch OWFs [upper panel] and in Hollandse Kust
(west) [lower panel]
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The SWbwr2020 wave model was set up with the fully spectral, in-stationary formulation available
in MIKE 21 SW. This formulation is suitable for wave studies involving time-dependent wave
events and wind conditions varying rapidly in space and in time. The frequency discretisation
was 40 bins with a minimum frequency of 0.035Hz and a logarithmic frequency increment factor
of 1.089, resulting in resolved wave periods in the interval 1.0-28.6s (0.035-0.97Hz). The
directional discretisation was a 360° rose with 41 bins, i.e. a directional resolution of
approximately 8.8°. According to DHI’s experience based on performing sensitivity tests in
various projects, it was revealed that using such high number of bins (above 35) for both
frequency and direction, improves the results quite significantly and is a vital key to a high-
quality database. A maximum adaptive computational time step of 3600s was applied, and the
output time step was set to 1 hour.

54.1 Convergence study

The main objective of the convergence study was to find the optimal balance between the
computational cost and the precision of the model output. The precision of resolving the largest
wave heights (in the modelling period) reached a certain threshold that did not change any
further even if the grid resolution was reduced/improved. Finding this threshold allowed to
enhance the efficiency of the spectral wave model.

Herein, the convergence study was based on three different grid resolutions (hybrid
400m/300m, hybrid 300m/200m and 100m) and the simulations were performed for eight storms
that covered the main storm directions (i.e. NNW, W, and SW) in the Southern North Sea, see
Table 5.1. The bathymetry of the three meshes along a cross-section within HKW is presented
in Figure 4.7. DHI complemented the list of storms considered for the convergence by three
additional storms that occurred in 2019 (HKW measurement period) in comparison to the HKN
metocean study.
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Figure 5.8 Bathymetry cross-section of the Fugro bathymetry data in MSL against different the meshes
generated by DHI for the SW model (100m, 300m and 400m) in MSL (the LAT to MSL
conversion is based on the space-varying map described in Section 3.1 and shown in Figure
3.1)

hkw_20201204_mds_dhi_hollandse_kust_(west) _metocean_study v0.5 / nafe -amra / 2020-12-04 69





DA

Table 5.1 Storms selected for the convergence study of the local spectral wave model. The maximum Hmo is based
on the observations at K13a and the wind rose is based on CFSR

Storm ID evl ev 4 evh
Time of peak 12.12.1990 21:00 29.10.2017 07:00 06.01.1991 14:00
HmO
7. . .
Max Hmo [m] 98 5.08 6.33
Wind rose -. gt = ;T ! %

Storm ID ev 7 ev 9 ev 10
Time of peak 27.10.2002 15:00 06.06.2017 21:00 11.03.2019 11:00
HmO

7. 4, 4.

Max Hmo [m] 06 69 89

Wind rose | " = o L

Storm ID ev 1l ev 12
Time of peak 04.05.2019 11:00 18.03.2019 12:00
HmO
Max Hmo [m] 3.85 3.85

Windrose | '™ " ™ o ?‘ iy

Results are shown as time series at two different locations (HKWA and HKWB) and spatially as
2D maps during the peak of each storm. For the storm ‘ev 12’ (18" March 2019), a more
detailed analysis was carried out that includes comparisons of wind-sea, swell and wave spectra
with the Fugro wave measurements at HKWA and HKW. Indeed, for this event, measurements
showed differences of swell significant wave height between the buoy HKWA (located on the top
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of a sandbank) and HKWB (located on the trough of this sandbank) (Figure 5.9). The
convergence analysis aimed at assessing the capability of the model to capture this difference.

02: Location HKWA/HKWB, parameter: hm0a_m
T | I B R | T T

257 T } T T T T T T T T T T T T T T (—
i Eﬂ:‘, e ]
L ik i . b
. J’ PF. e .
g e ﬂ \ Nlr"[-" -
£ L T I Rt ]
£ b L i | f 3
E #" A wﬂ{"% -'Jl h"} ]
- i & Tl g% 1
os %w"w “J ; . «Jﬁk‘\' ﬂwﬂf x}. ) *h‘"w ‘ ) _h,li ,! J‘M UT}‘ ] it i 3
= lz 1 4 % o B f et h I N ) Z -
b 1 | I ”mw I | = I ) I | %Ww’ I 1 “41’” M I 1 I I %‘M w

" V\:iriolg 12 Mar 2019 13 Mar 2019 14 Mar 2019 15 Mar 2019 16 Mar 2019 17 Mar 2019 19Mar2019 19 Mar 2019 20 Mar 2019 21 Mar 2019

Dateitime

Figure 5.9  Measured swell significant wave height (Hmoa) at HKWA and HKWB in March 2019 (courtesy of RVO)

Figure 5.10 shows the study site for the three considered resolutions: 100m, hybrid 300m/200m
and hybrid 400m/300m.

[deg] SW 100m [deg] SW Hybrid 300m/200m
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2 2
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Figure 5.10 Computational domain around the study area (white polygon) showing the unstructured
flexible mesh with 100m grid resolution (upper left panel), hybrid 300m/200m grid resolution (upper right
panel) and hybrid 400m/300m grid resolution (lower left panel). The bathymetry (referred to mMSL) is
shown in blue shadows

Figure 5.11 shows the water depth of the considered meshes. The sandbanks are properly
captured (compared to the 100m and 300m/200m mesh) by the 400m grid resolution mesh. This
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is also observed in the bathymetry profile in Figure 4.7. However, sand waves and mega-ripples
are not fully captured by 300m/400m mesh nor are they captured well by the 100m mesh. As
mentioned before, such features would require a higher resolution mesh (maybe 50m or
smaller) to be fully resolved.
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Figure 5.11  Bathymetry in mMSL of the 100m grid, the 300m hybrid grid and the 400m hybrid grid used for the

5.4.1.1

72

convergence of the local SW model

Time series comparisons (1D analysis - Points)

The integral wave parameters (Hmo, Tp, To2z, MWD and Directional Spreading -DSD) were
extracted from the three grids (i.e. 100m, hybrid 300m/200m and hybrid 400m/300m) at the two
locations HKWA and HKWB to compare their values along time on each of the storms described
in Table 5.1. Hereafter, the hybrid mesh 400m/300m is denoted as ‘400m’ and the hybrid mesh
300m/200m is denoted ‘300m’. The results are shown from Figure 5.12 to Figure 5.19. The
differences found were negligible.

Looking at Figure 5.12, it can be seen that the difference during the largest modelled storm
(December 1990) between 100m and 300m resolution mesh, is less than 24 cm. That is 3% of
~8m significant wave height during that storm. To put things in perspective, assuming a 9m
wave (see extreme values in Table 9.3), it is safe to say that the difference in significant wave
height (between the 100m and 300m mesh) would be ~30 cm.

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS ﬁ
DHI

HKWA 100m [m] ———
HKWA 300m [m] ———
HKWA 400m [m] ——
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Figure 5.12  Hmo, Tp, To2z, MWD and DSD at the locations HKWA and HKWB for the 100m grid, the 300m
grid and the 400m grid during storm ev 1 (1990)
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Figure 5.13  Hmo, Tp, To2z, MWD and DSD at locations HKWA and HKWB for the 100m grid, the 300m grid
and the 400m grid during storm ev 4 (2017)
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Figure 5.14  Hmo, Tp, Toz, MWD and DSD at locations HKWA and HKWB for the 100m grid, the 300m grid
and the 400m grid during storm ev 5 (1991)
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Figure 5.15  Hmo, Tp, Toz, MWD and DSD at locations HKWA and HKWB for the 100m grid, the 300m grid
and the 400m grid during storm ev 7 (2002)
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Figure 5.16  Hmo, Tp, To2z, MWD and DSD at locations HKWA and HKWB for the 100m grid, the 300m grid
and the 400m grid during storm ev 9 (2017)
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Figure 5.17  Hmo, Tp, Toz, MWD and DSD at locations HKWA and HKWB for the 100m grid, the 300m grid
and the 400m grid during storm ev 10 (2019)
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Figure 5.18 Hmo, Tp, To2z, MWD and DSD at locations HKWA and HKWB for the 100m grid, the 300m grid
and the 400m grid during storm ev 11 (2019)
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Figure 5.19  Hmo, Tp, To2z, MWD and DSD at locations HKWA and HKWB for the 100m grid, the 300m grid
and the 400m grid during storm ev 12 (2019)

5.4.1.2  Spatial comparisons (2D analysis - Maps)
The spatial comparisons were realised by subtracting the maximum Hmo of the 100m grid from
the 400m and 300m grids at each storm described in Table 5.1. These maps of maximum wave
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height difference represent the maximum at each grid cell during the storm event, and not the
distribution of wave height at the peak of the storm. Figure 5.20 to Figure 5.27 show the
difference in maximum significant wave height between the three considered meshes. In the
legend of these figures, Hs refers to the significant wave height Hmo.
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Figure 5.20  Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 1 (1990)
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Figure 5.21  Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 4 (2017)
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Figure 5.22  Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 5 (1991)

hkw_20201204_mds_dhi_hollandse_kust_(west) _metocean_study v0.5 / nafe -amra / 2020-12-04 81





[deg] 400m-100m ev7 [deg] 2002 Diff_Hs_max_300m-100m
=
52.80 -
5
5275 »

max diff Hs [m]
I Above 0.135
B 0.120 - 0.435 52.70 03 . &> max diff Hs [m]
[ 0.105 - 0.120 I
L1 o0so- o010 ° # Il Above 0.105

.’ s Y I 0.090 - 0.105
[ o.075- 0090 3 52.65 . e T [ 0.075- 0.090
[ o.060- 0.075 ki ¢ o 1 0.060 - 0.075
e ~ & e 8 ol o e oo
] 0.015- 0.030 s L= [ ] 0.015- 0.030
1 0.000- 0.015 Y 5 ’ [ ocoo- 0015

oot [ -0.015 - 0.000
[ -0.015- 0.000 52.55 0%
I -0.030 - 0.015 ’ N e - g 204 003
[ -0.045 - -0.030 . T [ -0.060 - -0.045
I -0.060 - -0.045 52.50 ’ [ -0.075 - -0.060
I -0.075 - 0.060 ' - [ -0.090 - -0.075
I Below -0.075 i I -0.105 - -0.090
1 undefined value ., o #F L - 5 Below -o.1\n;s|
¥ B H alue
i i
3.50 3.60 3.70 s 3.80 3.90 y 350 360 3.70 3.80 3.90
ongitude [deq] Longitude [deg]

Figure 5.23  Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 7 (2002)
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Figure 5.24  Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 9 (2017)
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Figure 5.25 Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 10 (2019)
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Figure 5.26  Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 11 (2019)
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Figure 5.27 Spatial differences of maximum Hmo between the 100m and (left panel) the 400m grid, (right panel) the
300m grid during ev 12 (2019)

5.4.1.3 Detailed analysis at HKWA and HKWB for the event #12 (18" March 2019)
In order to assess the effect of sandbanks on the wave propagation in the model and to address
the capability of the model to reproduce differences of wave height between top and trough of
sandbanks (because HKWA is located on top of the sand bank and HKWB is located on the
bottom of sand bank), additional comparisons of total wave height, swell wave height and wind
sea wave height was carried out. To be able to compare the MIKE 21 SW with the Fugro
observations, we re-calculated the integral parameters from the modelled spectra based on the
measured frequencies of the buoys: 0.04Hz-0.50Hz for total wave height, 0.04Hz-0.10Hz for
swell wave height (Hmoa) and 0.1Hz-0.50Hz for wind-sea wave height (Hmob) (see [13] for more
details about the Fugro buoy specifications).

Figure 5.28 to Figure 5.30 present the comparisons of the total, swell and wind-sea wave
heights between the buoys HKWA and HKWB. The model reproduces with high accuracy the
total and the wind-sea wave heights. Regarding the swell, it is clear in the observations that the
swell wave height is larger at HKWA than at HKWB during this event (Figure 5.29). The local
SW model is as well able to capture this difference with all three considered meshes and
resolutions, however in a lesser extent than at the buoys.
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Figure 5.30  Scatter plot of wind sea Hmo at HKWA against HKWB from the Fugro observations (upper left), from the
model using the 100m grid (upper right), from the model using the 300m grid (lower left) and from the
model using the 400m grid (lower right)

The time series comparison in Figure 5.31, Figure 5.32 and Figure 5.33 make it clear that the
results in terms of significant wave height are very similar using the 200m, 300m or 400m grid.
As observed in the previous figures, the model is able to reproduce the differences of swell
wave height between HKWA and HKWB that is seen in the observations. The peak of swell
height and the amplitude of the difference of swell height between HKWA and HKWB
(approximately 1m) are however not captured by the model for this specific storm. This can be
due to the too coarse resolution of the CFSR wind fields used to force the model.
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Figure 5.31 Time series of Hmo total, Hmo swell and Hmo wind-sea at HKWA and HKWB: shown are the
observations together with the model results with a grid of 100m resolution (ev 12)
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Figure 5.32  Time series of Hmo total, Hmo swell and Hmo wind-sea at HKWA and HKWB: shown are the
observations together with the model results with a grid of 300m resolution (ev 12)
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Figure 5.33  Time series of Hmo total, Hmo swell and Hmo wind-sea at HKWA and HKWB: shown are the
observations together with the model results with a grid of 400m resolution (ev 12)

Spectral comparisons

Spectral observations at HKWA and HKWB were used to verify if the SW model can capture the
wave energy distribution along directions at both locations and if the resolution of the model grid
introduces any significant change in the wave spectrum. The wave spectra of the Fugro
observations and the model are shown in Figure 5.34 and Figure 5.35. At HKWA, the model is
able to reproduce the high wave energy from NNW and at HKWB, it reproduces well the wave
energy of the NW sector. No difference is seen in terms of spectral energy between different
model resolutions.
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Figure 5.35 Polar plots of wave spectrum at HKWB: Fugro observations (upper panel), SW model with
100m grid, 300m grid and 400m grid (lower panel)

Conclusions of the wave model convergence study

Based on the knowledge gained through the convergence study between the 100m grid, the
300m and the 400m grid, it was possible to conclude that:

- The geometry of the two sandbanks was properly represented by the computational
mesh. However, the effect of sand waves and mega-ripples were not fully captured by
the spectral wave model (even using 100m resolution mesh). DHI believes that the
the hybrid 400m/300m grid resolution mesh have produced quality and appropriate
results for the purpose of this study (validations are provided in Section 5.4.3).

- The evolution along time of eight storms representative from the NNW, W and SW
sectors, showed negligible difference in the integral parameters, namely Hmo, Tp, Toz,
MWD and DSD.

- There were differences less than +/-0.2 m along space (2D maps) in the maximum
significant wave height between the tested resolutions during these eight
representative storms. The NNW storm showed higher values for the 100m grid while
the W and SW storms showed higher values for the 400m grid.

- The comparisons of the modelled total-, swell- and wind-sea wave heights with the
Fugro observations at HKWA (top of sandbank) and at HKWB (trough of the
sandbank) support the results found earlier: the hybrid mesh 400m/300m provides
similar results as the 100m mesh.

The SW model can reproduce the difference of significant wave height between HKWA
and HKWB. Spectral comparisons showed an accurate distribution of wave energy at
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the two stations. Such spatial differences (between HKWA and HKWB) are not
reproduced exactly the same as observed by the measurements which could be due to
the wind forcing, model resolution etc. However, the uncertainty in model results are
negligible and would not influence the overall operational and extreme condition
results.

- The model was able to capture the difference in swell height between HKWA (top of
bank) and HKWB (bottom of bank), similar to what was seen in the measurements,
although the modelled differences are smaller than the observed differences in the
measurements.

- It is noted that the sandbanks will most likely create more differences in sea state
condition that was possible to capture by the wave model. However, such differences
are negligible when considering the operational or extreme conditions which are based
on more than 40 years of data.

- In order to capture the effect of sandbanks (or similar) on individual waves (or crests)
and their breaking, using higher order models are required as spectral wave models
can not model individual waves. This could be represented by non-hydrostatic models
better than Boussinesq models.

- Mesh convergence studies should be based on wave spectra comparisons if such data
is made available

Calibration

In this study, given that the new EMODnet v2018 replaced the EMODnet v2016 in the areas of
the model are not covered by the Fugro and Vaklodingen bathymetric data, DHI conducted
additional tests to ensure that the results do not worsen by the integration of the updated
bathymetry outside the offshore wind farm areas in comparison (to what was already produced
and considered of high quality) to the HKN study. The SW model has been run for 56 storms:
the 50 strongest storms at the station K13a, three storms from the HKZN measurement period
(2016) and three storms from the HKW measurement period (2019). These storms were
selected based on Hmo values and on incoming wave direction. These storms are presented in
Table 5.3, where the measured significant wave height Hmo at the station K13a is given together
with the modelled peak wave direction (no available measurements of peak wave direction).In
addition, a simulation covering the full year 2019 in order to include the HKZN and the HKW
measurement periods has been conducted. The model setup used in the HKN study [2] has
been implemented. This setup is described in Table 5.2.
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Table 5.2

SWhwr2020 local wave model set-up parameters

Setting

Value

Mesh resolution

Hybrid 400m/300m mesh (300m mesh along the sandbanks and 400m
elsewhere within HKW) — details in Section 5.3.1

Simulation period

1979-01-01 — 2019-12-31- 1-hourly output (for production)

Basic equations

Fully spectral in-stationary

Discretisation

40 frequencies (1.03-28.57s (0.035-0.973Hz) logarithmic frequency increment
factor of 1.089), 41 directions

Time step (adaptive)

0.01-3600s with a maximum time-step factor of 32

Water level

HDbwr2020 2D (temporally and spatially varying)

Current conditions

HDbwr2020 2D (temporally and spatially varying)

Wind forcing

CFSR data (corrected and shifted — see Section 3.3.5), Charnock 0.02
(uncoupled) — Corrected to included atmospheric stability effects

Air/water density ratio

Varying in time and domain calculated from CFSR

Energy transfer

Include quadruplet-wave interaction (no triads)

Wave breaking

Included, Specified Gamma, y=0.8, a= 1 [27]

Bottom friction

Nikuradse, kn = 0.009-0.004m (varying in domain)

White-capping

Formulation: [28], Cdis =2.1, DELTAdis =0.4

Boundary conditions

2D spectra varying in time and along line; from SWhs
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Table 5.3 List of 56 storms selected for calibration — Hmo is the observed significant wave height at the
station K13a and PWD is the modelled peak wave direction (as no measured peak wave
direction is available)

Time HmO[m] PWDJ[deg] | Time HmO[m] PWD[deg]
'12-Dec-1990 21:00:00' ‘ 351 '28-Jan-1994 08:00:00' 6.16 316
'19-Feb-1996 09:00:00' 7.54 9 '09-Feb-2006 19:00:00' 6.16 351
'01-Nov-2006 07:00:00' 7.49 351 '01-Mar-2008 11:00:00' 6.15 307
'21-Dec-2003 14:00:00' 7.07 351 '13-Jan-2017 20:00:00' 6.14 342
'27-Oct-2002 15:00:00' 7.06 299 '02-Oct-1991 03:00:00' 6.09 316
'09-Nov-2007 17:00:00' 7.06 351 '13-Sep-2017 10:00:00' 6.03 281
'28-Dec-2001 17:00:00' 7.01 316 '04-Jan-2017 14:00:00' 6.02 351
'05-Dec-2013 19:00:00' 6.90 325 '03-Dec-1999 18:00:00' 6.01 307
'14-Nov-1993 18:00:00' 6.80 325 '17-Dec-2005 14:00:00' 6.01 351
'09-Dec-1993 13:00:00' 6.75 299 '25-Nov-2012 15:00:00' 6.01 272
'18-Jan-2007 20:00:00' 6.70 281 '15-Feb-2014 08:00:00' 6.01 211
'21-Feb-1993 05:00:00' 6.68 342 '17-Dec-2009 13:00:00' 5.99 26
'06-Nov-1999 11:00:00' 6.67 307 '24-Dec-2013 06:00:00' 5.98 211
'30-Oct-2000 11:00:00' 6.61 202 '19-Oct-1991 15:00:00' 5.93 351
'25-Jan-1993 07:00:00' 6.60 325 '09-Jan-1991 05:00:00' 5.90 272
'05-Jan-1998 01:00:00' 6.56 272 '08-Nov-2001 21:00:00' 5.84 351
'25-Nov-2005 04:00:00' 6.52 325 '24-Jan-2005 02:00:00' 5.84 0
'03-Jan-2018 12:00:00' 6.43 299 '04-Apr-2000 16:00:00' 5.80 0
'17-Apr-1991 06:00:00' 6.41 0 '08-Jan-2019 10:00:00' 5.79 334
'06-Jan-1991 14:00:00' 6.33 281 '05-Feb-1999 11:00:00' 5.75 334
'26-Feb-1990 15:00:00' 6.32 299 '16-Oct-2009 19:00:00' 5.75 9
'25-Oct-1998 09:00:00' 6.25 299 '31-Mar-2015 13:00:00' 5.74 307
'21-Nov-2008 10:00:00' 6.24 334 20-Oct-2017 14:00:00' 202
'15-Dec-2003 06:00:00' 6.22 342 '06-Nov-2016 01:00:00' 3.96 0
'28-Mar-2016 11:00:00' 6.22 202 '20-Nov-2016 13:00:00' 5.2 184
'08-Feb-2004 18:00:00' 6.21 316 '11-Mar-2019 12:50:00' 5.02 0
'‘07-Dec-2011 19:00:00' 6.18 316 '04-May-2019 12:40:00' 3.94 0
'12-Nov-1996 17:00:00' 6.17 0 '18-Mar-2019 12:00:00' -II
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Results - 56 storms

The comparisons of Hmo during the 56 storms listed in Table 5.3 are provided at the Dutch
OWEFs locations HKNA, HKNB, HKWA, HKWB and at offshore locations such as EPL, LEG,
K13a and F3 in Figure 5.36 to Figure 5.38. The results show a good agreement between the
observations and the modelled results in terms of Hmo. The CASE 2 corresponds to the wave
model setup of the HKN study with replacement of the EMODnetv2016 with EMODnetv2018
bathymetry, and a change of resolution at HKW offshore wind farm zone. These results give
confidence in the new model setup for reproducing accurate wave conditions.
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Figure 5.36  Scatter comparison of Hmo between the measurements and the modelled CASE2 (HKN setup) at HKNA
(left) and HKNB (right)
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Figure 5.37 Scatter comparison of Hmo between the measurements and the modelled CASE2 (HKN setup) at HKWA
(left) and HKWB (right)
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Figure 5.38 Scatter comparison of Hmo between the measurements and the modelled CASE2 (HKN setup) at EPL
(upper left), LEG (upper right), K13a (lower left) and F3 (lower right)

Results - Year 2019
The results of the comparison of significant wave height (Hmo) at EPL, LEG, K13a, F3, HKNA,

HKNB, HKWA, HKWB and HKWC for the year 2019 (whenever observations are available) are
shown in Figure 5.39 to Figure 5.47.
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Figure 5.39  Scatter plots of Hmo at EPL between the HKN mesh (left panel) and the new HKW mesh (right panel) for
the period 01.2019-12.2019
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LEG (3.67E;51.93N;-21.67mMSL) LEG (3.67E:51.93N;-21.67mMSL)
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Figure 5.40 Scatter plots of Hmo at LEG between the HKN mesh (left panel) and the new HKW mesh (right panel) for
the period 02.2019-11.2019
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Figure 5.41  Scatter plots of Hmo at K13a between the HKN mesh (left panel) and the new HKW mesh (right panel) for
the period 02.2019-11.2019
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Figure 5.42  Scatter plots of Hmo at F3 between the HKN mesh (left panel) and the new HKW mesh (right panel) for the
period 02.2019-11.2019
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Figure 5.43  Scatter plots of Hmo at HKNA between the HKN mesh (left panel) and the new HKW
the period 02.2019-11.2019
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Figure 5.44  Scatter plots of Hmo at HKNB between the HKN mesh (left panel) and the new HKW mesh (right panel) for

the period 02.2019-11.2019
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Figure 5.45
the period 02.2019-11.2019
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Figure 5.46  Scatter plots of Hmo at HKWB between the HKN mesh (left panel) and the new HKW mesh (right panel) for
the period 02.2019-11.2019
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Figure 5.47  Scatter plots of Hmo at HKWC between the HKN mesh (left panel) and the new HKW mesh (right panel) for
the period 02.2019-11.2019

It was concluded that a re-calibration of the local SWowr2020 model was not necessary as the
results were of the same accuracy as during the HKN study. For some stations, this update of
bathymetry lead to slight improvements of Root Mean Square Error and Scatter Index.

543 Validation

The SWbwr2020 local wave model production configuration is presented in Table 5.2.

In order to perform all the required simulations, a super-computing cluster was used. The
SWhowr2020 Simulations were divided into four parts for each year (41 x 4 = 164 simulations) and
pushed to the cluster at the same time. Each simulation used 72 cores and took ~29 hours to be
finished.

Each integral parameter is given for the total sea state and for swell and wind-sea components
respectively. The wave parameters listed in Table 6.1were saved at all elements within
HKWWEFZ in order to be provided in the web-based database. Sea and swell conditions were
partitioned using the already existing definition in MIKE 21 SW [26] as follows:

Uso
—cos(6 —0,,) < 0.83
€ (5.1)

where U is the wind speed at 10m above MSL, c is the phase speed, and 6 and 6w are the
wave propagation and wind direction respectively.
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The validation of the local Dutch Wind Farms wave model is based on wave measurements at
HKWA, HKWB and HKWC. Due to the deterioration of the HKWB buoy from September 2019,
the validation is performed at the neighbour buoy HKWC from September 2019 to December
2019. An overview of the official measurement periods of the HKW buoys is provided in Table
5.4. Figure 5.48 to Figure 5.56 show the time series and scatter comparison of modelled
significant wave heights against the measurements at K13a, EPL, F3, LEG, FINO1, HKNA,
HKWA, HKWB and HKWC, respectively. The model shows excellent agreement with the
measurements at all stations. On average, the model shows a bias close to zero and scatter
index below 20% (as low as 14% offshore). The peak ratio (capability of the model in
reproducing extreme sea states) is very close to 1.0, and the RMSE is lower than 25cm.

Compared to the previous version of the spectral model (that was developed during [2] -
SWobowe), results have are mostly similar or slightly improved compared to available
measurements. See Section 5.5 for a summary of the differences.

As mentioned before, the measurements have been averaged to represent 3 hourly averaged

values for a fair comparison to the model results (see Section 5.4.5 of [3] for explanation on
model temporal averaging).
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Table 5.4 Overview of the HKW measurements and corresponding time range (official measurement

period) . The validation of the spectral wave model is based on the first 9 months

Deployment . Start Time End Time
Station Buoy
Number (UTC) (UTC)

1 HKWA WS187 2019-02-05 12:15 2019-09-21 09:30
2 HKWB WS188 2019-02-10 09:00 2019-09-19 09:20
3 HKWC WS170 2019-08-01 00:00 2019-11-24 08:30
4 HKWA WS188 2019-09-21 13:50 2019-11-24 07:30
5 HKWA WS187 2019-11-24 08:00 2020-02-14 23:50
6 HKWC WS188 2019-12-18 09:20 2020-02-07 18:40
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Figure 5.48 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the
measurements at K13a for the period 1984-04-28 to 2019-12-31
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Europlatform (518947.95E;5760962.95N;-29.65mMSL)
Time series (1989-04-01 - 2019-12-31; Ta = 3h; dt = 1h)
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Figure 5.49 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the
measurements at EPL (Europlatform) for the period 1989-04-04 to 2019-12-31

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04 101





DA

F3 (608757.78E:6079292.02N;-44.00mMSL)
Time series (2014-01-01 - 2019-12-31; T_ = 3h; dt = 1h)
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Figure 5.50 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the

measurements at F3 for the period 2014-01-01 to 2019-12-31
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LEG (546027.09E;5753353.11N;-21.67mMSL)
Time series (1989-04-01 - 2019-12-31; Ta = 3h; dt = 1h)
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Figure 5.51 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the
measurements at LEG for the period 1989-04-01 to 2019-12-31
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FINO1 (735041.63E;5991074.10N;-29.80mMSL)
Time series (2004-01-01 - 2011-03-01; T_ = 3h; dt = 1h)
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Figure 5.52 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the

104

measurements at FINOL1 for the period 2001-01-01 to 2011-03-01
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HKNA (583947 .61E:5838365.60N-23.40mMSL)
Time series (2017-04-10 - 2019-04-01; T, =3h;dt=1h)

85
i MEAN MIN  MAX  STD ] ' [ ] | ‘ 1
16003 128 016 660 086 °  Fugo
75[{16903 136 008 597 090 . Wy

& &
S r&

HKNA (583947.61E;5838365.60N;-23.40mMSL)
Scatter plot (2017-04-10 - 2019-04-01; T = 3h; dt = 1h)
857

8r 81 N = 16,903 (704.3days)
MEAN = 1.36m (106.1%)

75Fh 72
: . 63 BIAS = +0.08m (6.1%)
7r 3 £ AME  =0.17m (13.0%)
6.5 L 54 2 RMSE = 0.23m (17.8%)
g 6f AN 45 8 sl =0.17 (Unbiased)
Ss5h 6 2 EV =094
s 5l g cC =097
gn asl | 27 o PR =094(N =4)
o ox £
A 111 GO 5
- e By 18 &
E 351 N it ®
2 3t e 3
P o
T 55} ¥ ’ z
2r ”. 5
15} g e =4 . Data (linear +/- 60min)
il o i 1:1 Line (45°)
051 a °  Quantiles (0.0 - 100.0%)
'0 SRR EEE . - - == QQfit: y=1.04x+0.03
O NGB Ve Ppp XD D 0 06 A0 B0

Hmo [m] - Fugro

Figure 5.53 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the
measurements at HKNA for the period 2017-04-10 to 2019-04-01
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Considering the comparisons presented at HKW (Figure 5.54, Figure 5.55 & Figure 5.56),
SWhbwrz2020 compares well with measurements for both normal and extreme conditions. Bias is
less than 2cm and scatter is below 20%.

HKWA WS187+WS188 (548391.17E;5824677.75N;-22.00mMSL)
Time series (2019-02-05 - 2019-11-01; T_ = 3h; dt = 1h)
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Figure 5.54 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the
measurements at HKWA for the period 2019-02-05 to 2019-11-01
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HKWB WS188 (549949.97E;5824693.43N;-30.00mMSL)
Time series (2019-02-10 - 2019-09-19; T,=3h;dt= 1h)
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Figure 5.55 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the
measurements at HKWB for the period 2019-02-10 to 2019-09-19
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HKWC WS170 (549818.95E;5824247.12N;-32.00mMSL)
Time series (2019-08-01 - 2019-11-01; T_ = 3h; dt = 1h)
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HKWC WS170 (549818.95E;5824247.12N;-32.00mMSL)
Scatter plot (2019-08-01 - 2019-11-01; T_ = 3h; dt = 1h)
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Figure 5.56 Time series and scatter comparison of modelled (SWbwr2020) significant wave height against the
measurements at HKWC for the period 2019-08-01 to 2019-11-01

Figure 5.57 and Figure 5.58 show the time series and scatter comparison of Toz between the
wave model (SWbwr2020) and the measurements at HKNA and HKWA (for Hmo above 0.5m). The
Toz comparisons are very sensitive to the frequency range resolved by the model and measured
by the buoy. The wave buoy is measuring the surface elevation with 2Hz (0.5 seconds). Based
on DHI’'s experience, the buoys are usually not capable of measuring waves with periods shorter
than ~1.8 seconds (i.e. cut-off frequency equal to ~0.55Hz). Thus, for the below comparisons,
the modelled results were not considered for the periods shorter than ~1.8 seconds (or 0.55 Hz).
In general, the model shows a very good performance with close to zero bias.
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HKNA (583947.61E;5838365.60N;-23.40mMSL)
Time series (2017-04-10 - 2019-04-01; Ta = 3h; dt = 1h)
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Figure 5.57 Time series and scatter comparison of modelled (SWbwr2020) Toz against the measurements at HKNA for
the period 2017-04-10 to 2019-04-01 - For Hmo > 0.5m and frequencies between 0-0.6Hz
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HKWA WS187+W5188 (548391.17E;5824677.75N;-22.00mMSL)
Time series (2019-02-05 - 2018-11-01; Ta =3h; dt=1h)
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Figure 5.58 Time series and scatter comparison of modelled (SWbwr2020) Toz against the measurements at HKWA for
the period 2019-02-05 to 2019-11-01- For Hmo > 0.5m and frequencies between 0-0.6Hz

For Tp, since the measurements come with 10-minute time steps, and the wave model has a
one hourly time step, averaging the measurement peak wave period is not correct. The correct
method is to take the raw data for every hour and derive the spectral information. Although this
approach was not used (due to time limitations), DHI’s comparisons at HKWA showed good
performance (see Figure 5.59 and Figure 5.60). Therefore, the modelled data can be used with
confidence for design.

Figure 5.60 shows the scatter comparison of T, at HKNA location (for wave heights higher than
1.5m). Similar to HKWA, results are promising.
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HKWA WS187+WS188 (548391.17E;5824677.75N;-22.00mMSL)
Scatter plot (2019-02-05 - 2019-10-28; Ta = 10min; dt = 1h)
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Figure 5.59  Scatter comparison of modelled (SWbwr2020) Tp against the measurements at HKWA for the
period 2019-02-05 to 2019-10-28 — For Hmo > 1.5m and frequencies between 0-0.6Hz (upper
panel) and for Hm0>0.5m and frequencies between 0-0.6Hz (lower panel)
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HKNA (583947.61E;5838365.60N;-23.40mMSL)
Scatter plot (2017-04-12 - 2019-03-26; Ta = 10min; dt = 1h)
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Figure 5.60Scatter comparison of modelled (SWbwr2020) Tp against the measurements at HKNA for the
period 2017-04-12 to 2019-03-26 — For Hmo > 1.5m and frequencies between 0-0.6Hz

Figure 5.61 to Figure 5.63 show the time series comparison of mean wave directions and wave
rose comparison between the wave model and the measurements at HKWA, HKWB and
HKWC. At all three stations, the frequency of waves from north is somewhat underestimated by
the model compared to the measurements. Looking at the time series comparison, this seems to
be for the period between April and May 2019. As was shown in Figure 5.54 to Figure 5.56, the
model reproduces the wave height with good accuracy. In Figure 5.64, a wave rose comparison
at HKNA is shown (2 years of data compared to less than 9 month at HKW stations), which does
not show the same behaviour (in fact it shows a very good agreement). The convergence results
showed that the mesh resolution would not be the reason for less frequent data from North. At
this stage, it is not clear to DHI what could be the main contributor for this, but concrete
conclusions on model accuracy cannot be made due to short period of available data.

At the HKW stations, the secondary dominant wave direction, i.e. from SSW is not well captured
by the model compared to the measurements. The latter demonstrates instead a larger
frequency of waves from SW. Looking at the time series plots, it becomes clear that the
difference between the model and measurements is just a few degrees (lower than 7 degrees),
which would then put some time steps into another 30-degree bin in the comparison, resulting
more frequent waves from SW instead of SSW as measured. Yet again, this cannot be related
directly to the mesh resolution as described before. This difference is rather small and
considered negligible. The modelled wave roses (MWD vs Hmo and PWD vs Hmo) across the
sites (for the 5 analysis points more precisely) are provided in the Section F.3.1.4 of the
Appendix F.
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HKWA WS187+WS188 (548391.17E;5824677.75N;-22.00mMSL)
Time series (2019-02-05 - 2019-11-01; Ta =3h; dt=1h)
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Dual rose plot (2019-02-05 - 2019-11-01; T_ = 3h; dt = 1h)
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Figure 5.61 Time series and wave rose comparison between the modelled and measured data at HKWA for the period
2019-02-05 to 2019-11-01

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04 113





HKWB WS188 (549949.97E;5824693.43N;-30.00mMSL)
Time series (2019-02-10 - 2019-09-19; Ta = 3h; dt = 1h)
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Dual rose plot (2019-02-10 - 2019-09-19; T_ = 3h; dt = 1h)
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Figure 5.62 Time series and wave rose comparison between the modelled and measured data at HKWB for the period
2019-02-10 to 2019-09-19
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HKWC WS170 (549818.95E;5824247.12N;-32.00mMSL)
Time series (2019-08-01 - 2019-11-01; T_ = 3h; dt = 1h)
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Figure 5.63 Time series and wave rose comparison between the modelled and measured data at HKWC for the period

2019-08-01 to 2019-11-01
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HKNA (583947.61E;5838365.60N;-23.40mMSL)
Dual rose plot (2017-04-10 - 2019-04-01; T_ = 3h; dt = 1h)
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Figure 5.64 Wave rose comparison between the modelled and measured data at HKNA for the period 2017-04-10 to
2019-04-01

544 Note on wave direction at HKWA and HKWB

Although the SWbwr2020 wave model performs quite well in the overall wind farm zone, it is noted
that, depending on the incoming wave direction, there is a higher uncertainty on the wave model
performance on top of the two sand banks in the area. This conclusion is drawn from a detailed
comparison between the SWowrz020 model and measurements from the HKW measurement
campaign 2019. See the wave roses in Figure 5.65 below.
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Figure 5.65 Fugro wave measurements on the left, model data from SWpwr2020 on the right. Deployment 1, HKWA, Feb
2019 — Sep 2019 (D01) on top of the sand bank; Deployment 2, HKWB, Feb 2019- Sep 2019 (D02) at the
bottom of the sand bank. Location HKWA is shown as background wave rose (upper legend), location
HKWB is shown as foreground wave rose (bottom legend) [courtesy of RVO]

116 hkw_20201204_mds_dhi_hollandse_kust_(west) metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS

5.5

DHI

It is therefore advised that designers, if they wish to design a structure on top of a sand bank in
HKWWFZ, are aware of this local effect, and take it into account if deemed necessary.

For this, designers are encouraged to assess the Fugro measurement data in HKWWFZ area,
as available from the RVO website

Comparison with the HKN model data

DHI produced high-resolution data (~500m) for Dutch Offshore Wind Farm areas including
Hollandse Kust (west) in 2018 [2] (extended in 2019). Description of the wave model (SWpwr)
can be found in Section 5.5 of [2]. In summary, the following main differences exist between
SWowr2020 and SWowr:

1. SWbwrz2020 covers the extra period from 2018-10-01 to 2020-01-01 compared to SWpwr

2. SWbwr2020 uses EMODnet 2018 data all across the Dutch North Sea (except HKWWFZ),
but SWpwr used EMODnNet2016 which has some considerable issues

3. SWobwr2020 Uses local bathymetry data and higher resolution of ~300m/400m at Hollandse
Kust (west) compared to ~500m in SWpwrand EMODnet2016 data at HKW

4. SWbwrz020 Uses updated bathymetry across the HKNWFZ with correct conversion factors
from LAT to MSL (though not updated in the web-based database)

Figure 5.66 shows the scatter plot comparison of Hmo vs. Tp between SWpwr and SWowr2o20 at
HKW2019 (one of the analysis locations of the present study — see Section 7) for the common
period of time January 1979 to October 2018. Both datasets look very similar as expected. This
clearly shows that the addition of local bathymetry and higher resolution would not add
meaningful value to the final results. The same conclusion was made in Section 5.4 of [2]. The
main reason for this is that the model has been validated against various measurements all
around the Dutch North Sea and shows very good performance. In addition, EMODnet2018
data resolves the bathymetry with enough quality to be used for modelling and purposes of this
project.
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Figure 5.66  Scatter comparison of Hmo vs. Tp between SWpwr2020 (green) and SWopwr (red)

There were around 15 time steps (from ~348,000) corresponding to 0.004% of the entire dataset
that had very large peak wave periods (~29 seconds) as also shown in Figure 5.66. DHI looked
in more details into a few of these events, which was reported in Section 5.4 of [2]. DHI did not

inspect more into such events as they are considered not to affect the results. Such events
appear to be model artefacts.
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6.1

Digital Metocean Database

This section provides a brief overview to DHI's Metocean Data Portal (

and herein called MOOD) developed during the Hollandse Kust (noord)
metocean desk study [2], and updated to contain dedicated data for Hollandse Kust (west). A
short description of the Application Programming Interface (API) specifically developed for
MOOD in the framework of this project is provided as well.

Please refer to Section 6 of [2] for more information on the data available across the Dutch
North Sea (not including Hollandse Kust (west)) and Hollandse Kust (noord).

This section does not contain MOOD’s manual or information on how to use the portal. Please
follow the or click on “Link to manual” after selecting the Hollandse Kust (west)
dataset.

Web-based database

It is important to note that the database previously established during the study for Hollandse
Kust (noord), covered a large area within the Dutch North Sea. This dataset is called “Dutch
Offshore Wind Farms” on MOOD and contained data at Hollandse Kust (west), IUmuiden Ver
etc. However, the data was only certified at Hollandse Kust (noord). In this report, DHI has
performed a dedicated study for Hollandse Kust (west) and updated all the data and analyses at
the HKW site. In order to avoid confusion, the data within Hollandse Kust (west) has now been
removed from the “Dutch Offshore Wind Farms” dataset on MOOD’s website and has been
replaced by the newly generated “Hollandse Kust (west)” data. The “Dutch Offshore Wind
Farms” datasets within HKW remain available only through the API

Simulated wave, current and water level conditions together with CFSR (shifted and corrected)
winds were available at each grid point of the respective model mesh. Time series from all grid
points within the polygon shown in Figure 6.1 were extracted and stored in the database as part
of this project. The selected polygon encompasses the Dutch Wind Farm Hollandse Kust (west)
only. The database hence provides access to 7,800 time series of wave conditions (total, sea
and swell), while current and water level (total, tide and residual) time series are available at
more than 18,300 elements, for a period of 41 years (1979-2020). In the database, the wave
data is provided with a time step of 1h, while currents and water levels are provided with a
30min time step (every second time step of the HD model output to be consistent with the HKN
study [2]). The atmospheric parameters (temperature, humidity & pressure) are based on the
Harmonie model and will be available together with other metocean parameters for the period
1979-04.2018.
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Figure 6.1 Area of the database within the model domain where analyses of metocean parameters are
made available in the framework of this study

It is noted that the water level and current analyses, which required pre-processing before
storing (i.e. not produced on-the-fly by the database such as tidal levels) are available at all HD
model elements (i.e. ~18,300 elements). The extreme values analysis results and joint
probabilities are only available at the closest wave mesh element regarding both wave and
hydrodynamic data (i.e. at ~7,800 points). For details of extreme value analyses, please refer to
Section 9.

Other pre-processed data such as extreme metocean conditions, joint-probabilities and
associated periods will be available at any given element within the database area. The tidal
parameters (HAT, MHWS, MHWN, MSL, MLWN, MLWS and LAT) are included in the ‘TIDE’
spreadsheet of the extreme values table available in the pre-processes analytics section of
MOOD. Users will be able to get access to the analysis results via a user-friendly and agile web-
based interface and export the desired information to common dfs, netcdf, text/Excel and
MATLAB formats. The directional-frequency spectrum will be available at pre-defined points
(Section 5.4.3).

Various types of analyses (rose, scatter diagrams, occurrence tables, persistence, etc) are
available on-the-fly through the database web address. Users can define their own set of
thresholds for any given parameter and analysis. There is also a possibility to limit the data
coverage period to any given period used for specific analyses.

Surface maps of extreme metocean conditions are provided in the database, which can be
overlayed with other GIS files or exported to images.

It must be noted that the database is designed to provide much more information (such as
different types of analysis) than just acting as a download interface.

Variables such as turbulence intensity, individual waves for fatigue analysis and misalignment
angles are not included in the database. The user is asked to refer to the analyses in the
present report or to conduct its own analyses based on the time series available in MOOD.

Figure 6.2 shows the MOOD interface after selecting the Hollandse Kust (west) dataset on the
left side of the page.
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Figure 6.2 MOOD portal after selecting Hollandse Kust (west) dataset

6.2 API

During the HKN study [2], an API has been developed to enable the extraction of data from
MOOD without accessing the website (hitps://api.metocean-on-demand.com/APIHelp). Free
access is provided to the Dutch Offshore Wind Farm Zones only. The API is supported by cURL,
Python and MatLab (from version R2016b). The user is asked to contact DHI to obtain more
detailed examples of scripts in each of the three programming language if necessary.

The user is first asked to generate an API key which has to be provided in the request
submission. In addition, this request submission should contain precisions about the dataset, the
projection type and the coordinates of the point to be extracted, the start and end times and the
format of the output file. The extraction is performed at the nearest model grid point to the
requested point.

The main change from the HKN to the HKW API is the integration of the Hollandse Kust (west)
high-resolution data as independent datasets. The user can choose between two datasets in the
HKW OWEF area. The new data was generated with a more accurate bathymetry, a higher
computational meshes and for a longer period (from January 1979 to January 2020). In addition,
some functionalities of the API have been improved from one version to another (amongst
others the update of the documentation). Extractions outside the Dutch Offshore Wind Farm
Zone (or Hollandse Kust (west) area) will result in an error.

The database follows the GDPR regulations for this project. No user information will be recorded
by DHI. API keys necessary to extract the data are automatically generated via the ‘Register’
button. Note that a limitation of 15 extractions per day per key is accepted and that the data has
to be downloaded within one day, after which the data will be deleted. The API key will as well
expire after one day.

Please note that the database is not designed for massive bulk downloads. Such activities will
be blocked by DHI.
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6.3

Additional outputs from the SW model saved in this study

The directional-frequency spectra were saved within a 1km grid inside the HKWWFZ and within
a 5km grid in other areas (see Figure 6.3). Only the spectra inside the HKWWFZ will be
available publicly (apart from other parameters such as wind, water levels, currents and
analytics) in the database.

Wave conditions and spectra were saved for relevant locations (such as sub-stations) within the
IJmuiden Ver and Ten Noorden van de Waddeneilanden Wind Farm Zones, as requested by
RVO (see Figure 6.4). The coordinates of the additional locations are given in Table 6.2.

For updated data (spectral and integral parameters) outside HKWWFZ, please contact DHI.

Table 6.1 Integral spectral wave parameters provided in the database?’

Name Abbrev. Unit

Significant wave height Hmo m

Peak wave period Tp S

Mean wave period Tox S

Zero-crossing wave period To2 S

Peak wave direction PWD °N (coming from)

Mean wave direction MWD °N (coming from)

Direction standard deviation DSD deg.

2T Hmax, water depth and Tmio have been saved as well as an option
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Spectral data output grid — 5km grid offshore and 1km grid within the HKWWFZ. Overall area

(upper panel); zoom in HKW (lower panel) — Please note that as part of this project (HKW),
data only at HKW will be made available publicly via the digital metocean database
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Figure 6.4 Locations of the output points saved within the [Jmuiden Ver and Ten Noorden van de

Waddeneilanden Wind Farm Zones — Data is not publicly available and can be acquired from
DHI
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Table 6.2 Coordinates of the points saved within the IJmuiden Ver and Ten Noorden van de
Waddeneilanden Wind Farm Zones — Data is not publicly available and can be acquired from

DHI
Depth
ETRS1989 | ETRS1989 [MMSL]
UTM Zone | UTM Zone : . . . from
Name 31N - 31N - Longitude [°] | Latitude [°] wave
Easting [m] | Northing [m] model
mesh
WS190 6673045 | 5088542.2 5.5537 54.0180 38.61
WS191 667014.2 | 5988955.0 5.5495 54.0218 38.61
TNW1 6474748 | 5985864.8 5.25 54.0 39.70
TNW2 683296.1 | 59927116 5.8 54.05 36.49
TNW3 696290.7 | 5995472.7 6.0 54.07 34.39
13V1 521455.4 | 5831150.5 3.317 52.63 26.16
13v2 522606.0 | 5831164.7 3.334 52.63 43.71
13V3 533748.6 | 5844577.9 3.50 52.75 26.60
13V4 533555.1 | 5872387.5 3.50 53.00 32.41
13V5 550332.4 | 5872533.6 3.75 53.00 29.44
Platform TNW | 677937.4 | 5987881.7 5.715 54.009 37.02
Platorm WV_ | 5393855 | 5851356.4 3.480 52.811 29.97
Alpha
P'atf;g;”v— 5390863 | 5863010.3 3.581 52.915 28.58
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7 Analysi

s Points
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Following the scope of work of this study, five (5) points were selected to present the analyses
of extreme conditions in the report. The analyses of normal conditions are presented at one
point only (herein referred to as HKW2019 — see Table 7.1). The selection of the points was
based on the variation of the median annual maximum significant wave height within the HKW
area. The locations of the five points were discussed and agreed with RVO.nl. Details about
these points are presented in Table 7.1 and shown in Figure 7.1.

Based on the annual maxima of Hmo shown in Figure 7.1, it is expected that P1 contains the
most severe sea states.
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Figure 7.1  Location of the points selected for the analysis of extreme and normal conditions and annual
median maximum Hmo. The outer line shows the HKWWFZ delimitation while the inner black
lines define the preliminary sites selected for installation of the turbines

Table 7.1 Coordinates of the analysis points within the HKW Wind Farm Zone

Depth Depth
ETRS1989 ETRS1989 [mMSL] [MLAT]
UTM Zone UTM Zone . o : o from from
Name 31N - 31N - Longitude [°] | Latitude [°] wave wave
Easting [m] Northing [m] model model
mesh mesh
HKW2019 552086 5843308 3.7714 52.737 26.46 25.63
P1 560040 5852842 3.891 52.822 26.54 25.61
P2 548808 5823681 3.720 52.561 26.31 25.58
P3 539078 5828154 3.577 52.602 24.31 23.63
P4 551664 5835613 3.764 52.668 29.15 28.36
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8 Normal Metocean Conditions

A number of analyses were conducted on the established metocean data to describe the normal
(operational) conditions within the HKWWEFZ site. The analyses were conducted at the location
HKW2019 — see Section 7, and were based on the modelled metocean data covering the 41
period (1979-2020). The exact period used for the normal conditions analysis starts from 1979-
01-15 01:00 in order to remove the model warm-up period and ends at 2019-12-31 23:00
(indicated hereafter as period 1979-01-15 to 2019-12-31).

Unless otherwise stated, graphical results are shown for annual results only in this report, while
monthly and/or directional subset results are presented in Appendix F. Directional analyses
were conducted for 12 directional sectors of width 30 degrees (centred at 0°N, 30°N ...). The
tables corresponding to all the figures presented in this section are available in Excel format.

8.1 Wind

The normal wind conditions at HKW?2019 are described in the following section. The analyses
were based on the CFSR wind data for the period 1979-01-15 to 2019-12-31. CFSR wind data
is provided at a temporal resolution of 1 hour, but the values are representative of a 2 hour
average (see Section 3.3.3).

Normal wind conditions are presented at eight (8) different altitudes (10m, 60m, 100m, 120m,
160m, 200m, 250m and 300m above MSL). Wind speeds are represented by symbol U with
subscript giving the specific altitude (for example Uio is the wind speed at 10mMSL, while Uiso
signifies the wind speed at 160mMSL). An empirical wind profile was used to convert the
10mMSL CFSR wind speeds to larger altitudes (see Section 3.3.5.2). For wind direction (WD),
the CFSR values at 10mMSL were adopted for all altitudes.

8.1.1 Time series and annual statistics

A time-series of modelled wind speeds at 10mMSL (U10) and 100mMSL (Uio0) at HKW2019 are
shown in Figure 8.1, and annual statistics of wind speeds are summarised in Table 8.1. The
mean wind speed is 8.2m/s at 1:0mMSL and 9.8m/s at 100mMSL.

Table 8.1 Annual statistics of wind speed at HKW2019 based on modelled wind speed data (1979-01-
15 to 2019-12-31)

Parameter Number of data points Mean Min Max STD
Uio [m/s] 359,064 8.2 0.0 29.6 4.0
Ueo [m/s] 359,064 9.4 0.0 33.9 4.6
Uioo [M/s] 359,064 9.8 0.0 35.2 4.7
U120 [M/S] 359,064 9.9 0.0 35.7 4.8
Uieo [M/S] 359,064 10.1 0.0 36.5 4.9
U200 [M/s] 359,064 10.3 0.0 37.1 5.0
Uzso [m/s] 359,064 10.5 0.0 37.7 5.1
Usoo [M/S] 359,064 10.6 0.0 38.2 5.1
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Figure 8.1  Time-series of modelled wind speeds at HKW2019 for 10mMSL (U10) a 100mMSL (Uz1o0)
over the period 1979-01-15 to 2019-12-31

Wind roses and wind speed direction occurrence tables

Average annual wind roses at HKW2019 for 10mMSL and 100mMSL altitudes are presented in
Figure 8.2. The strongest and most frequent winds are from south-westerly directional sectors
(210°N and 240°N). Corresponding frequency of occurrence tables are provided in Table 8.2
and Table 8.3. Annual and monthly wind roses and corresponding frequency of occurrence
tables for other altitudes as well as monthly roses and tables for all altitudes are provided in
Appendix F.
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Figure 8.2  Average annual wind rose at HKW2019 for altitudes at 1:0mMSL (upper panel) and

100mMSL (lower panel)
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Table 8.2 Frequency of occurrence [%] of wind speed at 10mMSL (U10) and wind direction at HKW2019

WD [°N]
Fr;‘}s] 0 30 60 90 | 120 | 150 | 180 210 240 270 300 330 | Total
[02[ | 029 | 028 | 027 | 024 | 026 | 026 | 027 | 031 0.31 0.31 031 | 031 3.40
[2-4f | 092 | 0.86 | 084 | 0.80 | 0.77 | 079 | 0.80 | 0.97 1.10 1.08 1.03 | 098 | 10.94
[46[ | 1.37 | 1401 | 141 | 132 | 119 | 109 | 129 | 176 1.93 1.61 152 | 141 | 17.30
[6-8[ | 155 | 1558 | 147 | 153 | 129 | 115 | 141 | 237 2.54 2.09 172 | 156 | 20.22
[g-10[ | 115 | 116 | 129 | 1.20 | 090 | 088 | 123 | 247 2.78 2.04 1.66 | 1.43 | 18.19
[10-12[| 070 | 055 | 068 | 0.67 | 055 | 048 | 091 | 200 2.36 1.68 120 | 1.02 | 12.80
[12-14[| 033 | 021 | 027 | 038 | 029 | 024 | 0.64 | 147 1.79 1.16 079 | 063 8.20
[14-16[| 016 | 0.10 | 008 | 021 | 0.09 | 010 | 036 | 1.04 1.12 0.79 042 | 032 4.77
[16-18[ | 006 | 0.03 | 0.04 | 0.07 | 0.02 | 0.04 | 019 | 0.60 0.66 0.45 026 | 0.15 2.56
[18-20[| 002 | 0.01 | 001 | 001 | 001 | 001 | 0.08 | 0.29 0.28 0.21 0.10 | 0.074 | 1.09
[20-22[ | 0.01 - - - - 0.03 | 012 0.08 0.08 0.04 | 0.02 0.38
[22-24[| - - - - - - 0.01 | 0.04 0.03 0.03 | 0.014 - 0.11
[24-26[| - - - - - - - 0.01 0.01 0.01 - - 0.03
[26-28[ | - - - - - - - - - - - - 0.01
Total | 655 | 6.16 | 6.35 | 6.42 | 537 | 505 | 7.23 | 1343 | 14.96 | 1154 | 9.06 | 7.89 100
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Table 8.3 Frequency of occurrence [%)] of wind speed at 100mMSL (U100) and wind direction at HKW2019
]
[nf’/l] WD [°N]
0 30 60 90 120 150 180 210 240 270 300 330 Total
[0-2[ | 0.21 | 0.20 0.19 0.17 0.18 0.19 0.19 0.22 0.21 0.21 0.22 0.23 2.41
[2-4] | 0.66 | 0.62 0.61 0.55 0.54 0.57 0.58 0.66 0.75 0.73 0.71 0.68 7.66
[4-6] | 1.04 | 1.04 0.98 0.95 0.88 0.86 0.94 1.22 1.38 1.25 1.16 1.06 12.75
[6-8[ 1.26 1.29 1.26 1.27 1.10 0.97 1.18 1.77 1.83 1.53 1.37 1.30 16.12
[8-10[ | 1.25 1.27 1.25 1.26 1.02 0.93 1.16 2.06 2.30 1.81 1.48 1.32 17.11
[10-12[ | 0.91 0.90 1.04 0.92 0.71 0.70 1.01 2.06 2.32 1.69 1.36 1.17 14.79
[12-14[ | 0.61 0.48 0.57 0.55 0.48 0.41 0.78 1.69 2.00 1.45 1.00 0.86 10.87
[14-16[ | 0.31 0.20 0.28 0.38 0.29 0.23 0.57 1.31 1.63 1.03 0.73 0.59 7.54
[16-18[ | 0.17 0.11 0.10 0.22 0.11 0.12 0.39 1.01 1.09 0.77 0.45 0.35 4.88
[18-20[ | 0.09 .05 0.05 0.11 0.03 0.05 0.22 0.66 0.76 0.53 0.30 0.17 3.02
[20-22] | 0.03 | 0.01 0.02 0.03 0.02 0.01 0.12 0.41 0.42 0.29 0.15 0.10 1.62
[22-24] | 0.01 - 0.01 - - - 0.06 0.20 0.19 0.15 0.07 0.05 0.75
[24-26] | 0.01- - - - - - 0.02 0.10 0.06 0.06 0.04 0.02 0.31
[26-28[ - - - - - - 0.01 0.04 0.02 0.03 0.02 - 0.10
[28-30[ - - - - - - - 0.02 0.01 0.01 - - 0.04
[30-32] | - - - - - - - 0.01 - - - - 0.02
Total 6.55 6.16 6.35 6.42 5.37 5.05 7.23 13.43 14.96 11.54 9.06 7.89 100
8.1.3 Weibull parameters

Weibull parameters (for normal wind speeds) have been calculated for omnidirectional wind
conditions and for 12 x 30° directional sectors at altitudes between 10mMSL and 300mMSL.
Table 8.4 summarises the Weibull parameters at HKW2019 based on 41 years of modelled wind
data. The shape parameter k of the Weibull distribution gives an indication of the spread of the
normal wind speed distribution, while the scale parameter A signifies the mean wind speed of
the distribution. The corresponding histograms are provided in Appendix F.
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Table 8.4 Weibull parameters (A scale and k shape) for normal wind speeds at specified altitudes z [MMSL] for omni-
directional and 12 x 30° directional bins at HKW2019
z WD [°N]
Parameter
[mMMSL] Omni | 0 | 30 | 60 | 90 | 120 | 150 | 180 | 210 | 240 | 270 | 300 | 330
All Shape, k [-]
: 217 | 222 | 233 | 236 | 2.30 | 226 | 2.18 | 2.14 | 2.32 | 2.41 | 2.23 | 2.16 | 2.16
heights
10 Scale, A [m/s] 929 | 808|770 | 795 | 835 | 7.8 | 7.79 | 9.29 | 10.65|10.62 [ 10.21 | 9.38 | 8.94
60 Scale, A [m/s] 10.62 | 9.24 | 8.80 | 9.09 | 9.54 | 8.96 | 8.90 |10.62 |12.18 | 12.14 | 11.67 | 10.72 | 10.22
100 Scale, A [m/s] 11.03 | 9.60 | 9.14 | 9.45 | 9.91 | 9.30 | 9.25 | 11.04 | 12.65 | 12.61 | 12.12 | 11.14 | 10.62
120 Scale, A [m/s] 11.18 | 9.73 | 9.27 | 9.58 | 10.05| 9.43 | 9.37 |11.19|12.82|12.79 | 12.29 | 11.29 | 10.76
160 Scale, A [m/s] 11.43 | 9.94 | 9.47 | 9.79 | 10.27 | 9.64 | 9.58 | 11.43|13.10 | 13.07 | 12.55 | 11.54 | 11.00
200 Scale, A [m/s] 11.62 |10.11| 9.63 | 9.95 | 10.44 | 9.80 | 9.74 |11.62 |13.32|13.29 | 12.77 | 11.73 | 11.18
250 Scale, A [m/s] 11.81 |10.28 | 9.79 | 10.12 | 10.61 | 9.96 | 9.90 |11.82|13.55|13.51 |12.98 | 11.93 | 11.37
300 Scale, A [m/s] 11.98 |10.42| 9.93 | 10.26 | 10.76 | 10.10 | 10.04 | 11.98 | 13.73 | 13.69 | 13.16 | 12.09 | 11.53
8.1.4 Persistence of wind speed
The persistence (also known as weather window and/or downtime) is defined as a continued
occurrence of a given minimum duration during which a given parameter’s value remains higher
or lower than a given threshold.
A weather window is defined as a continued occurrence during which the given conditions
(duration and threshold) are fulfilled, while downtime is defined as the remainder periods (i.e. all
periods that are not weather windows). The sum of weather windows and downtime for any
given condition thus equals 100% of the time.
The durations may be defined as either ‘Overlapping’ or ‘Non-overlapping’. Overlapping duration
refers to persistence that includes the fraction of duration at the end of each weather window,
while non-overlapping duration includes whole number of windows only. Overlapping duration
thus results in higher occurrence of weather windows (and lower occurrence of downtime). The
thresholds may be defined as being either above or below a given value depending on what is
critical for the parameter in question. The results in this report follow the ‘Overlapping’ method.
An illustration of persistence for 1 month (31 days) is shown in Figure 8.3. As an example, the
persistence for an overlapping duration = 1 day (24 hours) and a threshold Hmo < 4.0m yields
weather windows of 93.2% of the time (28.9 days) and corresponding downtime of 6.8% (2.1
days) during that particular month.
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Figure 8.3 lllustration of persistence for one month (example only)

The uncertainty related to yearly variations may be estimated by calculating the persistence
statistics for each available year and subsequently derive the mean, standard deviation, and/or
any given certainty percentile. A percentile (P) above 50% in this case refers to a more
conservative estimate (i.e. less weather windows and more downtime) and vice versa.

The persistence statistics are presented in graphical and tabular format as a percentage of time
during each considered interval (e.g. month). Windows stretching through more than one
interval contributes with a corresponding fraction of the window to each of the intervals.

The persistence analysis was conducted for the following parameters:

e« Window durations of 1, 2, 4, 6, 12, 24, 48 and 72 h

» Wind speed from CFSR thresholds of 2, 4, 6, 8, 9, 10, 11, 12, 15, 20 and 25 m/s
o Percentiles of 20, 50 and 80%

« For all specified heights (10, 60, 100, 120, 160, 200, 250 and 300 mMSL)

o For annual and monthly conditions

An example of wind speed persistence statistics at HKW2019 are is provided for Uxo (Figure 8.4)
and Uioo (Figure 8.5) for a window of 24 hours and the 50-percentile (overlapping method). The
statistics are based on 41-year of modelled wind speeds (1979 — 2020). The vertical bars in the
plots (upper panel of figures) and the values between parenthesis in the corresponding tables
(lower panel of figures) indicate the standard deviation for each threshold and month. Results
for other altitudes, window durations and percentiles are provided in Appendix G.
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Figure 8.4  Persistence (weather window) of wind speed at 10mMSL (Uio) at HKW2019 for a window duration of 24 hours (50-percentile, overlapping) for various

specified wind speed thresholds. Vertical bars (upper panel) and values between parentheses (bottom) indicate the standard deviation for each threshold and
month
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Persistence (weather window) of wind speed at 100mMSL (Uio0) at HKW2019 for a window duration of 24 hours (50-percentile, overlapping) for various

specified wind speed thresholds. Vertical bars (upper panel) and values between parentheses (bottom) indicate the standard deviation for each threshold and

month.
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Wind energy spectra

The Frgya spectrum as recommended by ISO 19901-1:2005 (E) [29] is suggested to estimate
the wind energy spectrum at HKW at different heights. The comparison between different wind
energy spectra was realised during the HKZN study [3] — section 9.1.5, and the Frgya spectrum
was found to be the best and easiest profile to apply for offshore areas. The Frgya spectrum is

defined as below (Eqg. (8.1).
320 (Z_:)z (ZZ—r)MS

S = — % 8.1)
(1 + fn)3n
Where u, is the 1h-wind speed at the reference level z,
u, is the reference wind speed (10m here)
z is the height above mean sea level
n = 0.468 is a coefficient
2
_ Z\3 uo —-0.75
= 1726(~)" (22)
f ) & (8.2)

Where f is the frequency in cycles per second between 0.00167Hz and 0.5Hz.

There were no available long-term raw high-frequency data at HKW to enable the assessment
of wind spectra at high resolution. As a result, it is not possible to fit the wind energy spectra
with the Frgya spectrum.

However, the hourly corrected CFSR wind data at 10m at HKW2019 and the 10-min wind
observations at HKNA, HKNB, HKWA, HKWB and HKWC have been used to estimate the wind
spectra and to characterize its trends at lower frequencies. The wind energy spectrum for 41
years (1979-2020) at HKW2019 based on CFSR data is shown in and is provided at 10m, 60m,
100m, 120m, 160m, 200m, 250m and 300m (the method to extrapolate from10m to higher levels
is provided in Section 3.3.5.2). The wind energy spectra based on wind speed observations at
the measurements stations HKNA, HKNB, HKWA, HKWB and HKWC at 30m, 40m, 60m, 80m,
100m, 120m, 140m, 160m, 180m, 200m and 250m (recording heights) are also shown in Figure
8.7 to Figure 8.9. Please note that the observational spectra are restricted to the measurement
period. Given the gaps in wind measurements at HKNB in 2018 (Figure 8.6), the wind spectrum
shown in Figure 8.7 (right panel) is based on 1 year measurement only. These gaps can
introduce a wrong estimation of the wind energy at some frequencies, which result in peaks of
low energy.

HKNB (4.24E:;52.68N;30.00mMSL) ;‘1595 g‘g:” :‘)"7"(‘) 2“9“2‘3 fg‘;
Time series (2017-04-01 - 2019-03-31) . . . .
T T T T T

TrTTTTT

Time series of wind speed at 30mMSL measured at HKNB for the period 04.2017-04.2019
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Wind spectra HKNB
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Figure 8.7  Wind energy spectrum at HKNA (left) and HKNB (right) based on observations [04.2017-04.2019 for
HKNA, 04.2017-04.2018 for HKNB] — all levels [30m, 40m, 60m, 80m, 100m, 120m, 140m, 160m, 180m
and 200m]. power spectrum on the y-axis and frequency on the x-axis
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Figure 8.8 Wind energy spectrum at HKWA (upper left), HKWB (upper right) and HKWC (lower left) based on

observations [02.2019-11.2019] — all levels [30m, 40m, 60m, 80m, 100m, 120m, 140m, 160m, 180m, 200m
and 250m]. Power spectrum on the y-axis and frequency on the x-axis
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Wind spectra HKW2019
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Figure 8.9 Wind energy spectrum at HKW2019 based on the corrected CFSR wind fields [01.1979-
12.2019] — all levels [10m, 60m, 100m, 120m, 160m, 200m, 250m and 300m]. Power
spectrum on the y-axis and frequency on the x-axis

Similar trend of wind energy power spectrum values are observed in the atmospheric model
CFSR at the location HKW2019 for the 41-years analysis and in the observations at HKNA,
HKNB, HKWA, HKWB and HKWC for low frequencies, i.e. between 10*Hz (~3 hours) and 10
6Hz (~12 hours). High-frequency variations of the wind energy spectrum visible in the observed
spectra (between 10*Hz (~3 hours) and 10-3Hz (~20 minutes)) are not found in the CFSR
dataset as the model temporal resolution is 1 hour compared to 10min for the measurements.

Seasonal variations (~3 months) are clearly seen from both CFSR and measurements wind
spectral with peaks around 5.5% Hz (between 10-® Hz and 107 Hz). The differences between
various measurement stations and CFSR are mainly due to the duration of each dataset.

The wind energy spectra do not vary much between heights and between the stations except for
the peaks. The wind energy is higher for low frequencies and decreases at higher frequencies.
In addition, in both datasets, the wind energy increases with the height.

Wind turbulence intensity

Wind turbine hub heights are usually located in the atmospheric boundary layer, which is highly
turbulent. Wind turbulence can affect wind turbines’ performance. It is defined as the ratio
between the standard deviation ¢ to the horizontal wind speed with the mean wind speed u (see
Eq.8.3):

TI = id
Tu (8.3)
where T1 is the turbulence intensity
o is the standard deviation [m/s]
u is the mean of the wind speed for a 10-min period [m/s]

Several models can be used to estimate the turbulence intensity. In this study, we focused on
the four turbulence intensity models: the Offshore Normal Turbulence model (ONT), the Normal
Turbulence Model (NTM), the model from the International Organization for Standardization
(ISO) and a linear model based on ISO.
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ONT model
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The ONT model accounts for wind-wave interaction with the Charnock equation and adjusts for
the influence of atmospheric stability through empirical turbulence scaling functions for the
unstable atmospheric boundary layer [30]. The model showed good performance in Asia,
Europe and USA and performed better than the NTM model. The ONT model is defined as:

where

et w3

TIONT =k + ATI

0.14
ATI = 0.0124 + A

_ (1 15z Ya
x=(1-)

(8.4)

(8.5)

(8.6)

(8.7)

(8.8)

(8.9)

(8.10)

where C,x is the normalised standard deviation of wind speed over 10-min period in free
convection layer [constant]
Cyr is the standard deviation of wind speed over 10-min period under neutral conditions

[constant]

» Is the specific heat at constant pressure [J/kg/K]

H, is the surface heat flux [W/m?]

L is the Monin-Obukhov length [m]

z is the height above ground level [m]

z, is the surface roughness length [m]

T is the surface temperature [°C]

z; is the atmospheric boundary layer height [m]
u, is the friction velocity [m/s]

b, s the slope in the linear relationship between u, and the wind speed V
[constant=0.04]

ATI is the difference between the 90™ percentile of Tl for a wind speed bin and the mean

TI

v, is the kinematic viscosity of the air [constant=14.10-6 m?/s]

NTM model

The NTM model is recommended by the IEC [31]

5.6
Tl = oy (0.75 + 7)
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where I, is the standard turbulence intensity in IEC 61400-3 [31]. It is defined equal to 0.16 for

the version NTMa, 0.14 for the version NTMb and 0.12 for the version NTMc depending on the
turbulence intensity sites.

ISO model
The ISO model is recommended by ISO 19901-1 [32] to estimate the turbulence intensity and is
defined as:

7\—0.22
TI = 0.06[1 + 0.043U,,,] (Z) ©.12)

where U, is the 1-hour wind speed at height z[m/s]
z, is the reference height [m]

Linear model
Due to its more conservative nature, the linear model is recommended by ISO 19901-1 [32] as
well.

-0.2

TI = 0.087 <1 +0302 (15 1)) (1) (8.13)

A summary of the variables and coefficients implemented in Eq 8.4 to Eq 8.13 is given in Table
8.5.

Table 8.5 Definition of the variables used in the different turbulence intensity models

Model Variable Value/description
Cnt 25
Ho 2 [W/m?]
Cwmx 0.7
b1 0.04
A 0.0185
ONT 2 800 [m]
Co 1000 [J/kg'K]
P 1.225 [kg/m?]
T 15 [°C]
1Pm(%) Equal to zero
Iret (NTMa) 0.16
NTM Iref (NTMb) 0.14
Iret (NTMC) 0.12
ISO Z, 10 [m]

In this study, the turbulence intensity is provided at two levels: 100m and 120m according to the
scope of work. The analysis was based on the calculated turbulence intensity by Fugro at
stations HKNA, HKNB, HKWA, HKWB and HKWC. The data at HKNA and HKNB cover 2 years
(04.2017-04.2019) while the data at HKW cover a maximum period of 9 months (02.2019-
10.2019, see Section 3.2.1 for data availability at each of the buoys).

When not directly measured, the turbulence intensity can be derived from the wind speed and
the standard deviation (See Eq 8.3). The turbulence intensity at the stations OWEZ, ljmuiden,

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS

DA

EPL and K13a where LIiDARs were deployed over the last 3 years and where wind
measurements until 290m height are available, are not shown here. Indeed, no updated
measurements are available for 2019 and the analyses on the available period have been
provided in the HKN study [2].

Presented in Figure 8.10 to Figure 8.14 are the variations of the observed turbulence intensity,
its mean and its 90" percentile at HKNA, HKNB, HKWA, HKWB and HKWC. The results are
similar at the HKN and HKW OWF areas. The ONT model reproduces well the mean turbulence
intensity. It underestimates however the 90" percentile, while the NTMc model seems to fit
better the observations, especially for wind speeds larger than 10m/s. The linear models ISO
and ‘Linear’ tend to underestimate the turbulence intensity for all ranges of wind speed. It is
recommended to use the NTM models for design at the Hollandse Kust (west) OWF area as it
reproduces best the 90t percentile of the turbulence intensity.
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Figure 8.10 Observed turbulence intensity at 100m (left) and 120m (right) and fitting models at HKNA [04.2017-
04.2019]
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Figure 8.11 Observed turbulence intensity at 100m (left) and 120m (right) and fitting models at HKNB [04.2017-
04.2019]
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Figure 8.12 Observed turbulence intensity at 100m (left) and 120m (right) and fitting models at HKWA [02.2019-
10.2019]
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Figure 8.13 Observed turbulence intensity at 100m (left) and 120m (right) and fitting models at HKWB [02.2019-
08.2019]
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Figure 8.14 Observed turbulence intensity at 100m (left) and 120m (right) and fitting models at HKWC [08.2019-
10.2019]

144 hkw_20201204_mds_dhi_hollandse_kust_(west) metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS %
DHI

The directional analysis of the measured turbulence intensity Tl (i.e. distribution of TI for
different wind direction sectors) at the stations HKNA, HKNB, HKWA, HKWB and HKWC is
shown in Figure 8.15 to Figure 8.24. The mean and the 90™ percentile of the turbulence intensity
are presented at each station and at two heights (100m and 120m) in the following figures. The
turbulence intensity is in general higher at low wind speeds for all wind directions. Slightly larger
turbulence intensities are found at HKW in comparison to HKN.

mean HKNA z=100m

05
NW [0.23 |0.22 |0.19 |0.17
W |0.24(0.23 0.2 [0.16 04
]
SW [0.23 0.2 Mq -
S slo22/02 |o. i 03
2 =
o =
& SE|0.22(0.210.47 .
0.2
E |0.26 [0.21 .
NE |0.23 |0.19 fﬂ Al 0.1
N |0.22|0.21 047 N
1 1 0
2 5 8 1 14 17 20 23
Wind speed [m/s]
90th perc HKNA z=100m
. ey 0.5
NW [0.32 (0.32 [0.28 [0.25 [0.22 [0.19 [0.18 |0. 0.17{0.16 [0.16 |0.16 (0.16 |0.16
W (0.330.33 [0.29 |0.25 (0.2 |0.18 [0.17 |0.1 63
SW [0.330.32 0.24 |0.21 [0.18 |0.17 -
S 031031026 0.22|0.19|0.18 [0.16! R L
[%] O
[l f =
= SE|0.31]0.3 |0.26(0.22|0.2 |0.19(0.18|0.16 | B =
=} ) A | - 0.2
E 0.31(0.230.22 (0.2 |0.18 |0.17 |0.17 i € #n‘:‘_fc B
NE [0.330.29 [0.24 |0.21 [0.19|0.18 [0.17 ] - 0.1
N 0.320.26 [0.24 [0.2 |0.19 [0.17 |0.16 .16 0.16 .
il ik ; i
0

2 5 8 11 14 17 20 23
Wind speed [m/s]

Figure 8.15 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence

intensity as a function of the wind direction and wind speed at 100m at HKNA [04.2017-
04.2019]
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Figure 8.16 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence
intensity as a function of the wind direction and wind speed at 120m at HKNA [04.2017-
04.2019]
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Figure 8.18 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence

intensity as a function of the wind direction and wind speed at 120m at HKNB [04.2017-
04.2019]
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Figure 8.19 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence
intensity as a function of the wind direction and wind speed at 100m at HKWA [02.2019-
10.2019]
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Figure 8.20 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence

intensity as a function of the wind direction and wind speed at 120m at HKWA [02.2019-
10.2019]

150 hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS %
DHI

mean HKWB z=100m

T 05
NW |0.28 [0.23 |0.18 |
W [0.29 |0.21 g b
SW |0.27 0.2
S sloze|04s | 03
5 E
= SE 027021 B &
2] 02
E [0.27|0.22 -
NE [0.29 [0.23 |0.16 — 0.1
N [0.26 0.21|0.17 g
1 1 1 0
2 5 8 1 14 17 20 23
Wind speed [m/s]
90th perc HKWB z=100m
” — T 05
NW 0.27 0.21(0.18 |0.17 |0.17 |0.17 |0.17 0.17 0.16 | 0.16 | 0.17 |0.16 |0.16 | -
w 0.330.23 018|016 | -
swW 0.310.21 [0.16
& sl037]031 021 | 03
3 =
= SE 0.32 0.2 g =
o i 0.2
E 0.23 |0.16 E
NE 0.24 |0. . 0.1
N 0.23 |
1 1 1 0

Wind speed [m/s]
Figure 8.21 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence

intensity as a function of the wind direction and wind speed at 100m at HKWB [02.2019-
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Figure 8.22 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence

intensity as a function of the wind direction and wind speed at 120m at HKWB [02.2019-
08.2019]
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Figure 8.23 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence

intensity as a function of the wind direction and wind speed at 100m at HKWC [08.2017-
10.2019]
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Figure 8.24 Observed mean (upper panel) and 90" percentile (bottom panel) of the wind turbulence
intensity as a function of the wind direction and wind speed at 120m at HKWC [08.2017-
10.2019]

8.1.7 Spatial variations of wind speed and direction

The mean wind speed over the 41-year model period (1979-2020) at altitudes of 10mMSL,
100mMSL and 300mMSL are shown in Figure 8.25 to Figure 8.27. The mean wind speed at
10mMSL increases from 8.1m/s in the southeast to 8.3m/s in the northwest of the HKWWFZ.
This pattern is repeated for 100mMSL (mean values from 9.6m/s to 9.9m/s) and 300mMSL
(mean values from 10.4m/s to 10.7m/s).

The spatial variation in the dominant wind direction at 10mMSL is shown in Figure 8.28. The
dominant wind direction varies only slightly over the HKWWFZ, from ~228°N (coming from) in
the southwest to around ~235°N (coming from) in the northeast (corresponds to a variation of
the dominant wind direction of approximately 7° within the site).
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Figure 8.25 Map of mean wind speed at 10mMSL (U10). White lines show the contours of constant mean wind speed

and black lines show the HKWWFZ (1979-2020). Please note that the contours of the Wind Farm Sites
within the HKWWFZ are preliminary only and no rights can be derived from it
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Figure 8.26 Map of mean wind speed at 100mMSL (U100). White lines show the contours of constant mean wind

speed and black lines show the HKWWFZ (1979-2020). Please note that the contours of the Wind Farm
Sites within the HKWWFZ are preliminary only and no rights can be derived from it
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Figure 8.27 Map of mean wind speed at 300mMSL (U300). White lines show the contours of constant mean wind
speed and black lines show the HKWWFZ (1979-2020). Please note that the contours of the Wind Farm
Sites within the HKWWFZ are preliminary only and no rights can be derived from it
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Figure 8.28 Dominant wind direction at 10mMSL. White lines show the contours of constant domain wind direction and
black lines show the HKWWFZ. Please note that the contours of the Wind Farm Sites within the HKWWFZ
are preliminary only and no rights can be derived from it
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8.2 Water levels

The normal water level conditions at HKW2019 are described below. The analyses are based
on the modelled data for the period 1979-01-15 to 2019-12-31, as described in Section 4.3, with
a temporal resolution of 15 minutes.

Absolute values are reported relative to mean sea level (MSL) and to lowest astronomical tide
(LAT); however, all graphs present the results referenced to MSL only. The distance MSL-LAT
extracted from the model results was applied afterwards to convert levels relative to MSL at
equivalent levels referenced to LAT, see Section 8.2.2.

8.21 Time series and annual statistics

Time series and mean annual statistics of water levels at HKW2019 are shown in Figure 8.29
and Table 8.6. These table and figure include the total water levels as well as the tidal and
residual components. The tidal and residual components were separated using the method
stated in Section 4.3.6.

Table 8.6 Annual statistics of water levels at HKW2019

Parameter Number of data points Mean Min Max STD
WLtot [mMSL] 718,127 0.0 -1.8 25 0.4
WLtot [MLAT] 718,127 0.9 -0.9 34 0.4
WLtid [mMSL] 718,127 0.0 -0.9 0.9 0.4
WLtid [mLAT] 718,127 0.9 0.0 1.8 0.4
WLres [m] 718,127 0.0 -1.7 2.3 0.3
HKW2019 (552085.77E;5843308.34N;26.46mMSL) N MEAN MIN MAX STD NAN
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Figure 8.29 Time series of water levels at HKW2019

8.2.2 Astronomical water levels

The astronomical values of WL presented in Table 8.7 were derived from the modelled tidal
water levels time series at HKW2019 as follows:

e HAT: maximum predicted WL

« MHWS: average of the two successive high waters reached during the 24 hours when the
tidal range is at its greatest (spring tide)

« MHNW: average of the two successive high waters reached during the 24 hours when the
tidal range is at its lowest (neap tide)

e MSL: mean predicted WL

« MLWN: average of the two successive low waters reached during the 24 hours when the
tidal range is at its lowest (neap tide)
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« MLWS: average of the two successive low waters reached during the 24 hours when the
tidal range is at its greatest (spring tide)
e LAT: minimum predicted WL

Astronomical water levels were derived based on 25 years of data-assimilated hydrodynamic

results, from 1994 to 2019, which constitute a time period larger than a full metonic cycle

(~19 years).

Table 8.7 Astronomical tide levels at HKW2019
Parameter HAT MHWS MHWN MSL MLWN MLWS LAT
mMSL 0.8 0.6 0.3 0.0 -0.3 -0.6 -0.9
mLAT 1.7 1.5 1.2 0.9 0.6 0.3 0.0

8.2.3 Spatial variations of water levels under normal conditions

Spatial variations of selected astronomical tide levels (HAT and MSL - relative to LAT) across
the HKWWFZ are shown in Figure 8.30 and Figure 8.31 respectively.

HAT varies by about 0.4m across the HKWWFZ, from 1.45mLAT in the Southwest to 1.85mLAT
in the Northeast. MSL varies by approximately 0.32m, from 0.64mLAT in the South-west to
0.96mLAT in the Northeast of the HKWWFZ.

160 hkw_20201204_mds_dhi_hollandse_kust_(west) metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS %
DHI

[m]

5855000

5850000

5845000

5840000

5835000

5830000 | HAT m]
i 1.85
1 1.80

5825000 +: 1.75
] 1.70
1 1.65

5820000 1.60
] 1.565
1 150

5815000 145
] 1.40

Undefined Value

540000 550000 560000
[m]

Figure 8.30 Spatial variations of astronomical tide level HAT (relative to LATL) across HKW Wind Farm Area. White
lines show the contours of constant water level and black lines show the HKWWFZ. Please note that the
contours of the Wind Farm Sites within the HKWWFZ are preliminary only and no rights can be derived
from it
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Figure 8.31 Spatial variations of astronomical tide level MSL (relative to LAT) across HKW Wind Farm Area. White
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lines show the contours of constant water level and black lines show the HKWWFZ. Please note that the
contours of the Wind Farm Sites within the HKWWFZ are preliminary only and no rights can be derived
from it

Climate change considerations (sea level rise)

As a consequence of global warming, sea levels could rise over the next decades. Main
reasons, e.g. melting of glaciers and ice or expansion of water due to warming, were discussed
intensively in numerous publications over recent years.

The latest report from the UN Intergovernmental Panel on Climate Change (IPCC), the fifth
assessment report on climate change, AR5, indicates a likely range of sea level rise by year
2100 between 0.3m and 1.0m relatively to the period 1986-2005 (see Figure 8.32). The main
contributions to this very likely sea level rise are ocean warming and increased loss of mass
from glaciers and ice sheets [33]. The likely range of sea level rise is indicated for various
representative concentration pathways (RCP), which correspond to various scenarios/
trajectories of greenhouse gas emissions and concentration (as well as other pollutant and land
use). Each RCP scenario is labelled according to the radiative forcing in 2100 relative to 1750
(in W/m?2). RCP2.6 is a stringent mitigation scenario where greenhouse emissions are gradually
decreased during the 215t century. On the contrary, RCP8.5 corresponds to a very high
greenhouse gas emissions scenario (i.e. no efforts to lower emissions).
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Relative regional changes in sea level rise compared to the global mean, as estimated in the
AR5 report, are shown in Figure 8.33. This figure shows that sea level rise around the project
site is expected to be within £10% of the global mean value.

IPCC AR5 findings have also been adapted to the situation in the Netherlands in KNMI’14
scenarios [34], as well as to the UK via the UK climate projections 2018 (UKCP18, [35]).
KNMI'14 provides estimates of the mean sea level along the North Sea Coast of the
Netherlands for four different climate scenarios, corresponding to two global temperature
increases (“G” moderate and “W” warm) and two changes in air circulation pattern. The four
scenarios cover the likely climate changes in the Netherlands. The UKCP18 projections provide
data around the UK coastline, for the same scenarios as the IPCC (RCP2.6, 4.5 and 8.5).
Results have been extracted at grid point E1.75°; N52.83°, closest grid point along the UK
coastline to the project area. The estimates from both these sources have been combined into
Figure 8.34, despite slightly different reference periods for the calculation of the sea level
anomaly.

Disregarding the reference period, KNMI sea level rise estimates are in line with the IPCC AR5
estimates, while the UKCP18 estimates are slightly more conservative (approximately +5% on
median estimate and +18% on 95% estimate for the 2100 horizon).

Assuming the wind farm to be in operation no later than 2025 and until 2050, by 2050 the likely
range of global sea level rise is estimated to be 0.15 to 0.33m. Hence, it is recommended to
apply a 0.3m contribution from sea level rise by 2050 in the design. This corresponds to the
upper bound of KNMI'14 moderate climate scenario.

It should also be mentioned that climate changes may also result in an increase of storm events
(frequency and intensity) in the future. Stronger wind speeds could result in larger wave heights
and higher surge events.

It should be noted that normal and extreme value analyses in this report were based on hindcast
data, which considered past storm events, but which did not take into account any future
changes due to climate changes. The recommended value for sea-level rise should therefore
be added when relevant, for example, to the astronomical tide and extreme crest levels. It is
also noted that currents (including changes to large scale oceanic currents) are not addressed in

this study.
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Figure 8.32 Projected mean global sea-level rise until 2100 relative to 1986-2005 from IPCC AR5 [33].
Time series of projections and a measure of uncertainty (shaded areas) are shown for
scenarios RCP2.6 (blue) and RCP8.5 (red), thereby showing the likely range of sea-level
rise. The number of models used per scenario is indicated. The vertical bars on the right
show the uncertainties averaged over the period 2081-2100, with mean values indicated as
horizontal lines
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Figure 8.33 Percentage of the deviation of the ensemble mean regional relative sea level change
between 1986-2005 and 2081-2100 from the global mean value.

The figure was computed for RCP4.5 but to first order is representative for all RCPs. Source: [36]. Project
location is indicated by a green circle, indicating that the relative regional changes around the Netherlands
are expected to be within £10% of the global sea level rise.
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Figure 8.34 Mean sea level anomaly for 2007 to 2100 from UK Climate Projections 2018 [35]
(Lines corresponding to the 5, 50 and 95 percentiles, relative to 1981-2000) and from KNMI [34] (squares

and triangles corresponding to the lower and upper bound of the 90% probability range, relative to 1995,
“G” for moderate and “W” for warm scenario)
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8.3 Currents

The normal current conditions at HKW2019 are described below. These analyses are based on
the modelled data for the period 1979-01-15 to 2019-12-31, as described in Section 4.3. The
temporal resolution of the modelled currents is 15 minutes.

Modelled depth-averaged currents were transformed to equivalent current at various water
depths (5, 25, 50 and 75% of the water column as well as near surface) as described in 8.3.3,
based on a combination of power law and linear profiles. Near-surface currents were derived at
1m below the surface.

Unless stated otherwise, the values and graphs presented in this section correspond to depth-
averaged currents.

8.3.1 Time series and annual statistics

Time series and mean annual statistics of currents at HKW2019 are shown in Figure 8.35,
Figure 8.36 and Table 8.8, for all required depths. Residual currents are small on average.
However, their maximum intensity is comparable to intensity of maximum tidal currents. For
normal conditions, i.e. Q50%-ile < CSresia < Q90% residual currents are below 0.1m/s and are
constant through the water column (see Section 8.3.3), therefore, Table 8.8 provides the
statistics of residual currents only for the depth-averaged HDowr2020 model results. Annual
statistics of total and tidal current speeds at different depths are obtained using theoretical
profiles as described in section 8.3.3.

Table 8.8 Annual statistics of current speeds at different depths at HKW2019. Applied vertical profiles
are detailed in Section 8.3.3

Depth Parameter Number. of Mean Min Max STD
data points

CStot,depth-int [M/S] 1,436,253 0.4 0.0 1.1 0.2
Depth-averaged CStid,depth-int [M/S] 1,436,253 0.4 0.0 0.9 0.2

CSres,depth-int [M/S] 1,436,253 0.1 0.0 0.8 0.1
95% of water column CStot,surt [M/S] 1,436,253 0.5 0.0 1.3 0.2
(near surface) CStid,surt [m/s] 1,436,253 0.5 0.0 1.1 0.2

CStot,75% [M/S] 1,436,253 0.5 0.0 1.2 0.2
75% of water column

CSitid, 75% [M/S] 1,436,253 0.5 0.0 1.1 0.2

CStot,50% [M/S] 1,436,253 0.5 0.0 1.2 0.2
50% of water column

CSitid,509% [M/S] 1,436,253 0.5 0.0 1.0 0.2

CStot,25% [M/S] 1,436,253 0.4 0.0 1.1 0.2
25% of water column

CSitid,25% [M/S] 1,436,253 0.4 0.0 0.9 0.2

CStot,5% [M/S] 1,436,253 0.3 0.0 0.8 0.1
5% of water column

CSitid,5% [M/S] 1,436,253 0.3 0.0 0.7 0.1
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Figure 8.35 Time series of depth-averaged total, tidal and residual current speeds at HKW2019
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Figure 8.36  Time series of total and tidal current speeds at HKW2019 near surface and at 75, 50, 25 and
5% of the water column

Current roses and current speed-direction occurrence tables

Mean annual current roses and joint-occurrence tables for HKW2019 are presented in Figure
8.37 and Table 8.9 for total, tidal and residual depth-averaged currents. The current roses show
the dominance of the tidal currents flowing along an NNE — SSW axis, while the residual
currents (often weak) occur in similar directions. It is noted that flood currents (going towards
northeast) are usually stronger than ebb currents.

Roses and tables for different depths and monthly roses are provided in Appendix F.
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Figure 8.37 Depth-averaged current roses (going to) at HKW2019 (top: total, bottom left: tidal, bottom right: residual)
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Table 8.9 Joint occurrence tables of current speed and direction for total (top), tidal (middle) and residual (bottom)
depth-averaged currents

HKW2019 (552085.77E;5843308.34N;26.46mMSL)
Frequency of Occurrence [%] (1979-01-15 - 2019-12-31) All

CS [m/s] - HD 000
o0.1[ [0.4-0.21 0.20.3{ [0.3-0.41 [0.4-0.5[ [0.5-0.6] [060.7] [0.7-0.8( [0.8-0.9] LR} {441 4421 Total Accum
[315-345] - . . - 0932  100.000
[285-315( - - - - 0776  99.068
[255-285] 1200 98203
o | 225y o000 - - 3628  97.084
8 | o o L s oo e DuGENGENNGEN 0 o 6
£ | [mestes 1549 2707 2910 1842 -_ - 10433 61773
o | p3ses - - - - 33277 51340
| [05-135] 03 . - . - - . . 1744 48013
g [75-105 ) - - - - - - 1608 46.269
5 s - ----- - : 2743 44561
O pses  [NOBON re21 342 | 838 680 Tats  aps 1223 [TOAAET 0G0 w720 410t
Total 3338 11261 12551 14141 17743 19932 14373 5.303 1.231 0.118 0008 - 100000 -
Accum 3338 14509 27450 41201 50035 78967 93340 98643 99874 99992  100.000  100.000 - -
HKW2019 (552085.77E;5843308.34N;26.46mMSL)
Frequency of Occurrence [%] (1979-01-15 - 2019-12-31) All
GCSrige [M/s] - HDpye5000
(o011 (o102 02031 03040 [0.4-0.5] [0.5-0.8[ 08071 o708 [o8-08( [o.s1[ -1 [ABEE§ a1 314 Total Accum
(315-345( 0926 100.000
285-315( 0703 90074
(255-285 0997 98371
g | les2ssl 3404 97374
§ rosaas ;20019 93970
B | teses| 10538 61951
I | [13s-168] 3.044 51415
T (105135 1662 48371
[75-108 1604 46710
"3 usTE 2603 45.106
8" [15-45 39198 42413
[-15-15[ . . . 3214 3214
Total 4194 11804 12328 13911 18058 20072 13622 4846 1137 0029 - - - - 100000
Accum 4104 15098 28326 42237 60205  B0367  ©3.989 98835 09971  100.000  100.000 100000  100.000  100.000
HKW2019 (552085.77E:5843308.34N;26 46mMSL)
Frequency of Occurrence [%] (1979-01-15 - 2019-12-31) All
CSposiqual [M'S] - HDpyea020
0.1 [0.1:0.2f [0.20.3( 0.3-0.4( [0.4-0.5 [0.5-0.8 0801 [o.70.8( [0.8-0.90 0.8-1[ r1ag [ 213 13140 Total Accum
[315-345] 4541 o001 - - - - - - - - - - 4610 100.000
(285-315] 4316 - - . - - - - - . . . - 4339 95390
(255285 | 6320 . . . . . . . . . . . 6412 91081
& asassy 12809 - . . . . . . . . . 14080 84639
£ | [rosazs 14.104 . - - - - - - - - 17936 70560
o [1es-1es - - - - - - - - - 4se 52621
o | (3s-tes 4.196 - - - - - - - - - - 4428 44162
2 osass - - - - - - - . - - - 3716 39734
S sy - - E - - - - - 4587 36.018
i [45-78( - - - - - - g4l 31432
| s -- . . . . . . 14600 22021
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Total 84345 13185 1884 0418 0120 0035 0011 0003 - - - - - - 100000 -
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8.3.3 Characteristic current velocity profiles

The modelled current speeds from HDbwr2020 represent depth-averaged values. For the purpose
of recommending a suitable relationship for determining the current conditions at different
depths the vertical current velocity profile at the HKWWFZ site was investigated.

Characteristic current velocity profiles were established based on the current observations at
HKWWEFZ site. The data were recorded using a buoy mounted Acoustic Doppler Current
Profilers (ADCP).

In detail, the adopted procedure consisted of the following steps:
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1. Quality control of the available current measurements at HKWWFZ site

The current measurements available at HKWWFZ site were recorded by three Seawatch
(SW) Wind Lidar buoys, WS170, WS187 and WS188 deployed at three different locations
(HKWA, HKWB and HKWC). The buoys were equipped with an ADCP (Acoustic Doppler
Current Profile) that measured the current speed and direction at several distances, i.e. 1m

bins, below the water surface.

Table 8.10  Summary of ADCP campaigns at HKWWFZ site
. Water depth .
Location [mMSL] Buoy Period
WS187-2818 05 Feb. 2019 — 21 Sep. 2019
HKWA 22
WS188-2802 10 Feb. 2019 — 19 Sep. 2019
HKWB 30 WS188-2802 10 Feb. 2019 — 19 Sep. 2019
HKWC 32 WS170-2585 1st Aug. 2019 — 24 Nov. 2019

The measurements were screened in order to detect obvious unphysical values, such as
directions larger than 360° or missing measurements marked with a numerical code
(missing current speed = 999 m/s). Data from bins that correspond to values greater than
90% of the water depth were discarded to avoid contaminated measurements caused by
reflections of the acoustic signal from the sea floor. The measurement time series were
then visually inspected to identify non-realistic increasing/decreasing trends, possibly due
to biofouling on the ADCP, and sudden spikes. The quality control discarded 21% of
measurements, the remaining 79% of the observations were considered for the following
step.

Fit of an analytical power law profile

The data set was first de-tided to separate the tidal and residual components of the total
current speed from the profile data. The profiles of total and tidal current speed were then
compared to theoretical profiles separately. For tidal currents, U,;4.(2), @ power law profile
(Eq. 8.14) is recommended in Section 6.3.3.3.2 of [37]:

d+z7\Y*
) 8.14

Utige(2) = Uo( d
where U, is the tidal current at the surface, d represents the water depth, z the distance
from the surface, and the exponent « is a fitting parameter that is typically set at value a =
7. Figure 8.38 to Figure 8.40 present a comparison of the observed profiles for total and
tidal currents for the range Qsoy, < Utotarsurr < @ooy against the theoretical profiles
calculated with Eq. 8.14 for different values of a. Four values of a (3, 5, 7 and 15) were
used to assess the sensibility of the theoretical profiles due to this parameter. Here the
main assumption is that residual velocities do not have a significant contribution for the
normal total current speeds, therefore, total currents are mainly related with tidal currents.

Overall, the theoretical profiles with @ = 7 yield good results. Note that measurements at
the bottom part of the observed profiles could be affected by bed load sediment transport
providing lower current speeds, therefore, theoretical profiles show an overestimation of
current speeds in this region.

Having demonstrated the appropriateness of the theoretical profiles for total and tidal
currents, it is proposed that Eq. 8.15 should be used to characterise the vertical profiles for
the total and tidal currents speed as a function of the depth averaged current speed.
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d +Z)1/“

Utotal(z) = Utotal,avg (W 8.15

Figure 8.41 to Figure 8.43 presents the results obtained using Eq. 8.15 values of a. Similar to
the profiles calculated using Eq. 8.14, through most of the water column, theoretical profiles
calculated with a = 7 provide a reasonably description of the observed current speed profiles for

all intervals.
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Figure 8.38 Comparison of observed total and tidal current vertical profiles (WS187 @ HKWA) between the 50%-ile (0.45m/s) and 0.55m/s for the period
(05/02/2019 to 21/09/2019) against observed mean and theoretical power law profiles calculated with Eq. 8.14 and a =3, 5, 7 and 15 (left
panel). For means of presentation, 100 profiles randomly selected between the defined range have been plotted.
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Figure 8.39 Comparison of observed total and tidal current vertical profiles (WS187 @ HKWA) between 0.55m/s and 0.65m/s for the period (05/02/2019 to
21/09/2019) against observed mean and theoretical power law profiles calculated with Eq. 8.14 and a = 3, 5, 7 and 15 (left panel). For means of
presentation, 100 profiles randomly selected between the defined range have been plotted.
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Figure 8.40 Comparison of observed total and tidal current vertical profiles (WS187 @ HKWA) between 0.65m/s and the 90%-ile (0.55m/s) for the period
(05/02/2019 to 21/09/2019) against observed mean and theoretical power law profiles calculated with Eq. 8.14 and a = 3, 5, 7 and 15 (left
panel). For means of presentation, 100 profiles randomly selected between the defined range have been plotted.
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Figure 8.41 Comparison of observed total and tidal current vertical profiles (WS187 @ HKWA) between 50%-ile (0.45m/s) and 0.55m/s for the period
(05/02/2019 to 21/09/2019) against observed mean and theoretical power law profiles calculated with 8.15 and a = 3, 5, 7 and 15 (left panel).
For means of presentation, 100 profiles randomly selected between the defined range have been plotted.
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Figure 8.42 Comparison of observed total and tidal current vertical profiles (WS187 @ HKWA) between 0.55m/s and 0.65m/s for the period (05/02/2019 to
21/09/2019) against observed mean and theoretical power law profiles calculated with 8.15 and a = 3, 5, 7 and 15 (left panel). For means of
presentation, 100 profiles randomly selected between the defined range were plotted.
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Figure 8.43 Comparison of observed total and tidal current vertical profiles (WS187 @ HKWA) between 0.65m/s and the 90%-ile (0.71m/s) for the period
(05/02/2019 to 21/09/2019) against observed mean and theoretical power law profiles calculated with Formula 8.15 and a = 3, 5, 7 and 15 (left
panel). For means of presentation, 100 profiles randomly selected between the defined range were plotted.
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8.3.4

Spatial variations of currents

Spatial variations of currents across HKWWFZ are shown in Figure 8.44 to Figure 8.47.
Selected percentiles (50 and 90-percentile) of the total and residual current speeds were
calculated at all points in the database area.

Total currents do not vary greatly across the HKWWFZ, with the 50 and 90-percentiles values
approximately 0.45m/s and 0.65m/s, respectively. The same was true for residual current
speeds, with values of 50 percentile values <0.1m/s and 90-percentile values of around 0.12m/s.

To document the variations in current direction across the area of interest, a principal
component analysis was conducted on total currents at all points in the database, and the main
current direction was derived. Spatial variations of this main current direction are shown in
Figure 8.48. In HKWWFZ, currents are mainly oriented NNE-SSW.
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Figure 8.44  Spatial variation of the 50-percentile total current speed across HKWWFZ
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Figure 8.45 Spatial variation of the 90-percentile total current speed across HKWWFZ
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Figure 8.46 Spatial variation of the 50-percentile residual current speed across HKWWFZ
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Figure 8.47 Spatial variation of the 90-percentile residual current speed across HKWWFZ
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Figure 8.48 Spatial variation of the main total current direction across HKWWFZ
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8.4 Waves
The wave statistics were based on 41 years of modelled wave data (1979-2020 as described in
Section 5.4. Only the total part of the spectrum (sea + swell) was considered here if not
mentioned otherwise. The results are only presented at HKW2019. The full results of the
normal wave conditions at HKW are provided in Appendix F.
8.4.1 Time series and annual statistics
Time series and mean annual statistics of significant wave height, peak and zero-crossing wave
periods at HKW2019 are presented in Figure 8.49. The mean modelled significant wave height
was 1.4m and the maximum significant wave height was 7.85m for the 41 years of modelling
period. The maximum wave height occurred during a storm on December 12 1990.
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Figure 8.49 Time series and statistics of significant wave height, peak and zero-crossing wave periods at HKW location

8.4.2
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for the period from 1979-01-01 to 2019-12-31

Wave roses

Figure 8.50 and Figure 8.51 present a mean annual wave rose and frequency of occurrence
tables of Hmo and PWD. Equivalent plots for wind-sea and swell waves and for monthly subsets
are provided within Appendix F.

The wave rose shows the predominance of waves coming from northerly sectors (WNW to NNE
combined occur over 50% of the time) and waves from south-west (approximately 35% of the
time). The most extreme waves also come from N and NNW.

Please note that the model results in regards to the wave direction on the top and next to the
sand banks should be considered with care (see Section 5.4.4 for more details).
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Figure 8.50 Wave rose at HKW for the period from 1979-01-15 to 2019-12-31
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Scatter plots of joint occurrences

Significant wave height vs. mean and peak wave period

Scatter plots and joint occurrence tables of Hmo vs. Tp and Hmo vs. Toz at HKW2019 for omni-
directional total sea-state conditions are shown in Figure 8.52, Figure 8.53 and Figure 8.54,
respectively. Equivalent plots for wind-sea and swell conditions and for monthly and directional
subsets are provided in Appendix F.

For waves above 3m, there is a clear correlation between significant wave height and wave
period. These conditions are associated with wind-sea waves (see Section 8.4.7). For waves
below 3m the data are more scattered, and a correlation is less clear. These conditions are due
to mixed sea-states (combination of wind-sea waves and swell wave, see Section 8.4.7)

The scatter diagrams show that a small number of large values for Tp are outlying. These are
attributed to model artifacts as discussed in Section 5.5 of this report.
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Figure 8.52  Scatter diagrams of omnidirectional Hmo vs. Tp (top) and Hmo vs. Toz2 (below) at HKW2019 for
total sea-state. Outlying high T, values are model artifacts (Section 5.5)
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Figure 8.53  Joint occurrence tables of omnidirectional Tp vs. Hmo at HKW2019 for total sea-state. Outlying high Tp values are model artifacts (Section 5.5)
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Figure 8.54  Joint occurrence tables of omnidirectional Toz vs. Hmo (below) at HKW2019 for total sea-state
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8.4.3.2  Significant wave height vs. mean and peak wave direction
Scatter diagrams and joint occurrence tables and scatter plots of Hmo vs. MWD and Hmo vs.
PWD at HKW2019 for total sea-state conditions are shown in Figure 8.55 and Figure 8.56,
respectively. Equivalent plots for wind-sea and swell conditions and for monthly subsets are
provided in Appendix F.
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Figure 8.55 Scatter diagram of Hmo vs. MWD (top) and Hmo vs.PWD (bottom) at HKW2019 for total sea-
state
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Figure 8.56  Joint occurrence tables of Hmo vs. MWD (top) and PWD (bottom) at HKW2019 for total sea-state
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Fatigue

A scatter table of individual wave height (H) vs. period (T), i.e. H-T scatter diagrams, were
generated based on individual sea-states at HKW. The individual wave heights and wave
periods were found by performing a zero-down crossing analysis of surface elevation time-
series (generated from the SWbwr2020 Wave spectrum and assuming a Gaussian process with
random phase). The fatigue analysis was performed for total wave spectrum and
omnidirectional wave conditions only, utilising all data covering a period of 41 years (1979-
2020).

Figure 8.57 shows a scatter plot of H-T at HKW2019 and Table 8.11 gives the omnidirectional
scatter table of the average annual number of waves for each combination of discretised H and
T. Goda’s breaking limit [38] is given by the following equation:

H h
L=4 {1 — exp [—1.5n—”(1 + 11s4/3)]} (8.16)
Lo Lo

where H, and h, stands for the breaking wave height and depth respectively; L, depicts the
wave length at deep water; s is the sea bed slope; and A is a proportionality coefficient of the
breaker index formula. Values of A can range between 0.09 and 0.018, with higher values
yielding larger braker index, i.e. H,/h;,.The user is also referred to the Sections G.1.9 and
G.1.10 of the Appendix G which presents the directional scatter tables of peak and mean wave
period (T, and Tmoz) by wind speed and significant wave height at 10m, 60m, 100m, 120m,
160m, 200m, 250m and 300m.
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Figure 8.57  Scatter plot of individual wave height (H) vs. wave period (T) at HKW2019 based on
modelled data covering the period 1979-2020.
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Table 8.11  Table of annual average number of individual wave height (H) and wave period (T) at HKW2019 based on modelled data covering the period 1979-2020
H [m]

T [s]

[0-1] [1-2] [2-3] [3-4] [4-5] [5-6[ [6-7[ [7-8] [8-9[ [9-10[ [10-11] [11-12] [12-13[ [13-14] Total Accum.
[0-1] | 318590 | - - - - - - - - - - - - - 318590 | 318590
[1-2[ 1249718 | 14.9 - - - - - - - - - - - - 1249733 | 1568323
[2-3] 1768898 | 21571.3 | 17.7 - - - - - - - - - - - 1790487 | 3358810
[3-4] 1503371 | 195698.1 | 3250 27 0.2 - - - - - - - - - 1702346 | 5061156
[4-5] 903020.9 | 389559 32086.9 | 1502.7 46.6 1 - - - - - - - - 1326217 | 6387373
[5-6] 440043.3 | 373844.1 | 78956.2 | 10737.5 | 1060.7 81.1 4.7 0.3 - - - - - - 904727.8 | 7292101
[6-7] 196003.8 | 242772.6 | 88728.1 | 22656.4 | 4518.5 735.7 98.9 11.8 1.3 0.1 - - - - 555527.2 | 7847629
[7-8] 84873 127422.8 | 62412.6 | 22365.4 | 6561.2 1649.3 359.5 70.1 12.4 2.3 0.4 - - - 305729 8153358
[8-9] 36648.9 58575.6 32810 14005.9 | 4935.7 1529.9 432.4 112.5 26.8 6.7 1.4 0.3 - - 149085.9 | 8302443
[9-10[ 16023.5 25063.9 14386.6 | 6653.2 2576 897.6 293.1 90.9 26.8 7.6 1.9 0.5 0.1 - 66021.6 8368465
[10-11[ | 7133.2 10497.3 5711.8 2728.4 1133.5 435.1 155.3 52.9 17 4.7 1.4 0.3 0.1 - 27871.2 8396336
[11-12[ | 3204 4415.7 2155.8 1047.1 471.8 192 70.3 24.4 8.2 2.6 0.7 0.3 0.1 - 11593 8407929
[12-13[ | 1478.6 1875 803.7 385.7 180.6 74.8 28.8 10.3 34 1.2 0.4 0.1 - - 4842.6 8412772
[13-14[ | 712.4 792.6 300.8 138.8 68.6 28.4 10.9 4.2 14 0.5 0.1 0.1 0.1 - 2058.7 8414831
[14-15] | 363.1 329.7 111 50.1 24.3 10.6 45 1.4 0.7 0.2 - - - - 895.7 8415726
[15-16[ | 188.8 136.6 41 15.2 8.7 4.2 15 0.5 0.2 - - - - - 396.8 8416123
[16-17[ | 96.3 55.6 14.3 5.3 2.9 1.2 0.7 0.2 0.1 - - - - - 176.6 8416300
[17-18[ | 48 22.6 4.6 1.6 0.9 0.4 0.2 0.1 - - - - - - 78.4 8416378
[18-19[ | 23.2 9 1.8 0.5 0.2 0.1 0.1 - - - - - - - 34.9 8416413
[19-20[ | 9.5 3.9 0.5 0.1 0.1 - - - - - - - - - 14.2 8416427
[20-21] | 5.3 1.4 0.2 - - - - - - - - - - - 7 8416434
(2122 | 2 0.5 0.1 - - - - - - - - - - - 2.6 8416437
[22-23[ | 0.9 0.2 - - - - - - - - - - - - 1.1 8416438
[23-24] | 0.3 0.1 - - - - - - - - - - - - 0.4 8416438
[24-25[ | 0.1 - - - - - - - - - - - - 0.1 8416438
Total | 6530457 | 1452663 | 321794 | 82321 | 21590 5641 1461 380 98 26 6 2 0 0 8416438
Accum | 6530457 | 7983119 | 8304913 | 8387234 | 8408824 | 8414465 | 8415926 | 8416306 | 8416404 | 8416430 | 8416436 | 8416438 | 8416438 | 8416438
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Normal sea-state (NSS) parameters

Normal Sea State (NSS) conditions characterise the combinations of sea-state parameters that
may be used when calculating ultimate and fatigue loads. In the following analysis, a series of
NSS conditioned on the peak wave direction (PWD) are considered.

The methodology employed to derive the NSS parameters was as follows:

1.

For omnidirectional wave conditions and for each 30° directional sector conditioned on
PWD (centred at 0°N, 30°N, 60°N etc.), the significant wave height (Hmonss) were
discretised into bins of 0.5m (from 1.0-7.5m).

The peak wave period associated with the expected Hmonss values from step 2 was
determined. The range Tpnss values was characterised by calculating the value
corresponding to 5%, 50%, 95% of the data.

The JONSWAP Gamma parameter (associated with the expected Hmonss and Tpnss values
step 2 was determined. The range in JONSWAP Gamma values was characterised by
calculating the value corresponding to 5%, 50%, 95% of the data.

The DSDnss associated with the expected Hmonss and Tpnss values step 2 was determined.
The range in DSD Gamma values was characterised by calculating the value
corresponding to 5%, 50%, 95% of the data.

The NSS conditions for HKW2019 are provided in Table 8.12.
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Table 8.12  Normal sea-states parameters for HKW2019: Hmo,nss, Tp,nss, JONSWAP Gamma, and
DSD nss conditioned on PWD.
P:ND s | oo [s] JONSWAP Gamma, y DSDuss [°]
[°N] | [m]

5% 50% 95% 5% 50% | 95% 5% 50% 95%
1.0 3.4 5.2 12.6 1.0 1.0 2.4 26.6 38.0 64.0
15 4.4 5.6 11.6 1.0 1.0 2.8 26.8 34.8 59.2
2.0 5.2 6.2 11.0 1.0 1.3 3.1 26.5 33.2 51.2
25 5.9 6.7 9.8 1.0 15 3.0 26.1 32.1 44.6
3.0 6.6 7.3 9.2 1.0 1.7 3.0 26.0 31.0 40.5
35 7.2 7.8 9.4 1.0 1.9 2.9 26.2 304 38.0
All 4.0 7.7 8.3 9.9 1.0 2.0 3.0 26.6 30.2 36.1
4.5 8.1 8.7 10.4 1.0 2.1 3.1 27.0 30.4 35.4
5.0 85 9.4 11.0 1.0 1.9 3.2 27.4 31.0 34.8
55 8.9 10.1 11.7 1.0 1.7 35 28.1 31.1 34.1
6.0 9.3 10.7 12.1 1.0 1.6 3.6 28.8 31.9 34.4
6.5 9.6 11.1 12.9 1.0 1.6 3.7 28.6 31.9 35.3
7.0 10.1 12.6 13.7 1.0 1.1 34 29.7 32.4 34.5
7.5 12.2 13.1 13.3 1.1 1.1 1.6 32.1 34.0 345
1.0 4.0 7.3 12.0 1.0 1.0 1.4 24.8 32.9 64.4
15 4.9 8.0 12.1 1.0 1.0 1.6 26.7 31.6 62.0
2.0 5.7 8.1 12.9 1.0 1.0 1.7 27.3 31.0 52.6
2.5 6.4 8.0 12.0 1.0 1.0 1.8 27.1 30.7 38.6
3.0 7.1 8.4 10.5 1.0 1.0 1.9 27.2 30.5 34.9
35 7.8 9.2 10.5 1.0 1.0 1.8 27.6 30.8 34.6
0 4.0 8.4 9.5 10.7 1.0 1.1 1.9 284 30.6 33.6
4.5 8.9 9.8 11.2 1.0 1.2 1.9 29.0 30.6 33.2
5.0 9.3 10.4 11.5 1.0 1.2 2.0 28.3 31.1 32.8
55 9.4 10.8 11.8 1.0 1.2 2.8 29.9 31.7 32.9
6.0 10.6 11.7 13.9 1.0 1.1 1.6 31.8 32.9 34.4
6.5 10.9 11.7 13.9 1.0 1.3 1.6 31.8 32.8 34.6
7.0 12.7 12.7 12.7 1.1 1.1 1.1 34.6 34.6 34.6
7.5 13.1 13.1 13.1 1.1 1.1 1.1 34.5 345 34.5
1.0 3.4 5.3 12.1 1.0 1.0 2.4 26.1 35.6 64.9
15 4.4 5.6 9.9 1.0 1.0 2.8 25.9 32.9 55.2
2.0 5.1 6.3 9.2 1.0 1.2 3.3 25.9 32.5 45.3
25 5.7 7.0 9.5 1.0 1.2 3.7 25.9 32.1 425
3.0 6.3 7.9 9.6 1.0 1.2 3.8 26.1 31.0 39.1
3.5 7.3 8.4 9.7 1.0 1.3 2.7 26.3 29.8 37.6
30 4.0 8.2 8.9 10.2 1.0 1.4 2.0 26.8 29.3 36.0
45 8.9 9.6 10.7 1.0 1.3 1.8 27.5 30.8 35.2
5.0 9.8 10.3 10.7 11 1.2 15 29.9 30.8 325
5.5 10.1 | 10.6 11.0 1.2 1.4 1.6 30.0 31.2 34.3
6.0 109 | 10.9 10.9 14 1.4 14 30.8 30.8 30.8

6.5 - - - - - - - - -

7.0 - - - - - - - - -

7.5 - - - - - - - - -
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Table 8.12  Normal sea-states parameters for HKW2019: Hmonss, Tp,nss, JONSWAP Gamma, and
DSD nss conditioned on PWD.

P},ND s | [s] JONSWAP Gamma, y DSDuss [°]
[°N] | [m]
5% | 50% | 95% | 5% 50% | 95% 5% 50% | 95%
1.0 31 |37 9.9 1.0 1.8 |31 285 | 360 |54.0
1.5 41 |45 5.0 1.7 24 |37 305 |364 |[522
2.0 48 |52 5.6 2.4 30 |42 321 |356 |498
2.5 55 |57 6.0 3.0 36 |43 341 |374 |450
3.0 59 |61 6.4 3.7 42 |47 357 | 378 |403
3.5 6.4 |65 6.8 4.4 47 |52 372 |388 |409
so 40 - - - - - - - - -
4.5 - - - - - - - - -
5.0 - - - - - - - - -
5.5 - - - - - - - - -
6.0 - - - - - - - - -
6.5 - - - - - - - - -
7.0 - - - - - - - - -
75 - - - - - - - - -
1.0 31 |37 9.7 1.0 20 |31 328 |[389 |[545
1.5 41 |45 4.9 2.0 27 |36 323 |371 |534
2.0 48 |51 5.5 2.7 32 |40 329 |[367 |493
2.5 54 |56 5.8 3.3 40 |46 354 |38.0 |420
3.0 59 |6.0 6.3 4.0 46 |49 364 |379 |409
3.5 63 |63 6.4 5.1 52 |52 369 |371 |[37.2
oo 40 - - - - - - - - -
45 - - - - - - - - -
5.0 - - - - - - - - -
5.5 - - - - - - - - -
6.0 - - - - - - - - -
6.5 - - - - - - - - -
7.0 - - - - - - - - -
75 - - - - - - - - -
1.0 31 |37 126 | 1.0 21 |33 320 |427 |623
1.5 40 |45 103 | 1.0 2.8 |39 31.3 |403 |620
2.0 47 |51 5.4 2.8 34 |46 312 |369 |[588
2.5 52 |55 6.0 3.0 41 |51 348 |[392 |568
3.0 58 |61 6.3 3.6 47 |51 346 |380 |409
3.5 63 |64 6.4 5.0 50 |5.0 372 |372 |[373
120 22 - - - - - - - - -
4.5 - - - - - - - - -
5.0 - - - - - - - - -
5.5 - - - - - - - - -
6.0 - - - - - - - - -
6.5 - - - - - - - - -
7.0 - - - - - - - - -
7.5 - - - - - - - - -
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Table 8.12  Normal sea-states parameters for HKW2019: Hmo,nss, Tp,nss, JONSWAP Gamma, and
DSD nss conditioned on PWD.
PWD | Hmonss | s [s] JONSWAP Gamma, y DSDnss [°]
[°N] | [m]
5% 50% 95% 5% 50% | 95% 5% 50% 95%
1.0 3.2 3.8 12.9 1.0 1.9 3.2 314 43.2 67.3
15 4.1 4.5 10.0 1.0 25 3.6 30.3 38.7 65.7
2.0 4.8 5.2 5.5 24 3.1 4.1 30.2 36.3 61.2
25 5.3 5.7 6.0 3.1 3.6 4.9 30.2 34.5 61.9
3.0 5.7 6.1 6.4 3.8 4.2 6.4 31.8 36.2 71.5
3.5 6.4 6.5 6.5 4.3 4.7 4.8 34.8 36.1 37.8
150 4.0 - - - - - - - - -
4.5 - - - - - - - - -
5.0 - - - - - - - - -
5.5 - - - - - - - - -
6.0 - - - - - - - - -
6.5 - - - - - - - - -
7.0 - - - - - - - -
7.5 - - - - - - - - -
1.0 3.2 3.9 12.7 1.0 1.7 3.0 31.6 44.0 70.8
15 4.1 4.7 10.5 1.0 2.2 3.5 30.5 39.1 70.5
2.0 4.9 54 6.0 1.7 2.5 3.7 315 36.6 64.6
25 5.6 6.0 6.4 2.1 2.8 4.0 31.9 35.9 52.9
3.0 6.1 6.5 6.8 2.4 3.2 4.2 32.0 35.5 57.0
3.5 6.6 7.0 7.2 2.8 3.3 4.1 32.8 34.0 53.8
180 4.0 7.3 7.3 7.4 3.7 3.7 3.7 334 34.7 35.9
4.5 - - - - - - - - -
5.0 - - - - - - - - -
5.5 - - - - - - - - -
6.0 - - - - - - - - -
6.5 - - - - - - - - -
7.0 - - - - - - - - -
7.5 - - - - - - - - -
1.0 35 4.7 12.2 1.0 1.0 2.3 29.5 43.8 66.1
15 4.5 54 9.1 1.0 1.2 24 27.2 37.7 61.3
2.0 5.2 6.0 7.2 1.0 14 2.7 26.1 33.8 56.6
25 5.9 6.6 7.3 1.1 1.8 2.9 25.9 31.8 50.2
3.0 6.5 7.1 7.7 14 2.0 3.1 25.8 30.8 44.6
3.5 7.1 7.6 8.0 15 2.2 3.2 25.9 29.9 38.0
210 4.0 7.5 7.9 8.4 1.8 2.4 3.4 26.6 30.5 34.5
4.5 7.9 8.4 8.8 2.0 2.6 3.5 27.7 30.6 32.9
5.0 8.1 8.6 8.8 2.7 3.1 3.9 27.9 30.5 315
5.5 8.7 9.0 9.4 2.4 3.0 3.7 29.7 29.9 30.1
6.0 9.6 9.6 9.6 2.9 3.0 3.1 30.4 30.7 31.0
6.5 - - - - - - - - -
7.0 - - - - - - - - -
7.5 - - - - - - - - -
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Table 8.12  Normal sea-states parameters for HKW2019: Hmonss, Tp,nss, JONSWAP Gamma, and
DSD nss conditioned on PWD.

P},ND s | [s] JONSWAP Gamma, y DSDuss [°]
[°N] | [m]
5% | 50% | 95% | 5% 50% | 95% 5% 50% | 95%
1.0 34 |45 109 | 1.0 1.0 |23 274 | 387 |61.0
1.5 45 |52 6.5 1.0 1.3 |24 262 |342 |56.0
2.0 53 |6.0 6.9 1.0 15 |25 256 | 321 |506
2.5 6.1 |66 7.3 1.1 1.7 |27 256 | 309 | 450
3.0 6.7 |72 7.8 1.3 1.9 |28 256 | 295 | 40.9
3.5 72 |77 8.1 1.5 21 |29 259 |287 |37.8
a0 |40 76 |81 8.6 1.7 23 |31 263 | 283 |357
45 80 |85 8.9 1.9 24 |33 26.6 | 282 | 347
5.0 85 |88 9.4 2.0 26 |34 271 | 282 | 348
5.5 8.7 |93 9.6 2.3 27 |38 277 291 | 34.0
6.0 91 |94 100 |25 3.2 |39 283 | 296 | 351
6.5 96 |98 102 |26 3.3 |40 280 |306 | 352
7.0 9.7 |97 9.7 4.0 40 |40 343 |343 |[343
75 - - - - - - - - -
1.0 32 |40 104 | 1.0 1.6 |3.0 305 |[39.2 |[537
1.5 42 |48 5.7 1.0 1.9 |33 207 | 373 |507
2.0 49 |55 6.5 1.1 22 |37 201 |372 | 493
2.5 55 |62 6.8 1.6 25 |43 2904 | 360 |49.2
3.0 62 |68 7.4 1.8 2.7 |39 302 |358 467
3.5 68 |73 7.9 1.8 26 |41 278 | 348 | 456
70 |40 72 |79 8.1 2.4 29 |37 255 | 338 | 445
45 79 |81 8.6 2.6 32 |37 207 | 332 |373
5.0 82 |85 8.8 3.0 3.7 |39 277 | 340 | 343
5.5 88 |90 9.2 3.2 33 |33 312 |335 |[338
6.0 - - - - - - - - -
6.5 - - - - - - - - -
7.0 - - - - - - - - -
75 - - - - - - - - -
1.0 36 |47 141 | 1.0 1.0 |20 300 |39.6 |[51.2
1.5 46 |55 8.2 1.0 1.1 |21 203 | 373 | 475
2.0 54 |61 7.8 1.0 1.3 |23 288 | 359 | 4458
2.5 61 |67 8.1 1.0 1.6 |25 284 | 352 |428
3.0 6.7 |73 8.5 1.0 1.7 |27 283 | 343 |411
3.5 72 |78 8.9 1.1 1.9 |29 288 | 336 |39.2
200 |40 76 |83 9.2 1.2 20 |30 285 | 327 | 372
4.5 81 |87 9.7 1.3 21 |32 201 | 322 | 363
5.0 85 |92 103 | 1.2 22 |33 202 | 322 | 356
5.5 88 |95 108 | 1.2 24 |37 284 | 317 | 350
6.0 91 |99 11.0 |14 23 |38 288 | 323 | 350
6.5 94 |97 111 |17 33 |40 278 | 335 | 36.3
7.0 111 | 111|111 | 1.9 1.9 |20 204 | 29.7 | 300
7.5 - - - - - - - - -
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Table 8.12  Normal sea-states parameters for HKW2019: Hmo,nss, Tp,nss, JONSWAP Gamma, and
DSD nss conditioned on PWD.

PWD | Hmonss | s [s] JONSWAP Gamma, y DSDuss [°]
[°N] | [m]
5% | 50% |95% |5% |50% |95% 5% 50% | 95%
1.0 39 |65 153 | 1.0 10 | 1.6 272 | 372 |613
15 48 |72 13.0 | 1.0 1.0 |17 275 | 341 |547
2.0 57 |75 133 | 1.0 1.0 |17 276 | 324 | 482
2.5 65 | 7.9 124 | 1.0 1.0 | 1.8 275 | 313 | 416
3.0 72 |81 11.0 | 1.0 1.1 | 1.9 274 | 304 |36.7
3.5 7.7 |87 103 | 1.0 12 | 1.9 277 | 302 | 338
230 | A0 83 |92 105 | 1.0 1.2 | 1.9 280 |306 |334
45 87 |96 11.0 | 1.0 13 |21 283 |306 |333
5.0 92 |102 |114 |10 1.3 |22 200 | 311 |33.0
5.5 96 |107 |119 | 1.0 1.3 |23 295 |314 |333
6.0 103 | 111 | 124 | 1.0 1.3 | 1.9 301 | 317 | 332
6.5 110 | 117 |132 | 1.0 12 |18 308 |318 |331
7.0 105 | 128 | 138 | 1.0 11 |26 308 | 324 |331
7.5 122 | 127 |133 |11 14 |16 321 | 331 |340

Persistence of significant wave height

Monthly persistence analyses of the significant wave height Hmo were conducted for monthly
conditions with the same method as applied for wind speeds (see Section 8.1.4). Weather
windows were calculated for durations of 1, 2, 4, 6, 12, 24, 48 and 72 hours. Weather windows
are defined as times when Hmo was below specified thresholds: 0.25, 0.5, 0.75, 1.0, 1.25, 1.5,
1.75, 2.0, 2.25, 2.75, 3.0, 3.5, 4.0, 4.5 and 5m. Finally, weather windows were calculated for
different percentiles: 20, 50 and 80. The ‘Overlapping’ method was used (see Section 8.1.4).

Example of results at HKW are given in Figure 8.58 for a window of 24 hours with a 50%
certainty. The vertical bars in the plot indicate the standard deviation for each threshold and
month. The numbers in the table show the percentage of time the given condition can be
expected to occur with the number in parentheses showing the standard deviation. For
example, it is assessed that during a typical June the Hmo at HKW will be below 1.5m for

12 hours 84% of the time. Conversely, there is a 16% likelihood that Hmo at HKW will be
exceeded 1.5m during a 12-hour period in June.

Results for other window durations and percentiles are provided in Appendix G.
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HKW2019 (552085.77E;5843308.34N;26.46mMSL) H
Persistence (1979-01-15 - 2019-12-31) SW

m0

DWF2020 ‘ __Threshold (m) <
= = |-=---025

s 0.50

509 = 24h (Overlapping) [%]

Weather WindowsP

HKW2019 (552085.77E;5843308.34N;26.46mMSL)
Persistence (1979-01-15 - 2019-12-31) SWDWFZOZO At =1.0h, N = 350641 (40.00 years)

Weather Windowsp=50% > 24h (Overlapping) [%]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0.25 00(0.0) 00(00) 00(00) 00(1.2) 00(39) 00(39 00(26) 00(35 00(1.5) 00(06) 00(0.0) 0.0(0.0)
0.50 00(41) 0045 0069 FEEEHN 110@1) 144(98) 153 (127) 137 (10.8)B2EEM 00(31) 00(22) 00(2.3)
075  [8E@1) 96(89)  124(121) 228(14.1) 282(13.1) 32.6(14.1) 385(155) 334 (153) 21.2(11.9) 7.9(7.8) [41(65)" 54(64) |
$50.1(123) 54.2(134) 569(16.8) 55.5(15.1)

1.00 126 (126) 19.9(13.0) 27.4(142) 39.9(16.1) 406 (14.2) 21.5(12.7) 13.2(11.2) 11.4(10.2)
1.25 215(17.3) 31.7(16.7) 42.8(17.2)] 56.1(16.1) 66.5(10.7) 72.9(12.4) 76.4(14.0) 69.3(13.5)] 54.3(15.3) 34.5(154) 24.9(14.9) 21.1(14.0)

L 180 29.6 (19.0) 71.9(13.8) 80.0(8.9) 84.3(9.5) 85.6(10.5) 79.2(11.0) 400(16.7) 31.1(17.5)
£/ 175 40.1(18.6) 59.5(20.5) 66.1(16.9) 808(11.2) 86.3(7.3) 90.3(7.1) 90.9(76) 843(88) 73.8(126) 58.5(159) 50.6(17.8) 42.3(185)
o5 200 70.5(20.7) 76.9(159) 87.8(8.3) 0914(54) 93.3(50) 048(6.3) 899(6.8) 823(94) 68.8(14.8) 60.0(16.7) 51.4(19.0)
T 2| 225 75.5(19.0) 81.7(13.8) 93.1(6.9) 952(4.3) 96.0(34) O7.7(41) 935(50) 86.9(8.6) 76.4(12.6) 69.6(15.0) 59.6(18.1)
§ 2.50 82.1(16.6) 86.6(12.5) 951 (5.6) 97.5(2.8) 97.3(26) 985(3.0) 96.0(3.6) 90.6(7.1) 82.0(11.1) 76.3(13.2) 71.4(16.3)
=275 73.1(16.1) 86.8(14.3) 90.5(10.1) 96.4 (4.6) 99.3(2.3) 988(2.1) 99.1(1.9) 98.0(24) 950(6.6) 86.0(8.8) 825(10.9) 755(15.0)
3.00 796 (13.6) 91.1(12.4) 936(76) 97.8(35) 99.9(1.7) 99.4(1.8) 100.0(14) 99.5(20) 97.1(51) 89.0(6.6) 87.0(9.0) 79.8(12.1)

3.50 91.1(9.0) 94.3(8.0) 986(4.3) 100.0(2.0) 100.0(1.0) 100.0(1.0) 100.0(0.9) 100.0(1.0) 98.8(3.6) 956(45) 94.2(57) 89.5(7.9)

4.00 957 (5.2) 98.1(4.9) 99.7(21) 100.0(1.2) 100.0(0.1) 100.0(0.4) 100.0(0.5) 100.0(0.4) 100.0(1.9) 99.1(3.5) 98.0(3.2) 96.2(4.6)

450 98,6 (3.7) 99.6(3.1) 100.0(1.0) 100.0(0.8) 100.0(0.0) 100.0(0.1) 100.0(0.2) 100.0(0.1) 100.0(1.1) 100.0(1.4) 99.6(1.5) 99.3(2.1)

5.00 99.8(1.8) 100.0(1.7) 100.0(0.2) 100.0(0.6) 100.0(0.0) 100.0(0.0) 100.0(0.1) 100.0(0.0) 100.0(0.2) 100.0(0.5) 100.0(0.8) 100.0 (1.3)

Figure 8.58 Persistence (weather-window) of significant wave height Hmo at HKW2019 for several Hmo thresholds for a window duration of 24 hours and a
50% certainty. The number shows the percentage of time the given condition can be expected to occur with the number in parentheses showing
the standard deviation.
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8.4.7 Sea/swell contribution

DA

Figure 8.59 shows a scatter plot comparison of Hmo sea (Wind-sea part of the total sea-state) and
Hmo,swell (Swell part of total sea-state) at HKW2019.

Figure 8.60 shows a scatter plot of Hmo (total sea-state) and Hmo,sea (Wind-sea part of total sea-

state) at HKW2019. The peak total Hmo values are very closely associated with peak Hmo,sea

values (especially when Hmosea is above 5m). Extreme sea-state conditions are, therefore,
expected to be dominated by wind-sea waves.

Figure 8.61 shows the scatter plot of Hmo,sea against PWDsea and Hmo,sweil against PWDswern at

HKW2019. The distributions are similar in that both wind-sea and swell waves predominantly

propagate from the westerly and northerly directions (roughly between 210°N and 30°N).

The ratio of wind-sea energy to total sea-state energy and swell energy to total sea-state energy
is given in terms of a scatter plot (Figure 8.62) and a histogram plot (Figure 8.63), the energy

here is proportional to the square of Hno. For the lower sea states (e.g. Hmo < 2m) the swell

partition is responsible for between 40-80% of the total wave energy, while for larger sea states

(Hmo > 3m) the wind-sea partition is responsible for around 80-90% the energy. For the very

highest sea states, the swell partition provides only a very small contribution to the total wave
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Figure 8.59  Scatter plot of Hmo,sea VS. Hmo,swel at HKW2019
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Figure 8.60 Scatter plot of Hmo Total VS. Hmo,sea at HKW2019
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(blue) vs Hmo,total at HKW2019
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8.4.8 Wave spectral shape analysis

As there was no long-term measurement of wave spectra available for this study, an
assessment was carried out on the validity of the JONSWAP spectrum at the HKW2019.

Representative parameterisations of the wave frequency spectra were established for various
discrete bins of Hmo and Toz2 for the total spectrum. The parameterised spectra were fitted to the

modelled frequency spectra averaged over all sea states in each bin. The spectral data covered
the period from 1979 to 2020 (41 years).
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Wind-seas in confined areas are traditionally parameterised by the JONSWAP spectrum. The

JONSWAP spectrum is normally not a good representation of mixed seas containing both swell
and wind-sea. However, mixed seas are not considered to be dominant (in terms of extremes)
in the study area (see Section 8.4.7).

The JONSWAP spectrum is given in section 2.4.5.1 of [39]:

2 -4
__99 5(f a
Sjonswap(f) = W exp (‘ 2 (]T) > 14 (8.16)
P

where f; is the peak frequency. If the fetch is unknown, a = 0.0081 applies.

The parameter, a, is calculated from:

_ 2
a = exp <— %) (8.17)

while f, is taken directly from measured spectra, and the quantities, o and vy, are determined
from a least-squares fit. The quantity, o, takes a different value for f < f, and f > f,. The peak
enhancement, y, typically falls within the range 1-6.

According to Annex B.2 of [32], the JONSWAP wave spectrum can also be formulated as a
modification of the Pierson-Moskowitz spectrum for a developing sea state in a fetch-limited
situation:

W-Wm 2}

ool-os 8.18
Sjonswap (w) = FSpy(w)(y [ Twm ( )

where F, is a normalizing factor used to ensure that both spectral forms have the same Hmo. For
y =1, the JONSWAP spectrum reduces to the Pierson-Moskowitz spectrum. The F, parameter
has been called C in this report and presented in the plots.

Representative parameterisation of the wave frequency spectra was established for various
discrete bins of Hmo (1m) and To2 (1s) for the total spectrum. The parameterised spectra were
fitted to the modelled frequency spectra averaged over all sea states in each bin.

An example of such a fit at HKW2019 is given in Figure 8.64 for 5.0m< Hmo <6.0m &

7.0s < To2 < 8.0s, for which the JONSWAP spectrum is very well representative compared to
the mean modelled spectrum. Bi-model (2-peaked) spectra were observed for Hmo in the range
of 0-2m with relatively long peak periods which are not considered as extreme events (please
see Figure 8.65). Table 8.13 summarises the JONSWAP fitting parameters based on 41 years
of modelled data at HKW2019.
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Figure 8.64 Example of parameterised JONSWAP frequency spectra fitted to mean modelled spectra for
a specific bin (5.0m< Hmo <6.0m & 7.0s < T02 < 8.0s)
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Figure 8.65 Example of parameterised JONSWAP frequency spectra fitted to mean modelled spectra for
a specific bin (0.0m< Hmo <1.0m & 2.0s < T02 < 3.0s). A two-peak spectrum is seen which is

not well represented by the JONSWAP spectrum
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Table 8.13  JONSWAP fitting parameters at HKW2019 based on data for the period 1979-2020
Bin N° of sea Spectral mean JONSWAP
states [-]
Hmo [m] Toz [S] Hmo [m] Tp [s] Toz [S] CI[-] v [-]
0.00 - 1.00 1.00 - 2.00 3,979 0.25 2.44 1.87 1.00 1.00
0.00 - 1.00 2.00 - 3.00 61,032 0.53 3.77 2.70 1.00 1.00
0.00 - 1.00 3.00 - 4.00 63,014 0.76 4.68 3.34 1.00 1.00
0.00 - 1.00 4.00 - 5.00 12,557 0.74 6.94 4.41 1.00 1.00
0.00 - 1.00 5.00 - 6.00 3,328 0.81 7.75 5.37 1.00 1.00
0.00 - 1.00 6.00 - 7.00 311 0.84 10.75 6.29 1.00 1.00
0.00 - 1.00 7.00 - 8.00 48 0.69 12.14 7.35 0.98 1.06
0.00 - 1.00 8.00 - 9.00 18 0.41 13.40 8.16 0.89 1.45
0.00 - 1.00 9.00 - 10.00 2 0.35 14.71 9.38 0.92 1.34
0.00 - 1.00 10.00-11.00 | 11 0.63 12.24 10.48 0.81 1.96
0.00 - 1.00 11.00 - 12.00 12 0.59 13.46 11.22 0.80 1.98
1.00 - 2.00 2.00 - 3.00 8 1.06 3.77 2.95 0.89 1.48
1.00 - 2.00 3.00 - 4.00 60,789 1.23 5.11 3.71 0.99 1.04
1.00 - 2.00 4.00 - 5.00 65,645 1.59 6.17 4.38 1.00 1.00
1.00 - 2.00 5.00 - 6.00 8,831 1.48 8.21 5.36 1.00 1.00
1.00 - 2.00 6.00 - 7.00 2,789 1.43 9.11 6.39 1.00 1.00
1.00 - 2.00 7.00 - 8.00 391 1.58 11.71 7.35 1.00 1.00
1.00 - 2.00 8.00 - 9.00 13 1.84 17.13 8.62 1.00 1.00
2.00 - 3.00 3.00 - 4.00 1 2.05 7.11 3.99 1.00 1.00
2.00 - 3.00 4.00 - 5.00 22,231 2.23 6.57 4.77 0.91 1.38
2.00 - 3.00 5.00 - 6.00 27,294 2.58 7.36 5.32 0.93 1.27
2.00 - 3.00 6.00 - 7.00 1,139 2.55 9.39 6.26 1.00 1.00
2.00 - 3.00 7.00 - 8.00 109 231 10.25 7.26 1.00 1.00
2.00 - 3.00 8.00 - 9.00 6 2.35 11.47 8.21 0.97 1.10
3.00 - 4.00 4.00 - 5.00 9 3.05 6.52 4.92 0.83 1.81
3.00 - 4.00 5.00 - 6.00 12,007 3.31 7.79 5.69 0.87 1.61
3.00 - 4.00 6.00 - 7.00 6,142 3.60 8.69 6.27 0.92 1.34
3.00 - 4.00 7.00 - 8.00 61 3.61 10.68 7.18 1.00 1.00
4.00 - 5.00 5.00 - 6.00 109 4.13 8.08 5.91 0.84 1.74
4.00 - 5.00 6.00 - 7.00 3,494 4.32 8.86 6.47 0.87 1.58
4.00 - 5.00 7.00 - 8.00 879 4.61 10.26 7.25 0.93 1.27
5.00 - 6.00 6.00 - 7.00 241 5.27 9.20 6.77 0.83 1.81
5.00 - 6.00 7.00 - 8.00 565 5.38 10.43 7.53 0.91 1.40
5.00 - 6.00 8.00 - 9.00 70 5.71 11.69 8.16 0.98 1.09
6.00 - 7.00 7.00 - 8.00 36 6.23 10.18 7.49 0.86 1.66
6.00 - 7.00 8.00 - 9.00 49 6.31 11.95 8.45 0.98 1.08
6.00 - 7.00 9.00 - 10.00 3 6.73 13.35 9.05 1.00 1.00
7.00 - 8.00 8.00 - 9.00 7.40 12.18 8.80 0.96 1.17
7.00 - 8.00 9.00 - 10.00 5 7.58 13.12 9.32 0.99 1.03
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8.4.9 Wave spectrum characteristics

In order to provide further clarification on the directional variation of the wave spectral
characteristics, the JONSWAP parameters were calculated for each sea-state (individual model
time) step based on the spectral data at HKW2019 (instead of averaged approach described in
Section 8.4.8).

Figure 8.67 and Figure 8.67 show the scatter plots of the JONSWAP “C” & y parameter
associated to each time step (against Hmo and Tp) for the entire modelling period. The
corresponding frequency of occurrence tables are provided in Table 8.14 to Table 8.17.

Figure 8.68 and Figure 8.69 show the scatter plot and table of occurrence of the JONSWAP “C”
and y parameter associated to each time step (plotted against MWD) conditioned on Hmo > 2m.
The scatter would be larger for smaller wave heights, and since lower wave heights are not
important for ULS design, they have been removed from the plot.
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Figure 8.66 Scatter diagram of omnidirectional Hmo vs. JONSWAP C parameter (top) and Hmo vs.
JONSWAP y parameter (bottom) at HKW2019
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JONSWAP y parameter (bottom) at HKW2019
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Table 8.14  Joint occurrence table of omnidirectional Hmo vs. JONSWAP C parameter at HKW2019
JONSWAP C Hmo [M]
[-]
[0-0.5[ | [0.5-1[ | [1-1.5[ | [1.5-2[ | [2-2.5[ | [2.5-3[ | [3-3.5[ | [3.5-4[ | [4-4.5[ | [4.5-5] | [5-5.5[ | [5.5-6] | [6-6.5[ | [6.5-7[ | [7-7.5[ | [7.5-8[ | Total | Accu.
[0.95-1] 8.273 | 18.352 | 12.566 | 5.895 2.456 1.044 0.464 0.215 0.084 0.054 0.026 0.011 0.006 0.004 0.001 0.001 49.5 100.0
[0.9-0.95] 1.549 4.688 4.426 2.57 1.395 0.696 0.328 0.178 0.077 0.046 0.021 0.016 0.004 - - - 16.0 50.5
[0.85-0.9[ 0.964 3.499 4.07 3.16 2.167 1.242 0.691 0.357 0.197 0.097 0.04 0.019 0.002 - - - 16.5 34.6
[0.8-0.85] 0.495 1.956 2.324 2.474 2.532 2.111 1.516 0.903 0.422 0.158 0.068 0.023 0.006 0.001 - - 15.0 18.0
[0.75-0.8] 0.101 0.491 0.732 0.533 0.27 0.295 0.259 0.187 0.085 0.034 0.015 0.006 0.001 0.001 - - 3.0 3.1
[0.7-0.75] 0.009 0.017 0.003 0.005 0.002 0.002 - 0.001 0.001 - - - - - - - 0.0 0.0
[0.65-0.7[ 0.001 0.003 0.001 - - - - - - - - - - - - - 0.0 0.0
[0.6-0.65[ - - - - - - - - - - - - - - - - 0.0 0.0
[0.55-0.6[ - - - - - - - - - - - - - - - - - -
[0.5-0.55[ - - - - - - - - - - - - - - - - - -
Total 114 29.0 24.1 14.6 8.8 5.4 3.3 1.8 0.9 0.4 0.2 0.1 0.0 0.0 0.0 0.0 100 -
Accum. 114 40.4 64.5 79.2 88.0 93.4 96.6 98.5 99.3 99.7 99.9 100.0 100.0 100.0 100.0 100.0 - -
Table 8.15  Joint occurrence table of omnidirectional Hmo vs. JONSWAP y parameter at HKW2019
JONSWAP y Humo [M]
[-]
[0-0.5[ | [0.5-1[ | [1-1.5[ | [1.5-2[ | [2-2.5[ | [2.5-3[ | [3-3.5[ | [3.5-4[ | [4-4.5[ | [4.5-5[ | [5-5.5] | [5.5-6[ | [6-6.5[ | [6.5-7[ | [7-7.5] | [7.5-8] | Total | Accu.
[3.5-3.75] 0.001 - - - - - - - - - - - - - - 0.0 100.0
[3.25-3.5 - - - - - - - - - - - - - - - - 0.0 100.0
[3-3.25] 0.001 0.001 - - - - - - - - - - - - - 0.0 100.0
[2.75-3[ 0.001 0.003 0.001 - - - - - - - - - - - - - 0.0 100.0
[2.5-2.75] 0.004 0.007 0.001 - - - - - - - - - - - - - 0.0 100.0
[2.25-2.5] 0.013 0.041 0.062 0.087 0.02 0.012 0.006 0.007 0.006 0.003 0.001 - - - - - 0.3 100.0
[2-2.25] 0.087 0.505 0.738 0.518 0.314 0.362 0.323 0.22 0.097 0.038 0.016 0.007 0.001 0.001 - - 3.2 99.7
[1.75-2[ 0.35 1.462 1.738 1.856 2.016 1.746 1.264 0.769 0.353 0.122 0.053 0.018 0.005 0.001 - - 11.8 96.5
[1.5-1.75] 0.756 2.814 3.352 2.912 2.119 1.257 0.735 0.382 0.214 0.11 0.045 0.017 0.002 - - - 14.7 84.7
[1.25-1.5] 1.474 4.622 4.628 2.825 1.621 0.844 0.412 0.217 0.099 0.054 0.025 0.017 0.004 - - - 16.8 70.0
[1-1.25] 8.706 | 19.549 | 13.602 | 6.437 2.733 1.17 0.519 0.247 0.097 0.062 0.031 0.015 0.007 0.004 0.001 0.001 53.2 53.2
Total 114 29.0 24.1 14.6 8.8 5.4 3.3 1.8 0.9 0.4 0.2 0.1 0.0 0.0 0.0 0.0 100
Accum. 114 40.4 64.5 79.2 88.0 93.4 96.6 98.5 99.3 99.7 99.9 100.0 100.0 100.0 100.0 100.0 - -
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Table 8.16  Joint occurrence table of omnidirectional Tp vs. JONSWAP C parameter at HKW2019
JONSWAP To [s]
Cll

[1-2[ | [2-3[ | [3-4[ | [4-5] | [5-6[ | [6-7[ | [7-8[ | [8-9[ |[9-10 |[10-11[|[11-12[|[12-13[|[13-14[|[14-15[|[15-16[|[16-17[|[17-18[|[18-19[|[19-20[|[20-21[|[21-22[|[22-23[|[23-24[|[24-25[| Total |Accu.
0.95-1[ 0.022 | 0.675 | 3.239 | 6.554 | 7.531 | 6.952 | 6.704 | 4.874 | 3.835 | 2.75 | 1.914 | 1.219 | 0.818 | 0.688 | 0.533 | 0.441 | 0.27 | 0.207 | 0.101 | 0.064 | 0.034 | 0.016 | 0.008 | 0.001 | 49.5 | 100.0
0.9-0.95[ 0.023 | 0.462 | 1.809 | 3.29 | 3.899 | 2.933 | 1.813 | 0.864 | 0.42 | 0.207 | 0.1 |0.043 | 0.033 | 0.034 | 0.017 | 0.017 | 0.012 | 0.01 | 0.005 | 0.003 | 0.001 | - - - 16.0 | 50.5
0.85-0.9[ 0.019 | 0.424 | 1.64 | 3.064 | 3.911 | 3.805 | 2.186 | 0.849 | 0.317 | 0.17 | 0.043 | 0.025 | 0.014 | 0.014 | 0.011 | 0.003 | 0.004 | 0.003 | 0.002 | - [0.001| - - - 16.5 | 34.6
0.8-0.85[ 0.01 | 0.298 | 1.166 | 2.13 | 2.51 |3.793 | 3.356 | 1.361 | 0.24 | 0.068 | 0.017 | 0.012 | 0.008 | 0.01 | 0.005 | 0.002 | 0.001 | 0.001 | - |0.001| - - - - 15.0 | 18.0
0.75-0.8[ 0.004 | 0.062 | 0.277 | 0.871 | 0.566 | 0.439 | 0.517 | 0.209 | 0.029 | 0.011 | 0.011 | 0.006 | 0.003 | 0.003 | 0.001 | 0.001 | 0.001 | - - - - - - - 30 | 31
0.7-0.75[ - - - | 0.004 | 0.007 | 0.004 | 0.005 | 0.004 | 0.004 | - |0.003 |0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | - - - - - - - 00 | 0.0
0.65-0.7[ - - - - - |0.001|0.001|0.002]|0001| - - - - |o0001| - - - - - - - - - - 00 | 0.0
0.6-0.65[ - - - - - - - |ooo1| - - - - - - - - - - - - - - - - 00 | 00
0.55-0.6[ - - - - - - - - - - - - - - - - - - - - - - - - - -
0.5-0.55[ - - - - - - - - - - - - - - - - - - - - - - - - - -
Total 01 | 1.9 | 81 | 159 | 184 | 179 | 146 | 82 | 48 | 32 | 21 | 13 | 09 | 08 | 06 | O5 | 03 | 02 | 01 | 01 | 00 | 00 | 0.0 | 0.0 | 100 -
Accum. 01 | 2.0 | 10.1 | 260 | 445 | 62.4 | 77.0 | 85.1 | 90.0 | 93.2 | 953 | 96.6 | 97.5 | 98.2 | 98.8 | 99.3 | 99.5 | 99.8 | 99.9 | 99.9 | 100.0 | 100.0 | 100.0 | 100.0 | - -
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Table 8.17  Joint occurrence table of omnidirectional Tp vs. JONSWAP y parameter at HKW2019
JONSWAP To [s]
yau!

[1-2[ | [2-3[ | [3-4[ | [4-5] | [5-6[ | [6-7[ | [7-8[ | [8-9[ |[9-10[ |[10-11[|[11-12[|[12-13[|[13-14[|[14-15[|[15-16[|[16-17[|[17-18[|[18-19[|[19-20[|[20-21[|[21-22[|[22-23[|[23-24[ |[24-25[| Total |Accu.
3.5-3.75[ - - - - - - - looo1| - - - - - - - - - - - - - - - - 0.0 |100.0
3.25-3.5 - - - - - - - - - - - - - - - - - - - - - - - - 100.0
3-3.25[ - - - - - - |o.001|0001| - - - - - |ooo1| - - |ooo1| - - - - - - - 0.0 |100.0
2.75-3] - - - - - | 000100010002 - - |ooo1| - - - - - - - - - - - - - 0.0 |100.0
2.5-2.75[ - - - | 0.001 | 0.002 | 0.001 | 0.002 | 0.001 | 0.002 | - |0.001]0.001| - [0.001|0001| - - - - - - - - - 0.0 |100.0
2.25-2.5 - | 0.001 | 0.007 | 0.083 | 0.092 | 0.023 | 0.022 | 0.018 | 0.004 | 0.001 | 0.004 | 0.001 | 0.001 | 0.002 | 0.001 | 0.001 | - - - - - - - - 0.3 |100.0
2-2.25[ 0.001 | 0.055 | 0.294 | 0.869 | 0.546 | 0.526 | 0.631 | 0.237 | 0.035 | 0.012 | 0.009 | 0.005 | 0.002 | 0.002 | 0.001 | - [0.001| - - - - - - - 32 | 99.7
1.75-2 0.005 | 0.213 | 0.88 | 1.622 | 1.876 | 2.993 | 2.757 | 1.132 | 0.18 | 0.05 | 0.013 | 0.009 | 0.006 | 0.008 | 0.005 | 0.001 | 0.001 | 0.001 | - - - - - - 11.8 | 96.5
1.5-1.75[ 0.015 | 0.361 | 1.401 | 2.594 | 3.341 | 3.572 | 2.112 | 0.819 | 0.281 | 0.13 | 0.03 | 0.021 | 0.011 | 0.012 | 0.01 | 0.001 | 0.003 | 0.001 | - - |oo01| - - - 14.7 | 84.7
1.25-1.5] 0.022 | 0.491 | 1.878 | 3.384 | 4.184 | 3.247 | 1.908 | 0.872 | 0.408 | 0.212 | 0.088 | 0.032 | 0.03 | 0.03 | 0.013 | 0.012 | 0.011 | 0.01 | 0.005 | 0.002 | 0.001 | - - - 16.8 | 70.0
[1-1.25] 0.033 | 0.799 | 3.673 | 7.362 | 8.384 | 7.565 | 7.151 | 5.082 | 3.935 | 2.8 |1.942 | 1.236 | 0.827 | 0.696 | 0.54 | 0.447 0'227 0'920 o.;o 0'506 0'503 °'§1 °'§° 0'30 532 | 532
Total 01 | 19 | 81 | 159 | 184 | 179 | 146 | 82 | 48 | 32 | 21 | 13 | 09 | 08 | 06 | 05 | 03 | 02 | 01 | 01 | 00 | 00 | 00 | 00
Accum. 01 | 2.0 | 10.1 | 260 | 445 | 62.4 | 77.0 | 85.1 | 90.0 | 93.2 | 953 | 96.6 | 97.5 | 98.2 | 98.8 | 99.3 | 99.5 | 99.8 | 99.9 | 99.9 | 100.0 | 100.0 | 100.0 | 100.0 | - -
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8.5

Figure 8.70

216

Expected impact of presence of fully-developed wind farms at
Hollandse Kust (zuid) and Hollandse Kust (noord) on the metocean
conditions at Hollandse Kust (west)

Considering that the Hollandse Kust (west) OWF is located around 30km to the west of
Hollandse Kust (noord) OWF and 55km to the north east of Hollandse Kust (zuid), it is expected
that the metocean conditions at Hollandse Kust (west) wind farms would not be significantly
influenced by the future existence of wind turbines at Hollandse Kust (zuid) & (noord).

Wind

Oldbaum (see Section 9 of [40]) has studied the effect of existing offshore wind farms in the
immediate vicinity of the Hollandse Kust (noord), namely Offshore Wind Farm Prinses Amalia
(OWFPA) and Offshore Wind Farm Egmond aan Zee (OWEZ) on HKNWFZ. They found that
the effects are negligible. Based on this, it can also be concluded that the effect from Hollandse
Kust (zuid) & (noord) that is located further compared to OWFPA or OWEZ (to Hollandse Kust
(noord)) is negligible on Hollandse Kust (west). Considering the direction of extreme winds (see
Figure 8.2) which are predominantly coming from northerly, southwesterly and westerly
directions, no significant effect is foreseen on the extreme winds at HKWWFZ.

Waves

Christiansen et al. [41] describe the impact of offshore wind farms on the wave conditions.
Generation of wind-waves is governed by the surface shear stress on the water surface due to
the wind, the fetch, the depth and the duration of the storm. When the waves meet the offshore
wind farm, the wave field can be altered due to three processes, which are; A) the dissipation
due to drag resistance, B) reflection/diffraction of waves around the structure, and C) the effect
of a changed wind field inside and on the lee side of the offshore wind farm. The turbines in
operation extract energy from the wind but also act as obstacles to the wind. These two
processes change the wind field inside and on the lee side of the wind farm.

The changed wind conditions result in reduced wave heights in the lee of the offshore wind farm.
Figure 8.70 shows an example of a calculated wave height field around an offshore wind farm.
The largest changes to wave height are the reduced wave heights in the lee of the offshore wind
farm. A slight increase in wave height is also present upwind of the offshore wind farm due to

reflection of wave energy (see Figure 8.71).
I |
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An example of the wave height distribution around the OWF, for a wind direction of 305°, and a wind speed
of Uio = 24m/s. From [42]
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Figure 8.71 Close-up of example shown in Figure 8.70

Local winds are predominantly from southwest at Hollandse Kust (west) wind farms.
Considering the layout of HKZWFZ and HKNWFZ, the effects from HKZWFZ & HKNWFZ on the
Hollandse Kust (west) wind farms would be more relevant to be considered for winds blowing
from southeast and east. As mentioned above, it has been shown in Section 8.1.2 that the wind
magnitude is not considered weak (from southeast or east) compared with the dominant south-
westerly directions. Therefore, it is expected that the south-easterly and easterly waves will
experience some dissipation of energy while passing through the HKZWFZ and HKNWFZ.
However, Figure 8.50 clearly indicated that the easterly and south-easterly waves are very mild
at HKWWFZ (occurring around 7% of the time) which is due to the fetch length and bathymetry.
Considering that the HKZWFZ and HKNWFZ were not included in the modelling (meaning that
no dissipation due to HKZWFZ or HKNWFZ has been modelled and thus waves at HKWWFZ
are not affected by any structure — and are still very mild from east and south-east according to
Figure 8.50), it can be concluded that the effects on waves at HKWWFZ are negligible.

For the effects on wave field, it can be concluded that:

« Diffraction might be noticeable for waves coming from E — SE direction. The percentage of
occurrence is small (< 8% from E and SE) and distance between HKWWFZ and
HKNWFZ/HKWWFZ is larger 30 km. Wave diffraction from individual wind farms will not be
noticeable at this distance. In addition diffraction from the entire HKNWFZ as a group is
also limited at this distance, as can be seen from Figure 8.70 and Figure 8.71.

« Dissipation due to drag and the effect of a changed wind field are indirect effect on the
wave field, due to changes in the wind field. Since the effects on wind field is negligible as
concluded above, this effect on the wave field will also be negligible.

Currents

Considering the current rose at HKWWFZ (Figure 8.37), the main flow directions are SSW to
NNE. Due to location of HKZWFZ and HKNWFZ (to the south east and east of HKWWFZ), itis
concluded that no effect on flow velocities will be noticeable at HKWWFZ.
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9 Extreme Metocean Conditions

A number of analyses were conducted to estimate the extreme metocean conditions within the
project site. The extreme analyses are reported at five (5) selected locations including
HKW2019 (the location for which normal conditions were established — see Section 7). The
extreme conditions were based on the model data presented in Sections 3.3, 4.3 and 5.4.

All analyses were conducted for 12 directional bins of 30 degrees (centered at 0°N, 30°N...).
Monthly extremes were also performed and results are provided in relevant sections.

The directional and monthly extremes have not been scaled to preserve the
targeted unconditional (omni) non-exceedance probability, as agreed with RVO
& DNV-GL. This means that while a specific directional/monthly extreme has
an annual non-exceedance probability (or return period) as specified, an
arbitrary directional/monthly extreme will be exceeded more often. Scaling
must therefore be considered if the directional extremes are used for design.

The extreme wave conditions were considered for the total spectrum only for selected
parameters (Hmo, Hmax and Cmax). The data covered the period from 1979-01-01 to 2019-12-31
(41 years). The extreme wave results correspond to 3-hour averaged values.

Wind data for heights larger than 10m were obtained from the 10mMSL CFSR dataset applying
the profiles derived from observations (see Section 3.3.5.2).

The absolute values of heights are referring to the local LAT defined according to results of the
harmonic analysis of the modelled water levels, see Section 8.2.2. The distance MSL-LAT
extracted from these results was applied to convert levels relative to MSL at equivalent levels
referenced to LAT. This distance is 1.7m at HKW2019.

Accompanying this report, 5 Excel files are provided which contain all the results of the extreme
values analysis and their associated parameters. Please note that such Excel files are available
via the digital metocean database as described in Section 6 and accessible via

In this section, most results are only presented at HKW2019 for simplicity. The results at all
other locations are provided in Excel files with the report and also accessible through the
database.

The extreme wind speeds have been provided for various averaging periods as indicated in the
tables or on table captions. Water levels and currents are corresponding to instantaneous
values.

9.1 Extreme Value Analysis Methodology

The DHI J-EVA model has been applied to estimate extremes of wind speeds, wave heights,
water levels and currents speeds and variables associated with extremes of the aforementioned
variables. The J-EVA model consists of 1) a storm model and 2) a statistical model. The two
components are briefly described in the following.

Apart from Appendix C & D, it is highly recommended to read [43] for more detailed information
on J-EVA’s methodology.
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Storm model

Storm events evolve in time with a build-up phase, a storm peak and a decay as the wind storm
moves away and/or the low pressure fills up. It is important to accurately model this time
evolution and not just the storm peak itself as the time evolution has direct impact on short-term
response such as, for instance, the maximum crest height. Directionality is also important in this
context as wind and wave direction typically shift during a storm passage. J-EVA makes use of a
storm model to realistically capture this evolution of relevant environmental variables

(Hmo, T, WS etc.) in storm events. The purpose of the storm model is:

o To condense the storm events into a set of characteristic values for all relevant variables
suitable for statistical modelling

e To provide means of simulating realistic time series of the relevant variables in each storm
from a set of simulated characteristic storm values. We call these intra-storm time series or
trajectories

From the input time series of the relevant environmental variables presented in Sections 3.3, 4.3
and 5.4, the storm model separates this into individual (storm) event and computes
characteristic values of the environmental variables, thus fulfilling its purpose No. 1.

The theory and implementation of the J-EVA storm model are detailed in Appendix D.

Statistical model

The J-EVA statistical model is used to estimate the statistical distribution of the characteristic
storm values of the environmental variables, returned by the J-EVA storm model. The theory
and implementation of the J-EVA statistical model is detailed in Appendix C.

The J-EVA statistical model estimates the marginal distributions of all characteristic storm
variables, that is the distribution of each variable completely independent of any other variable.
It can also estimate the distributions of variables conditional on a selected variable being
extreme (attaining a high value).

The J-EVA statistical model includes an option of modelling marginal and conditional
distributions dependent on co-variates. For HKW, the wind, wave and current directions have
been used along with season (day of the year, ¢) as co-variates. The specific analysis set-up is
further detailed below. The use of directional and seasonal co-variates jointly means that the
marginal and conditional distributions will vary continuously with both direction and season. This
is done to capture the significant directional and seasonal variation in the wind, wave and
current conditions.

Extreme value estimates using J-EVA are obtained via simulation. Empirical distributions are
generated by sampling a large number of events from the statistical distributions of J-EVA.
Extreme value estimates for required return periods are then “read off” from these empirical
distributions. Directional/seasonal estimates are obtained by only considering the empirical
distribution of simulated events within a given directional/seasonal sector, while omni-estimates
are obtained by not imposing such conditions on the simulated events.

J-EVA optimises the simulations depending on the requested return periods, such that the very
long simulations required to estimate extreme values with long return periods only include the
relevant events above a high threshold. Shorter simulations with no threshold are then made for
the short return period extremes. The plots presented in the following subsections are all coming
from such shorter simulations with no threshold (i.e. including all events). These simulations are
typically in the order of 10,000 to 50,000 years long. The longest simulations, made for
extracting 10,000 year extreme values, are typically in the order of 1 x 10° to 4 x 10° years long.

Four extreme value models have been set up for the HKW study and are briefly outlined below
(see Table 9.1). All four models use the day of year as the seasonal co-variate.
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Table 9.1 Summary of the four extreme value models implemented in this study

Model Directional Conditioning Conditioned Variables
Co-variate variable
Wind Direction at time of Storm peak wind H,pno, CSyesi at time of peak wind speed
speed peak wind speed D,, | speed U;q
Water level | None Extremes of HWL, None
LWL both total and
residual
Current Direction at time of Peak residual current | Ujq, Hpyy at the time of peak current
speed peak residual current | speed speed
speed D,
Wave Storm model PWD Storm model Hyopeq | Associated oeq, Ty, Toz, U1, CS, W Lresiguar
heights

The individual model set-ups and results are further detailed in the following sections.

Application to HKW

Performing the J-EVA simulations is a computationally very demanding task which could take up
to 30 hours on a 20-core machine with 64 GB of RAM. Thus, doing J-EVA on all wave model
elements within the database area (~8,000 elements) is not possible within a reasonable time
frame. In order to have the extreme value results (and their joint probabilities) at all elements,
DHI selected 8 points (herein referred to as “J-EVA points”) spread within the domain as shown
in Figure 9.1. The 5 analysis points at Hollandse Kust (west), which were introduced in

Section 7, were among the 8 J-EVA points. The rest of the points (3 additional points) were
selected in the corner of HKW (J-EVADS), on top of sand bank (J-EVA6) and in the middle of
HKW wind farm zone (J-EVA7).

Based on DHI's experience applying J-EVA in other areas such as North Sea, Taiwan. U.S East
Coast, Baltic Sea and the Dutch North Sea (see Section 9 of [2]), 8 number of points (presented
in Table 9.2) are considered more than enough to represent the spatial variation of extremes at
Hollandse Kust (west).
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Figure 9.1

222

Bathymetry [m]
Il Above -21.0
B 225--21.0
[ ]-240--225
[ ]-255--240
[ ]-270--255
[ ]-285--27.0
I -30.0--285
I -31.5--30.0
B -330--315
B -34.5--33.0
B -36.0--345
Bl 37.5--36.0
Bl 390--375
Bl 405--39.0
Bl 420--405
B Below -42.0
] Undefined Value

Table 9.2 Coordinates of the 8 points considered for J-EVA within the HKW Wind Farm Zone
Depth
ETRS1989 ETRS1989 [mMSL]
UTM Zone UTM Zone . o . o from
Name 31N - 31N - Longitude [°] | Latitude [°] wave
Easting [m] Northing [m] model
mesh
HKW2019 552086 5843308 3.7714 52.737 26.46
P1 560040 5852842 3.891 52.822 26.54
P2 548808 5823681 3.720 52.561 26.31
P3 539078 5828154 3.577 52.602 24.31
P4 551664 5835613 3.764 52.668 29.15
P5 536544 5815926 3.538249 52.492252 30.80
P6 539710 5822414 3.585645 52.550349 23.00
P7 545861 5828592 3.677215 52.605405 30.11
[deg] Location of J-EVA points (on top of wave model bathymetry)
520 BRECCUCUNI | SN GR UBRN | GRM S ok | WP
o 52.75 1 T R L P
2 _
E 5070 = e =
=z :
=
= 52,65 J e - N N A i i Sl
=
3
S 5260 4 $ 3
5 2
52.55 CEMEVAB S +
[=]
52.50 g % ,,,,,
3.40 3.50 3.70 3.80 3.90 4.00 4.10
Longitude/UTM 31N ETRS89 [deg]

J-EVA points within the the Hollandse Kust (west) Offshore Wind Farm Zone areas. Please note that the
contours of the Wind Farm Sites within the HKWWFZ are preliminary only and no rights can be derived

from it

After performing J-EVA on all the 8 points, the results were populated to all elements within
HKW following the below approach:

1. Calculate the median of annual max of different parameters at each element. Main
parameters are Hmo, U0, CS & WL. In addition, calculate the median of associated
parameters to the annual max values, such as the associated Ty or Toz to the annual max
Hmo. As an example, please see Figure 9.2 and Figure 9.3 for the median of annual max of
Hmo and the associated Toz values, respectively.
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[deg]

52,857 9890000
52.80 .....
52_75: ,,,,,
52.70{ ____________________________

52657

Figure 9.2

[deg] Median of associated T02 to Annual Max of HmO [sec]
52.85%

52 80

Latitude/lUTM31N ETRS89

52.551
52 501

52453

Figure 9.3

52.751
52701
52,651

52 60

Median Annual Max of HmO [m]

lL ,,,,,,,,,,,,,,,,,,,,,

J— =

VA1

1 5835000

830000

[deg]

DHI)

Median AM

I Above 592
5.88-592
584 -588
580-5.84
576 -5.80
572-576
568-572
564 -568
5.60 - 5.64
5.56 - 5.60
5.52 - 5.56
548 - 5.52
544 -548
540-5.44
5.36-5.40
Il Bclow 5.36

REREARREAC TN

[ ] Undefined Value

Median of annual max of HmO values all over the HKW domain. Please note that the contours of the Wind
Farm Sites within the HKWWFZ are preliminary only and no rights can be derived from it

T02

7.75
7.70
7.65
7.60
7.55
7.50
7.45
7.40
7.35
7.30
7.25
7.20
7.15
7.10

||| RN

Longitude/lUTM31N ETRS89

I Above 7.80

-7.80
-7.75
-7.70
-7.65
-7.60
-7.55
-7.50
-7.45
-7.40
-7.35
-7.30
-7.25
-7.20
-7.15

Il Below 7.10
[ ] Undefined Value

Median of TO2 associated to annual max of HmO all over the HKW domain. Please note that the contours

of the Wind Farm Sites within the HKWWFZ are preliminary only and no rights can be derived from it
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2. To calculate the extreme values (or the associated parameters), the below formula/
approach was used:

The wave height quantity in a random model point i, H;, is obtained from the ‘J-EVA’ points
j=1Lingy, by

NJEVA

E(Hmo 1yr i) } . .
H: = Z .1

Where the sum of weight factors }.;w;; = 1 and H; is the corresponding wave height
quantity calculated using J-EVA in point j. The wave height quantities are the
directional/monthly extreme value estimates at different return periods.

A similar approach for wave period, water level, wind and current speed items (by replacing
H and H,,, with relevant items). Scale factors w are kept the same. Weight factors w;;
were based on inverse distance cubed, i.e., w;; = a(1/6ij3), where §;; is the distance
between point i and j and « is a normalisation factor to ensure ¥, ; w;; = 1.

3. The weight factor is a 8 x 1 matrix and defines how much each of the 8 J-EVA points could
contribute to the value at any element.

4.  The J-EVA outputs were used directly in the J-EVA points (when i = j)

Waves

A DHI J-EVA storm model and statistical model has been set up for wave height extremes and
associated parameters. Independent storm events are identified using declustering with a
minimum separation criterion of 18 hours and the equivalent storm model parameters calculated
for each storm event. The storm model peak wave direction PWD and season have been used
as co-variates and the model fitted to characteristic storm variable values

(Hmop,eq:In0eq, Ty, €1C.).

A prior has been set on the upper end point of the significant wave height H,,, ,, ., limiting this to

0.7 times the local water depth to MSL. This is considered a rather conservative estimate for the
the depth-limited H,,,,.

Long simulations are then made providing simulated values of these storm variables for H,; 5, oq
more extreme than any contained in the original hindcast. The storm model is then applied to
convert these storm events into time series of sea state variables at hourly time steps.

Monte-Carlo simulation is used to numerically fold the Forristall wave [44] and crest [45]
distributions with the long-term distributions of relevant sea state variables in order to obtain
estimates of the wave and crest height distributions duly accounting for the storm duration. In
practice, this is done by sampling the maximum wave and crest height in each sea state. The
distribution of the maximum wave and crest height is obtained by raising the non-exceedance
probability distribution of individual wave and crest height to the power of N, where N is the
number of individual waves in the sea state:

B N
P(Hmax < thmO) = <1 — €xXp <_ (a:; 0) )) (9-2)
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a and B are the scale and shape of the Forristall distributions. The sampled maximum waves
and crests are then treated in the same way as the sampled values of e.g. H,,,, following the
procedure outlined in Appendix C.4, in order to obtain the extreme value estimates of individual
wave and crest heights for various return periods.

Various plots showing the output from the long simulations are presented in the following.

Figure 9.4 shows directional exceedance probability plots obtained at HKW2019. The y-scale is
the average annual number of exceedances and the simulated data has been split into
segments corresponding to the length of the hindcast record (41 years). Hereby, it is possible to
draw 95% confidence bands (shaded area) and median (blue line). The total number of events
will vary between directional sectors, meaning that the start point of the curves will vary between
directional sectors?®. The match is generally good, especially for the dominant sectors.

The hindcast can be considered as a random sample of the 41 years of storms from the true
distribution of storm severity, and the rest of the observed mismatches between hindcast and
median of the simulation (sectors S, N and SW) is attributed to the natural variability of the
extremes of such a random sample. For instance, a couple of large events including the largest
have co-variate PWD slightly above 337.5° (see Figure 9.6). The spline representation of
distribution parameters implemented in J-EVA ensures that these events contribute to the wave
height distribution in the vicinity of their co-variate value including below 337°N, but in the plots
they will be assigned to one and only one directional sector. It is also important to note that
even though the results are shown for 45° sectors in Figure 9.4, the same model outputs can be
separated consistently into any other directional sector division, including 30 sectors as used for
the present study.

Figure 9.5 to Figure 9.7 show the J-EVA results from simulating 25,000 years of storm events.
Each dot in the scatter plots represent one storm event. From such plots, the relationship
between various parameters can be observed. For example, from Figure 9.6, the positive
correlation between the high-residual water levels and storms propagating from the north-
westerly sector is evident. This figure also shows that high values of the residual current speed
are associated with storms from south-west. It is also evident that the north-north-westerly and
northerly events generally are associated with longer wave periods and smaller wind speeds,
compared to events from south-west, consistent with the longer fetch from NW compared to
SW.

Figure 9.8 and Figure 9.9 present the J-EVA results after applying the storm model to generate
individual sea states from the simulated storms presented in Figure 9.5 to Figure 9.7. Figure 9.8
is directly comparable to Figure 9.4, but now shows the exceedance probability of the individual
sea states (of which there are likely more than one per storm). Figure 9.9 is directly comparable
to Figure 9.5 in the sense that it shows the simulated variables plotted against simulated H,,,.
Note that the storm duration parameter g,, only exists as a storm parameter. It determines the

number of sea states (number of hours) of the storm but has no direct sea state equivalent.

It should be mentioned that all extreme wave results in this section are representative of 3-
hourly averaged values.

28 For easterly points, where the peak wave direction is seldomly in the directional sector corresponding to waves from
the shore, the rate of occurrence of these ‘from land’ wave events is very low. This may imply that extreme value
estimates with low return periods for the directional sectors, corresponding to waves from land, become undefined.
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Figure 9.4  Directional exceedance probability of H .4 Obtained from DHI's Joint-EVA simulation of
storm events at HKW2019.

Hindcast data shown in black and median and 95% confidence band of simulated events
shown with blue line and shaded area respectively
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Figure 9.5 DHI’s Joint-EVA simulation of storm events at HKW2019.
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Posterior predictive distribution at HKW2019 on equivalent storm peak (Hmo, p, eq) iS
presented on top left. Storm duration (top right), Tp (second row left), To2 (second row right),
Residual water levels (third row left), Wind speed at 10mMSL (third row right) and residual
current speed (bottom) against equivalent storm peak (Hmo, p, eq). Black dots show original
hindcast and coloured dots the result of a simulation of 25,000 years. Warmer colours
indicate higher density of points
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Figure 9.6 DHI’s Joint-EVA simulation of storm events at HKW2019.

Equivalent storm peak (Hmo, p, eq) (top left), Storm duration (top right), Tp (second row left), Toz
(second row right), Residual water levels (third row left), Wind speed at 10mMSL (third row
right) and residual current speed (bottom) against Direction. Black dots show original
hindcast and coloured dots the result of a simulation of 25,000 years. Warmer colours
indicate higher density of points
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Figure 9.7 DHI’s Joint-EVA simulation of storm events at HKW2019.

Equivalent storm peak (Hmo, p, eq) (top left), Storm duration (top right), Tp (second row left), Toz
(second row right), Residual water levels (third row left), Wind speed at 10mMSL (third row
right) and residual current speed (bottom) against Season. Black dots show original hindcast
and coloured dots the result of a simulation of 25,000 years. Warmer colours indicate higher

density of points
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Figure 9.8 Directional exceedance probability of H,,,, obtained from DHI's Joint-EVA simulation of storm
events at HKW2019.

Hindcast data shown in black and median and 95% confidence band of simulated sea states
shown with blue line and shaded area respectively
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Figure 9.9 DHI’s Joint-EVA simulation of individual sea states at HKW2019 based on 25,000 years of
simulation.

Posterior predictive distribution of Hmo (top left). Scatter plots show Ty (top right), Toz2 (second
row left), Residual water levels (second row right), Wind speed at 10mMSL (third row left),
wind direction (bottom left) and residual current direction (bottom right), all against Hmo.
Black dots show original hindcast and coloured dots the result of the simulation. Warmer
colours indicate higher density of points
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The directional and seasonal extreme values of wave heights and their associated parameters
have been computed for sea states with high water level conditions (WL>0mMSL) and low water
level conditions (WL<OmMMSL) respectively.

Table 9.3 contains the directional extreme significant wave heights for both high and low water
level conditions at HKW2019. The extreme Hmo values associated to low water level conditions
are 0.8-1.5m lower than the extreme Hmo associated to high water levels for the dominant
directions. For the more benign easterly directions, extremes associated with low water level
are actually highest, indicating that these type of sea states are associated with a negative
surge (as shown in Figure 9.6).

Please note that the directional and monthly extremes have not been scaled to preserve the
targeted unconditional (omni) non-exceedance probability, as agreed with RVO & DNV-GL.

Table 9.3 Extreme directional Hmo-3nr for high and low water level conditions at HKW2019
Directional Extreme Significant Wave Heights, Hmo-3nr [M]
Direction (PWD Tr [years]
[deg N]) 1 2 5 10 | 50 | 100 1000 10000

omni 5.6 6.0 6.5 6.8 7.5 7.7 8.5
0 4.4 4.9 5.5 5.9 6.7 7.1 8.0 8.8
30 3.5 4.0 4.6 5.0 5.9 6.2 7.1 7.8
:7': 60 1.7 2.1 25 2.6 3.1 34 4.5 5.8
E 90 1.5 1.8 2.1 2.3 2.7 2.9 3.3 3.7
</:\) 120 1.4 1.7 2.0 2.2 2.6 2.7 3.1 3.5
;_,, 150 1.6 1.9 2.1 2.4 2.7 2.9 3.3 3.7
% 180 2.0 2.3 2.6 2.8 3.2 3.4 4.3 5.3
= 210 39 | 43 | 47 | 50 | 56 5.9 6.6 7.3
-;'; 240 4.9 5.2 5.6 5.9 6.5 6.7 7.4 8.1
270 4.1 4.6 5.1 5.5 6.3 6.6 7.4 8.1
300 5.1 5.5 6.0 6.3 7.1 7.3 8.1 8.8

330 5.1 5.6 6.1 6.5 7.2 7.5 8.3
Oomni 4.8 51 54 5.7 6.2 6.4 7.1 7.8
0 3.6 4.0 4.5 4.9 5.5 5.7 6.5 7.2
30 3.3 3.7 4.2 45 5.2 54 6.2 6.9
g 60 2.1 2.4 2.7 3.0 3.4 3.7 4.3 5.3
% 90 1.9 2.2 25 2.7 3.1 3.2 3.7 4.1
3 120 1.9 2.1 25 2.6 3.0 3.1 3.6 3.9
g 150 2.0 2.3 25 2.7 3.1 3.2 3.6 4.0
o 180 2.3 2.6 2.9 3.1 35 3.7 4.4 5.0
g 210 3.8 4.1 4.6 4.8 5.4 5.6 6.3 6.9
§ 240 4.6 4.9 5.3 5.6 6.1 6.3 6.9 7.5
270 2.8 3.2 3.8 4.2 5.0 5.3 6.3 7.0
300 3.4 3.7 4.1 4.4 5.0 53 6.2 7.0
330 3.6 4.0 4.4 4.6 5.4 5.6 6.5 7.3
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Table 9.4 and Table 9.5 summarise the associated Toz and Tp (50%) to the extreme Hmo values
for both HWL and LWL conditions.

Table 9.4 Associated Toz to extreme directional Hmo for high and low water level conditions at HKW2019

Directional Associated Wave Periods, Toz2[S]

Direction (PWD Tr[years]
[deg N]) 1 5

omni 7.5 7.8
0 7.0 7.4
30

=

%]

=

£

g

N

|

2

)

=

=

=

=)

T

=

(%]

s

£

o

\Y)

1

2

)

©

= 210 5.9 6.1 6.3 6.5 6.8 6.9 7.3 7.6

z

o 240 6.4 6.6 6.8 6.9 7.2 7.3 7.6 8.0

5.6 6.0 6.2 6.7 6.9 7.4 7.7

300 5.9 6.1 6.3 6.5 6.9 7.1 7.5 7.9
330 63 | 66 | 70 | 72 | 77 | 78 _
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Table 9.5 Associated Tp (50%) to extreme directional Hmo for high and low water level conditions at HKW2019

Directional Associated Peak Wave Periods, Tp[S]

Direction (PWD Tr [years]
[deg NI) 1 2 5 10 50 100 | 1000 10000
Oomni 10.3 10.7
0 100 | 106
30 8.6 9.3 101 | 107
) 60 7.6 8.0 9.8
=
IS 90
o
A 120
-
= 150
% 180 8.0 8.8
= 210 8.2 8.5 8.9 9.1 9.6 9.8 10.2 10.7
ey
2 240 8.9 9.2 9.5 9.8 102 | 104 10.9
270 8.1 8.5 9.0 9.4 100 | 102 10.7
300 9.5 9.9 103 | 106
330 102 | 107
omni 8.9 9.2 9.5 9.8 103 | 105
0 9.2 9.7 103 | 106
30 8.5 9.0 9.6 101 | 109
- 60 8.0 8.4 9.5
2 90 7.9
o
v 120
—
2 150
% 180 8.0 8.5
= 210 8.1 8.4 8.8 9.0 9.5 9.6 10.2 10.6
z
3 240 8.8 9.0 9.4 9.6 100 | 102 10.6
270 7.9 8.3 9.0 9.2 9.9 10.4
300 7.9 8.2 8.6 8.8 9.3 9.6 10.2 10.8
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Table 9.6 includes the extreme directional maximum individual wave heights (Hmax) at HKW2019
for both HWL and LWL conditions.

Table 9.6 Directional extreme Hmax for high and low water level conditions at HKW2019

Directional Extreme Individual Wave Heights, Hmax[m]

Direction (PWD Tr[years]
[Efze) LT 5 10 50 100 1000 10000
omni 121 | 128 | 141 | 148
0 101 | 109
30 8.3 91 | 106 | 112
2 60 58 6.2 7.6 8.9
z 90 6.2 7.0
o
A 120 5.9 6.8
= 150 6.2 6.9
% 180 5.8 6.2 8.0 11.0
2 210 7.0 7.7 8.5 91 | 103 | 108
.;5’ 240 8.9 96 | 104 | 109 | 122
270 7.1 8.1 92 | 100 | 116 | 122
300 93 | 101 | 111 | 118
330 93 | 102 | 113 | 120
omni 8.7 93 | 100 | 105 | 115 | 120
99 | 104 | 119
9.5 9.9 11.3
- 65 | 6.9 8.2 9.5
z 59 | 63 73 8.4
v 5.7 5.9 6.9 7.7
=5 5.8 6.2 7.1 8.0
o] 6.5 6.8 8.1 10.5
s 210 6.9 75 82 | 88 99 | 104
g 240 84 | 9.0 97 | 1202 | 113 | 118
270 57 6.6 7.3 8.9 9.5
300 6.1 6.6 7.3 7.9 9.1 9.6
330 6.3 7.0 7.7 8.3 96 | 101
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Table 9.7 Summary of associated Tumax to omni-directional Hmax for HWL conditions at 5 analysis points

Associated Thmax [sec] to extreme Hmax (WL > 0)

Tr [years]

Point Name Parameter

THmax - 5%

HKW2019 Thmax - 50% 9.3 m 10.5

Thmax - 95% . 115

Thmax - 5%

1 —— . 105

THmax - 95%

THmax - 5%

P2 Thmax - 50%

THmax - 95%

THmax - 5%

P3 THmax - 50%

THmax - 95%
THmax - 5%

THmax - 95%

Table 9.8 summarises the omni-directional extreme Hmo, Hmax and Cmax for HWL conditions at 5
analysis points. P1 shows the largest extreme values.
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Table 9.8 Summary of omni-directional extreme sea states for HWL conditions at 5 analysis points

Extreme Sea States [m] for WL >0

Point Name Parameter T [years]
1 2 5 10 50 100 | 1000 10000
HKW2019 6.5 6.8 7.5 7.7
P1 6.5 6.9 7.6 7.8
P2 Hmo 6.5 6.8 7.5 7.8
P3 6.5 6.9 7.5 7.7
P4 6.5 6.8 7.4 7.7
HKW2019 121 | 12.8 | 141 | 14.8
P1 12.2 | 129 | 144 | 15.0
P2 Hmax 122 | 12.8 | 14.4 | 14.8
P3 12.3 | 13.0 | 14.3 | 149
P4 12.2 | 12.8 | 141 | 14.7
HKW2019 10.2 | 10.7 | 119 | 124
P1 10.3 | 109 | 12.1 | 12.6
P2 Cmax [MLAT] 10.2 | 10.8 | 12.1 | 125
P3 10.3 | 109 | 12.0 | 12.6
P4 10.2 | 10.7 | 11.8 | 12.3
HKW2019 7.8 8.2 9.2 9.7
P1 7.9 8.3 9.4 9.8
P2 Cmax [MSWL] 7.8 8.3 9.4 9.8
P3 8.0 8.5 9.5 9.9
P4 7.7 8.2 9.1 9.5

The spatial variations of extreme 50-year significant wave heights and 10,000-year maximum
individual wave height (associated with HWL) across the wind farm zones are presented in
Figure 9.10. As expected, the spatial variation follows the bathymetry variation.

The Hmax values associated to 10,000-year return period varies between 17.0m and 18.4m
across the entire site. Considering that the water depth variation across the site is between
22mMSL (on top of the sand dunes) and 32mMSL, and the associated water level of around
3.0m to a 10,000-year extreme sea states, the Hmax values of around 18.0m will not be breaking

due to depth limitations.
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Figure 9.10 50-year HmO (top) and 10,000-year Hmax (bottom) across the HKW area. Please note that the contours of
the Wind Farm Sites within the HKWWFZ are preliminary only and no rights can be derived from it

9.3 Wind speed

A J-EVA statistical model has been set up for the extremes of the 10m wind speed. The
extremes have been found by declustering the continuous time series of wind speed into
individual events requiring at least 18 hours between storm events. The direction at the time of
the peak wind speed and the season are used as covariates. The significant wave height H,,,,
and residual current speed CS,..iqua; @re conditioned on extremes of the wind speed. Total
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current speed is obtained by randomly sampling tidal current assuming this completely
independent of the residual current. Note that time series around the storm peak were not
required for the extremes of wind speed, as folding with the short-term distribution of wind gusts
was not required. The storm model has therefore not been applied for wind speed extremes.

Figure 9.11 shows directional exceedance probability of the 10m wind speed. The model fits
data well but the figure also highlights the random variability in the tail of the historical data
(black lines).

Figure 9.12 to Figure 9.14 show the results (omni-directional, directional and seasonal) of
10,000 years of simulation with wind speed being the conditioning parameter at HKW2019.
Some correlation is seen between the wind speed and residual current speeds with high values
of the residual current speed being associated with wind from S-SW approximately parallel to
the coastline. The significant wave height H,,, is obviously also correlated with wind speed, but
the dependence is found to vary with wind direction. The wind speeds are less strong from
NNW, yet the waves are highest from this direction, consistent with the longer fetch in this
direction.
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Figure 9.11 Directional exceedance probability of 10m wind speed obtained from DHI's Joint-EVA

simulation of wind speed maxima at HKW2019.

Hindcast data shown in black and median and 95% confidence band of simulated events

shown with blue line and shaded area respectively.
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Figure 9.12 DHI’s Joint-EVA simulation of storm events at HKW2019 with wind speed (U10) being the
conditioning parameter.

Posterior predictive distribution at HKW2019 on Ui is presented on top left. Scatter plot of
Hmo (top right) and residual current speeds (bottom) against Uio are shown. Black dots show
original hindcast and coloured dots the result of a simulation of 10,000 years. Warmer
colours indicate higher density of points
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DHI's Joint-EVA simulation of storm events at HKW2019 with wind speed (U1o) being the

Directional (based on wind direction D1o) results for Uio (top left), Hmo (top right) and residual
current speeds (bottom) are shown. Black dots show original hindcast and coloured dots the
result of a simulation of 10,000 years. Warmer colours indicate higher density of points
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U10
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Figure 9.14 DHI’s Joint-EVA simulation of storm events at HKW2019 with wind speed (U1o0) being the
conditioning parameter.

Seasonal results for Uio (top left), Hmo (top right) and residual current speeds (bottom) are
shown. Black dots show original hindcast and coloured dots the result of a simulation of
10,000 years. Warmer colours indicate higher density of points

Table 9.9 summarises the monthly and directional extreme of 2hr-averaged wind speeds at
10mMSL at HKW2019. Please note that the directional and monthly extremes have not been
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scaled to preserve the targeted unconditional (omni) non-exceedance probability, as agreed with
RVO & DNV-GL.

Table 9.9 Monthly and directional extreme wind speed, 10m, 2h-averaged at HKW2019

Directional/Monthly U10 Wind speeds [m/s

T
c
o
5
o
a 26.1
24.6 25.5
25.4 26.2
22.9 23.7 26.3
21.3 22.2 25.1
>
= 21.0 21.9 24.5
c
2 212 | 221 25.0
22.2 23.1 26.0
24.2 25.1
Oct 19.8 215 22.8 24.0 26.5
Nov 20.4 22.3 23.9 25.1
Dec 21.4 22.6 24.5 25.7
9.3.1 Conversion between time scales

The information provided in this section details storm wind speed correction factors that can be
applied to the modelled wind speeds to represent various time intervals. These corrections
were determined following the guidance specified by [29].

For averaging times shorter than 1 hour, the mean wind speed during storm conditions can be
expressed as:

U (2) = Uyn(2) - [1 = 0411, - In (T/To)] 9.3)

244 hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS D H l i 9

with:

Uy, r(z) isthe sustained wind speed (m/s) at an elevation of z mMSL, averaged over a time
interval T

Uy 1n(2) is the 1-hour sustained wind speed at altitude z mMSL
Ty is the reference time averaging interval of 3600s

I, is a dimensionally dependent value for the turbulence intensity of wind speed, given
by: I, = 0.06 - (1 +0.043 - Upg) - (%/7,)

As the modelled wind speeds represent a 2-hour sustained wind speed (Uzn), a means of
determining the 1-hour sustained wind speed (Uwo) is a necessary step toward implementing the
above corrections.

Values for Uy were approximated via an iterative solution to the temporal averaging equations
described above, setting T to 7200s, and the elevation z to 10m, which gave a correction factor
of 3.3% from 2h to 1h.

Having established a set of values for Uwo, Storm wind speed correction factors relative to
modelled values of U, 2, are provided in Figure 9.15 and Table 9.10 to Table 9.12 for the
following conditions:

e Averaging periods of: 3s, 600s, 1h, 2h (reference), and 3h?°
« Elevations above MSL: 10, 60, 100, 120, 160, 200, 250 and 300 mMSL

Users can use the values in Table 9.10 to Table 9.12 or the formulas given above to convert the
time series (2hr averaged) given at a specific altitude (time series is available through the
database), to other averaging times (at the same altitude).

Storm wind speed correction factors relative to U

16 10m,2h
. H H] | — I
—_—— U10m52h-1 Om/s

_ 15 _O_U10m,2h=15m/8 H
% SR 1 Om_2h=20m.’s
& 1.4r U =25m/s |]
- 10m,2h
S 13} _._U10m,2h_30m/5 i
§ U om zn=35M/s
S 121 —— U g ap=40m/s ]
e | 4
§ 1.1
w

1 | o

0-9 i A i i aiil i i i a il i A a i aiil i A a i aiil
10° 10 102 10° 10* 10°

Averaging interval, T(s)

Figure 9.15 Storm wind speed correction factors relative to Uiom,2n

29 The ISO 19901-1 equations are intended for averaging times less than 1h and should therefore be used with caution
for longer averaging times. However, the conversion factor for 3h (10m) was also computed applying the
methodology of the Coastal Engineering Manual [65]). This methodology is independent of wind speed and valid for
longer averaging times. The result applying CEM was identical to the result applying ISO 19901-1 for wind speed of
20m/s, indicating that the ISO 19901-1 equations may be applicable for averaging times of up to 3h.
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Table 9.10  Storm wind speed correction factors relative to Uiom,2n and Ueo,2n

Storm wind speed correction factors relative to U

10m,2h
Averaging time, T(s)

3 15 &0 800 3600 7200 10800
10 1.2828 1.2243 1.1740 1.05903 1.0252 1.0000 0.9853
ﬁ_ 15 1.327% 1.2601 12017 1.1047 1.0252 1.0000 0.59825
:.-E 20 1.3736 1.2564 1.2258 1.1193 1.0333 1.0000 0.5805
2 25 1.42M1 1.3333 1.2584 1.1341 1.0374 1.0000 0.9781
30 1.4674 1.3708 1.2875 1.1452 1.0415 1.0000 0.9756
35 1.5155 1.4089 1.3171 1.1645 1.0455 1.0000 0.9731
40 1.5643 1.4477 1.3471 1.1802 1.0503 1.0000 0.59705

Storm wind speed correction factors relative to Ugom.2n

Averaging time, T(s)

3 15 &0 800 3800 7200 10800
10 1.1881 1.1500 1.1163 1.0604 1.0158 1.0000 0.95901
ﬁ_ 15 1.2180 11737 1.1347 1.0699 1.01585 1.0000 0.5885
é 20 1.2452 11877 1.1533 1.0795 1.0222 1.0000 0.5870
=2 25 1275959 1.2220 11721 1.0854 1.0245 1.0000 0.5854
30 1.3109 1.2456 1.1913 1.0993 1.0277 1.0000 0.5838
35 1.3424 1.2716 1.2106 1.1083 1.0305 1.0000 0.5822
40 1.3744 1.2570 1.2303 1.1195 1.0333 1.0000 0.5805
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Table 9.11  Storm wind speed correction factors relative to Uioom,2h, U120m,2h, U1eom,2n and U200,2n

Storm wind speed correction factors relative to U 100m 2h

Averaging time, T(s)

3 15 &0 800 3600 7200 10800
10 1.1687 1.1338 1.1038 1.0539 1.0150 1.0000 0.9512

ﬁ. 15 1.1953 1.1549 11201 1.0624 1.0174 1.0000 0.5858
=20 12222 1.1763 1.1367 1.0709 1.01598 1.0000 0.5584
:J‘_ 25 1.2455 1.1979 1.1534 1.0795 1.0222 1.0000 0.5870
30 12771 121528 1.1704 1.0885 1.0247 1.0000 0.9855

35 1.3050 1.2420 1.1876 1.0574 1.0272 1.0000 0.93841

40 1.3334 1.2645 1.2051 1.1064 1.0257 1.0000 0.59825

Storm wind speed correction factors relative to U 20m 2h
Averaging time, T(s)

3 15 &0 800 3600 7200 10800

10 1.1620 1.1285 1.0996 1.0517 1.0144 1.0000 0.9916

ﬁ. 15 1.1875 1.1487 1.1153 1.0599 1.0167 1.0000 0.5502
o5 |20 12133 1.1852 1.1312 1.0681 1.0150 1.0000 0.5889
:J‘_ 25 1.2354 1.1899 1.1473 1.0764 1.0213 1.0000 0.89875
30 1.2659 1.2105 1.1636 1.0845 1.0237 1.0000 0.9851

35 1.2827 12322 1.18M 1.0935 1.0261 1.0000 0.5848

40 1.3199 1.2538 1.1968 1.1021 1.0285 1.0000 0.9833

Storm wind speed correction factors relative to U 200m 2h
Averaging time, T(s)

3 15 &0 600 3600 7200 10800

10 1.1445 1.1147 1.0889 1.0452 1.0125 1.0000 0.9525

ﬁ. 15 1.1673 1.1327 1.1025 1.0534 1.0145 1.0000 0.9913
% 20 1.1802 1.1509 1.1170 1.0807 1.0169 1.0000 0.95M
- 25 1.2135 1.1654 1.1313 1.0882 1.0150 1.0000 0.5885
30 12371 1.1830 1.1458 1.0757 1.0211 1.0000 0.8877

35 1.2609 1.2089 1.1605 1.0833 1.0232 1.0000 0.5854

40 1.2850 1.2251 1.1753 1.0810 1.0254 1.0000 0.5852
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Table 9.12  Storm wind speed correction factors relative to U2som,2n and U3oo,2n

Storm wind speed correction factors relative to U

250m,2h
Averaging time, T(s)
3 15 &0 600 3600 7200 10800
10 1.1375 1.1081 1.0846 1.0439 1.0122 1.0000 0.9928
*:5. 15 1.1591 1.1262 1.0979 1.0508 1.0142 1.0000 0.9917
§ 20 1.1810 1.1438 1.1113 1.0578 1.0181 1.0000 0.9906
= 1.2031 11611 1.1249 1.0848 1.0181 1.0000 0.9394
30 1.2255 1.1788 1.1387 1.0720 1.0201 1.0000 0.9333
35 1.2481 1.1963 1.1526 1.0792 1.0221 1.0000 0.9371
40 1.2711 1.2150 1.1887 1.0885 1.0241 1.0000 0.9859
Storm wind speed correction factors relative to U, 2h
Averaging time, T(s)

3 15 60 600 3600 7200 10800
10 1.1321 1.1043 1.0812 1.0422 1.0118 1.0000 0.9931
*:5. 15 1.1528 11212 1.0940 1.0488 1.0138 1.0000 0.9920
g 20 1.1738 1.1378 1.1069 1.0555 1.0155 1.0000 0.9309
o |25 1.1850 1.1547 1.1199 1.0822 1.0174 1.0000 0.9338
30 1.2164 14717 1.1331 1.0691 1.0193 1.0000 0.9287
35 1.2382 1.1889 1.1465 1.0780 1.0212 1.0000 0.9876
40 1.2802 1.2064 1.1600 1.0831 1.0232 1.0000 0.9854

9.3.2 Extreme wind speed profile

In Section 3.3.5.2, results of vertical wind speed profile analyses was presented. The
conclusion was to use the shear factors based on the HKN measurements (~2 years) as the
wind measurements provided to this study at HKW only covered a period of ~9 months and not
considered sufficient to derive appropriate (without seasonal bias) vertical wind speed profiles.

In Section 9.3.2 of [2], DHI presented detailed analyses of vertical wind speed profiles during
storms at variation stations such as EPL, K13, MM-1Jmuiden (LIDAR), HKZ and HKN
measurements. The conclusion was that the shear factor varies between 0.07 at nearshore
stations and 0.12 at offshore stations. The value of 0.12 was derived from 95™ percentile of the
highest measured wind speeds corresponds to a rather conservative profile. One of the
shortcomings of such analyses was the measurement periods and availability at offshore
locations. In Appendix G of [2], KNMI (on behalf of RVO) performed an independent analyses
based on KNW wind atlas (see Section 3.3.1) and derived (based on 39 years of modelled data)
a shear factor of 0.1.

In order to account for uncertainties within the analyses, including the measurement period, and
to provide consistent extreme values all over the HKW domain, it was decided to use a shear
value of 0.1 in this project. This will most likely provide slightly conservative results at
HKWWEFZ.
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9.3.3 Summary
As explained above, the extreme value analysis was performed on 2h 10mMSL wind speeds
first and then, based on the formulation given in Section 9.3.1 and 9.3.2, the extreme wind
speeds were converted to shorter averaging periods and extrapolated to higher altitudes.
Table 9.13 and Table 9.14 summarise the omni-directional extreme wind speeds at 1:0mMSL
and 100mMSL at all 5 analysis points for 2-hr and 10-min averaging periods. Looking at the
results, little variation is seen across the HKNWFZ.
Table 9.15 summarises the monthly and directional 10-min wind speeds at 100mMSL at
HKW2019.
The extreme values at other levels and with other time averaging periods (1hr, 1 minute and
3 seconds) are provided in the Excel files accompanied with this report. They can also be
obtained from the web-based database at any given points within the Hollandse Kust (west)
area.
Please note that the directional and monthly extremes have not been scaled to preserve the
targeted unconditional (omni) non-exceedance probability, as agreed with RVO & DNV-GL.
Table 9.13  Summary of extreme wind speeds at 10mMSL at 5 analysis points
Extreme Wind Speed [m/s] at 10mMSL
q . Tr [years]
Point Name Averaging
2 5 10 50 100 1000
HKW2019 25.5 26.8 27.7 29.8 30.6
P1 25.5 26.9 27.9 29.9 30.7
P2 2hr 254 26.7 27.7 29.6 30.4
P3 25.7 27.0 28.0 29.9 30.8
P4 25.3 26.6 27.6 29.6 30.4
HKW2019 289 | 306 | 316 | 343 | 353
Pl 28.9 | 307 | 319 | 344 | 354
P2 10min 28.8 | 304 | 317 | 340 | 35.0
P3 29.2 30.8 32.0 34.4 35.5
P4 28.7 30.3 31.5 34.0 35.0
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Table 9.14  Summary of extreme wind speeds at 100mMSL at 5 analysis points

HKW2019

P1

P2

P3

P4

Extreme Wind Speed [m/s] at 100mMSL

2hr

HKW2019

P1

P2

P3

P4

10min

250
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37.0 38.2
37.1 38.5
36.8 38.3
37.3 38.7
36.7 38.1
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Table 9.15  Monthly and directional extreme wind speeds, 100mMSL, 10min-averaged at HKW2019

Directional

Monthly

9.4 Water levels

A DHI, J-EVA statistical model has been set up for water levels. Extremes of high and low water
levels are estimated independently for total water level (tide and residual) and residual alone.
Water levels exhibit seasonal variation and are therefore used as a co-variate.

Table 9.16 and Table 9.17 contain the monthly extreme total and residual high water level
values at HKW2019, respectively. As expected, summer months have relatively lower values. It
should be noted that the extreme residual water levels are almost as large as the total water
level values. This is mainly due to high correlation between residual (surge) and the large
storms from northerly sector.
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Table 9.18 summarises the extreme total high and low water levels at all 5 analysis points.
Small variation is seen across the HKWWFZ.

Water levels values are corresponding to instantenious values. Please note that the monthly
extremes have not been scaled to preserve the targeted unconditional (omni) non-exceedance
probability, as agreed with RVO & DNV-GL.

Table 9.16  Extreme monthly total high water levels at HKW2019

Monthly Extreme Total High Water Level [MLAT]

Table 9.17  Extreme monthly residual high water levels at HKW2019

Monthly Extreme Residual High Water Level [m]

Annual

Jan
Feb
Mar
Apr

May

Jun
Jul
Aug

Monthly

Sep
Oct
Nov

Dec
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Table 9.18  Summary of extreme total high and low water levels [MLAT] at 5 analysis points

Extreme Total High and Low Water Level [mLA

HKW2019
P1
P2 HWL
P3
P4

HKW2019
P1
P2 LWL
P3
P4

The spatial variations of the total high and low water levels for the 100-year return period across
HKWWFZ are presented in Figure 9.16.
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Figure 9.16 Spatial variations of the 100-year extreme high (upper panel) and low (bottom panel) total water levels
across HKWWFZ [mLAT] — map projection in UTM31 ETRS89. Please note that the contours of the Wind
Farm Sites within the HKWWFZ are preliminary only and no rights can be derived from it
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9.5 Currents

DHI’'s J-EVA statistical model has been set up for the extremes of residual current speed.
Independent current events have been found by declustering the continuous time series
requiring a minimum event separation of 18 hours. The current direction (going-to) at the time of
peak current speed and the season are used as co-variates. The significant wave height H,,,
and wind speed U, , are conditioned on extremes of the current speed.

Figure 9.18 and Figure 9.19 show the results of J-EVA simulation on the residual current speed
after 50,000 years of simulation. The extremes of residual current at HKW2019 is mostly either
NNE-going or SSW-going, as seen from Figure 9.19. Current in other directions (due to long
distance from shore and deep water) occur when the current turns and the speed during turning
is not the event maxima and as large as dominant direction. In order to fill the tables of
directional extremes for other sectors, the following approach have been taken.

e  The 95% directional quantile of all data (i.e. the hourly current speed) has been estimated.

e«  The extreme values from J-EVA in the dominant direction and the direction opposite to that
are extracted.

»  The 95% directional quantile is scaled according to these extreme values and the
directional extreme values taken as the maximum of the scaled directional quantile within
each 30° directional sector bin.

Figure 9.17 illustrates this approach. The directional 95% quantile is shown in as a grey line,
while the directional quantile scaled with 1, 100 and 1000 year NNE and SSW extreme values
are shown with coloured lines. The constant density contours from the J-EVA simulation (see
also Figure 9.19, upper left) in the vicinity of the two dominating directions are shown for
reference (as grey dots). Due to the way the contours are calculated, these will only be
matching the extreme values from J-EVA exactly at the dominant (NNE) peak only.

1 .2 T T T T T T T T T T T
95% quantile of CR

Si
*  JEVA density contours
1 year residual current speed

= 0.8 f \ 100 year residual current speed |
E / § “'\ 1000 year residual current speed

0 30 60 90 120 150 180 210 240 270 300 330 360
CD___. [°N-going to]

resi

Figure 9.17 lllustration of the approach taken to derive directional current speed extremes at HKW2019.

There is a non-linear coupling between the residual and the tidal flow in these relatively shallow
water depths, meaning that the residual obtained from de-tiding is not entirely unaffected by the
tidal amplitude. In other words, there is a tendency that the largest residual amplitudes coincide
with low tidal amplitudes. Randomly adding tide to the extremes of residuals will therefore lead
to an overestimation of total amplitudes. A separate extreme value model has therefore been
set up and fitted to the largest total current speeds, in order to provide extreme value estimates
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of the total current speed. Figure 9.20 is comparable to Figure 9.18 but showing simulations
with total current speed instead of residual current speed. The flood and ebb currents have
different magnitudes. This is the reason for the apparent bi-modal scatter in the subplots in
Figure 9.20 showing current speed vs. H,,, and U;,. The lack of correlation between total
current speed and H,,,, and U,, respectively is also evident from these subplots. This is not
surprising as the tidal amplitude is nearly as large as the residual.

By comparing the upper left subplot in Figure 9.18 to that in Figure 9.20, it is seen that for very
long return periods (010* years), the model returns higher residual than total currents. This
comes from the fact that the residual current extremes to which the model is fitted have larger
variance than the total current extremes. This is in itself not impossible, as the tidal current
could oppose the residual, leading to a lower total current speed. However, whether it is
realistic or not, is not possible to say with the present data. Simulations of the currents in the
MIKE 21 HD model using very extreme wind forcing might be able to shed more light on the
physics under these very extreme conditions. But this is outside the present work scope.

Water levels values provided in this section are corresponding to instantenious values.
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Posterior Predictive Distribution
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Figure 9.18 DHI’s Joint-EVA simulation of storm events at HKW2019 with residual current speed
(CSresiduar) being the conditioning parameter.

Posterior predictive distribution on CSresidual iS presented on top left. Scatter plot of Hmo (top
right) and wind speed (bottom) against CSresidual are shown. Black dots show original
hindcast and coloured dots the result of a simulation of 50,000 years. Warmer colours

indicate higher density of points
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Figure 9.19DHI’s Joint-EVA simulation of storm events at HKW2019 with residual current speed (CSresidual)
being the conditioning parameter.

Directional (based on residual current direction CSresidual) results for CSresidual (top left), Hmo
(top right) and wind speed (bottom) against CDresidual (g0ing-to) are shown. Black dots show

original hindcast and coloured dots the result of a simulation of 50,000 years. Warmer
colours indicate higher density of points
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Posterior Predictive Distribution H 50
of Annual Maximum CS, Contours at 1, 2, 5, 10, 50, 100 & 1000 year RP
J-EVA - of
HKW2019Dtot R
104 e -
8 -
7+
103 E
3 6
@
@
]
§ 102 o s < .§, 5
& o
5 Jd
@
40 oo E
: E 3
L =3 2r
1k
0 1 2 0 2
CSTmI [m/s] CSTmI [m/s]
Uy
Contours at1, 2, 5, 1q, 50,100 & 1000 year RP
30
25f
20+
Q3
E
° 151
o=}
10
5k
0 1 2
CST olal [m/s]

Figure 9.20 DHI’s Joint-EVA simulation of events at HKW2019 with total current speed (CStota)) being the
conditioning parameter.

Posterior predictive distribution on CSiotal iS presented on top left. Scatter plot of Hmo (top
right) and wind speed (bottom) against CSiwtal are shown. Black dots show original hindcast
and coloured dots the result of a simulation of 50,000 years. Warmer colours indicate higher
density of points
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Table 9.19 presents the results of the monthly and directional extreme total depth-averaged
current speeds at HKW2019. Currents are seen to be strongest going to N and NNE (0 and 30
degree sectors) and southerly (180 and 210 degree sectors) directions.

Please note that the directional and monthly extremes have not been scaled to preserve the
targeted unconditional (omni) non-exceedance probability, as agreed with RVO & DNV-GL.

Table 9.19  Extreme monthly and directional (going-to) total depth-averaged current speeds at HKW2019

Directional/Monthly Extreme Current speeds -Depth Averaged [m/s]

]
c
o
=]
[S]
4]
S
o
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Table 9.20  Summary of extreme total current speeds at 5 analysis points and 3 levels

Extreme Current Speeds [m/s

HKW2019
P1
P2
P3
P4

1.0

11
1.0 1.0

11

11

Depth-
Averaged

HKW2019
P1
P2 Near Surface
P3
P4

HKW2019
P1
P2
P3
P4

Near Sea
Bed

The spatial variations of total and residual extreme depth-averaged current speeds for the 100-
year return period across the HKW wind farm zone are presented in Figure 9.21.
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Figure 9.21  Spatial variations of the 100-year extreme total (upper panel) and residual (bottom panel) depth-averaged
current speeds across HKWWFZ — map projection in UTM31 ETRS89. Please note that the contours of the
Wind Farm Sites within the HKWWFZ are preliminary only and no rights can be derived from it
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951 Characteristic extreme current velocity profile

In Section 8.3.3, analyses on current profiles were made on the measurements at HKW. Due to
the short period of measurements (<9 months), the recommendations made in Section 8.3.3 are
valid for normal conditions. In Section 9.5.1 of [2], similar to the approach applied for normal
conditions (see Section 8.3.4 of [2] or Section 8.3.3 in this report), characteristic extreme current
velocity profiles were derived based on observed currents (only the HKNA buoy was considered,
as it contained the longest period of measurements at HKNWFZ (HKNB have some gaps)).

Same approach was applied on the HKWA and HKWB data. The 99.9-percentile of the depth-
averaged current speeds and the observed current speed at each depth (from -4 to -20m depth
and to -26m for HKWB) were calculated. Unfortunately, due to lack of data (~9 months of data
was available from which only percentiles above 90% were considered), appropriate
relationships (that DHI could assess reasonable and trustworthy) could not be established for
extreme currents along the water column. This problem was mostly observed in the upper part
of the water column.

Figure 9.22 shows the relationship between the observed wind speed and residual current
speed (-4m from the surface) at HKWA. No clear correlation can be seen between the two
parameters. It is also clear that very few observation points are available for larger currents to
be used for establishing appropriate relationship for extreme surface currents.
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Figure 9.22  Scatter plot of wind speed and residual current speeds measured at 4m depth at HKWA

After careful considerations, it was decided to apply the same methodology as was developed in
[2]. Based on [2], scaling factors were based on HKNA data and applied down to 25% of the
water column, and the logarithmic profile is applied at 5% of the water column. The scaling
factor is dependant on the water depth as well.
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It should be noted that, there are uncertainties that cannot be fully addressed without having
more detailed long-term measurements.

In addition, as the water depth varies along the HKWWFZ, without having proper measurements
or detailed 3D model, it is not possible to establish extreme profiles accurately. It should be
noted that the derived ratios are based on a conservative approach.

Scaling parameters obtained at the five analysis locations are indicated in Table 2.1 for
reference. Near-surface and near-bottom currents are approximately 1.5 and 0.75 times the
depth-averaged current speeds respectively. These ratios were directly applied to extreme
depth-averaged currents to derive extreme current speeds at various depths.

Table 9.21  Scaling parameter from depth-averaged current speed to current U(z) at selected depth the extreme
analysis locations.
HKW2019 P1 P2 B8 P4
Depth

CSTot CSReS CSTot CSRes CSTot CSRes CSTot CSRes CSTot CSRes

Near-surface 1.49 1.53 1.49 153 1.49 153 1.48 1.52 1.49 153

75% 1.22 1.25 1.22 1.25 1.22 1.25 1.22 1.25 1.22 1.25
50% 1.03 1.06 1.03 1.06 1.03 1.06 1.03 1.06 1.03 1.06
25% 0.96 0.97 0.96 0.97 0.96 0.97 0.96 0.97 0.96 0.97
5% 0.76 0.77 0.76 0.77 0.76 0.77 0.76 0.77 0.76 0.77

9.6
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Associated parameters to extreme values

Table 9.22 presents the associated depth-averaged total current speed, wind speed at 10mMSL
and significant wave height Hmo to extreme Hmo, total depth-averaged current speed and wind
speed at 10mMSL, respectively at HKW2019. The results are direct outputs from the J-EVA
analysis. The correlation between total current speed and H,,, and U;, is very weak, as Figure
9.20 also clearly shows. This is also reflected in the numbers in Table 9.22, where the increase
in H,,, and U,, associated to extreme current speeds is not very strong for increasing return
periods. The correlation between wind speed and current speed is stronger than that between
H,,, and current speed, the reason being that the omni-directional extremes of significant wave
height at HKW2019 to some extent is governed by events from NNW (see e.g. Figure 9.6).
These events are not associated with strong currents. Omni-directional wind extremes, on the
contrary, are mainly governed by events from SW. These are associated with relatively large
values of the residual current speed.
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Table 9.22  Associated parameters to extreme Hmo, CS and U0 at HKW2019
Associated parameters to extreme Hmo
Tr [years]
Parameter
1 2 5 10 50 100 1000
Extreme HmO [m] 5.6 6.0 6.5 6.8 7.5 7.7 8.5
Depth-Averaged CS [m/s] 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Wind speed at 10mMSL [m/s] 20.0 | 215 | 223 | 224 | 23.7 | 236 24.6

Associated parameters to extreme depth-averaged Total Current Speed

Tr [years]
Parameter
1 2 5 10 50 100 1000
Extreme depth-averaged total current speed 1.0 11 11 12 13 13 15
[m/s]
Significant wave height [m] 3.2 3.8 3.8 3.9 4.7 4.7 5.2
Wind speed at 10mMSL [m/s] 16.7 | 189 | 179 | 19.1 | 225 | 227 25.1

Associated parameters to extreme wind speed at 10mMSL

Tr [years]
Parameter
1 2 5 10 50 100 1000
Extreme 10-m|nute[vr;/]|/r;§j speed at 10mMSL 275 | 289 | 306 | 316 | 343 | 353 385
Significant wave height [m] 4.8 51 55 5.7 6.1 6.2 6.4
Depth-Averaged CS [m/s] 0.6 0.4 0.6 0.6 0.6 0.6 0.6

9.7

Mean storm duration

Storm events are identified by their significant wave height. Standard metocean techniques for
separating the continuous time series of (hourly) wave heights into individual (storm) events
consist in defining a minimum time separation between consecutive storm peaks and moreover
often an additional requirement that the level must have crossed down below a fraction of the
minor of consecutive peaks in order for those to be defined as two separate events. This
additional requirement ensures that storms with long durations are not unintentionally split into
separate events.

The time series of H,,, have been declustered into independent events by requiring at least 18
hours between events and that the wave height has passed below 75% of the minor of two
adjacent events.

The storm parameters have been calculated for each storm (as shown in Figure 9.5) using the
definition provided in Appendix C.

Figure 9.23 shows the In(o,,4y) (denoted as N in the figure) against the H, ., at HKW2019.
Then, a linear fit has been made together with 95% confidence limits. Using the extreme values
provided in Table 9.3 together with their associated period (Table 9.4), the duration of the
storms for different return periods was calculated using the linear fits shown in Figure 9.23 and
the definitions given above. Table 9.23 summarises the results and presents the storm duration
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(in hours) for different return periods at HKW2019 area. The durations given here are specified
as from upcrossing of 75% H,,q,, .qt0 downcrossing of the same.

Number of waves vs. HmO for all storms at HKW2019
I T

e Nvs.HmO
In(N) vs. HmO

11

. * . . .
10.5 |- " e - e . — = 5% and 95% Confidence | |

Figure 9.23 Number of wave (in logarithmic scale) against the significant wave height at HKW2019. The
confidence bounds (5% and 95%) are plotted in dashed blue

Table 9.23  Storm duration [hour] at HKW2019 for different return periods [years]

Tr [years]
Iltem
1 2 5 10 50 100 1,000 10,000
Omni Hmo at HKW2019 5.6 6.0 6.5 6.8 7.5 7.7 8.5 9.3
[m]
Toz associated to omni 7.5 7.8 8.2 8.4 8.9 9.1 9.7 10.2
Hmo at HKW2019 [m]
Storm duration [hours] — 10.7 10.3 9.8 9.5 8.8 8.6 7.9 7.1
5% confidence limit
Storm duration [hours] — 11.7 11.3 10.8 10.5 9.8 9.6 8.9 8.1
50% confidence limit
Storm duration [hours] — 12.8 12.4 11.9 11.6 10.9 10.8 10.0 9.2
95% confidence limit
9.8 Likelihood of shoaling and breaking waves

The wave periods of extreme sea states at the site are such that shoaling is non-negligible. This
means that the average wave steepness and as a consequence also the wave breaking
probability will increase.

No explicit wave breaking probability distribution exists, but the limiting breaking height
formulation by [46] has previously proven to be a reasonably good approximation for the wave
height limit at the intermediate water depths, where the wave breaking is a function of both wave
steepness and wave height to water depth ratio. The wave height limit H, is given by:
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_ mh 4/3
L—O_A{1—exp<—1.5L—o(1+ 11tan 9))} 9 3

where L, is the deepwater wavelength, h the water depth and 8 the bottom slope. The
randomness of irregular seas is accounted for by the proportionality index A, which is varying
from 0.12 to 0.18, according to Goda. The seabed slope has conservatively been set to a low
value of 0.003. Small slopes increase the likelihood of the largest wave being a breaking wave,
as high waves grow less on flat seabed than on a significant slope, before they break.

The breaker height formulation by Goda has been combined with the extreme value estimates of
individual wave height (Hmax and Tumax) to predict the probability that the maximum waves are
breaking. The height and period of extreme individual waves are derived from JEVA results and
presented in Section 9.2. The following approach was implemented to calculate Goda’s A
parameter for all elements:

1. Extract all the Hmax (associated to HWL conditions) and their associated THmax (50%) values
for different return period at all elements

2. Calculate the associated surge and tide by subtracting the extreme Cmax (SWL) from the
extreme Cmax (MSL) and adding it to the MSL water depth at each element

3. Calculate Goda’s A parameter from Eq 9.3 and the associated probability that the extreme
wave is breaking. Based on [46], we assume this probability to vary linearly from 0 at A =
0.12tolat A =0.18

Figure 9.24 to Figure 9.26 shows the result of the above calculations corresponding to 50, 100 &
1,000 years for Hollandse Kust (west) area, respectively. It is clearly seen how the breaking
probability increases as the storm wave height increases (by return periods), partly because of
an increase in sea state steepness, but primarily because the wave height to water depth ratio
increases (following the water depth variation across the site specially on the sand dunes).

The probability of breaking for 50-year return periods is maximum 72% in the south western
parts of the site. For the 1,000-year return period, the breaking probability is 100% along the
sand dunes.

In relation to values provided in Section 9.2, large individual waves (for example, Hmax{zo00-

vear}=16.8m) with values of the A-parameter in excess of 0.18 cannot be excluded, but their
likelihood of breaking is very high.
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Figure 9.26
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The applied method is only a very crude approximation to the complex process of wave
breaking and ignores important aspects such as, for instance, directional spreading and wave-
current interaction. The estimated breaking probability should therefore only be taken as an
indication. However, the analysis does point to the fact that with the ratios of extreme individual
wave height to water depth in the area, the probability that the largest individual waves are
breaking is large.

An alternative method of estimating the breaking probability is presented by Paulsen et.al. [47].
They quantify the probability that a random wave in a sea state is breaking via the sea state
steepness and the non-linear crest height to water depth ratio. The former is calculated based
on the linear dispersion relation, the first moment wave period Ty; and H,,; as R = kg Hye-
According to [47] the wave is breaking when the non-linear crest height exceeds a limit a given

by:

Bo (1 + %ﬁo)

L agh 9.4
PR ©9

a = min

The parameters are given in [47] as S, € [0.3;0.5] and a, = 0.4. h is the water depth including
tide and surge.

This breaking probability (or in fact the limiting non-breaking) criterion has been compared to the
estimates of extreme crest heights at HKW2019 (see Section 9.2) in Figure 9.27. This figure
shows the estimated Forristall distributed crest height C,,4, sy, €Xcl. tide and surge plotted
against the corresponding estimates of extreme significant wave height H,,, (grey line and
markers) for return periods from 1 to 10,000 years. This is compared to the depth-limited crest
height (0.4 x h) above which all crests are assumed to break (blue line and marker). The small
increase for increasing H,,, is caused by the increase in surge for increasing return period. Itis
observed that waves with crests above ~11m are breaking based on this criterion. The green
and orange lines and markers show the limits of the steepness-based criterion. The estimated
crest heights C,,4, sy, @re found to lie in between these limits but approaching the upper bound
limit for increasing return period. This is due to the fact that the steepness of the extreme sea
states is increasing for increasing return period.
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Figure 9.27 Maximum non-breaking crest height according to Paulsen et.al. [47] compared to estimates

of extreme crest heights at HKW2019. See report text for further details.

The comparison in Figure 9.27 shows that the method of Paulsen et.al. [47] is consistent with
the breaking probabilities of the extreme individual waves shown in Figure 9.24 to Figure 9.26.
The extreme individual waves even at 1-year return period have a probability of breaking (they
are between the upper and lower bound steepness limits in Figure 9.27) but this probability is
increasing as the return period increase, and for return periods of 1000 years or above, this
probability approaches 1.

It is noted that the assessment of breaking probability only considers the probability that the
wave is breaking according to eq. (9.2) and does not provide any information on the loads
induced by such breaking waves.

The wave-induced load in non-breaking waves is reasonably well determined from the wave
period and wave height, and the exceedance probability of a given load level therefore linked to
the exceedance probability of a given wave height. The same is not the case for breaking
waves. The wave load is highly dependent on the timing of breaking, and the degree of wave
breaking and waves of similar height and period may therefore give rise to very different wave
loads. In order to establish the wave load exceedance probability, the short-term distribution of
wave load conditional on sea state needs to be convolved with the long-term distribution of sea
states. Reference [48] did this for Wave-in-Deck loads on the Tyra oil platforms in the central
North Sea. The short-term distributions of wave loads conditional on sea states were
established from a very extensive physical model test campaign. The resulting Wave-in-Deck
loads turned out significantly larger than those obtained following the 1SO standards.

The approach of [48] requires detailed knowledge of the short-term wave load distribution,
conditional on sea state. When this is not available, one will have to follow the simpler and more
conservative approaches. Wienke and Oumeraci [49] developed a model for plunging breaking
wave impact. Their paper also includes a summary of earlier breaking wave load models.
Paulsen et.al. [47] proposed a modification and simplification of the Wienke and Oumeraci load
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time history, based on comparison with model tank tests. Another approach for steep near-
breaking and breaking waves is outlined in [50], following the method by [51].

DHI would not recommend to follow the procedure outlined in e.g. IEC 64000-3, Annex C. This
approach classifies wave breaking type as function of seafloor slope and wave steepness. For
most offshore wind farm sites in the North Sea, this will result in waves being classified as
spilling and, following IEC 61400-3, no additional load beyond that from regular stream function
theory should be accounted for.

hkw_20201204_mds_dhi_hollandse_kust_(west) metocean_study_v0.5 / nafe -amra / 2020-12-04 271





DA

This page is intentionally blank

272 hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04





The expert in WATER ENVIRONMENTS D H l i g

10 Joint Metocean Conditions

This section details analyses performed to assess the joint occurrence of various metocean
parameters. This was conducted at the location HKW2019 — see Section7, and were based on
the modelled metocean data covering the 41 period (1979-2020). The exact period used for the
joint conditions analysis starts from 1979-01-15 00:00 in order to remove the model warm-up
period and ends at 2019-12-31 23:00 (indicated hereafter as period 1979-01-15 to 2019-12-31).

10.1 Wind and waves

Wind conditions at HKW2019 are based on the CFSR wind data for the period 1979-01-15 to
2019-12-31. CFSR wind data is provided at a temporal resolution of 1-hour, but the values are
representative of a 2-hour average (see Section 3.3.3).

Wave data were based on 41 years of modelled wave data (1979-2020) as described in Section
5.4. Only the total part of the spectrum (sea + swell) was considered here if not mentioned
otherwise.

10.1.1 Misalignment of wind and wave direction

Wind-wave misalignment was calculated as the difference between wind direction (WD) and
mean wave direction (MWD) for each time-step in the model database. Monthly and directional
scatter diagrams of misalignment vs. Hmo, U0, and MWD at HKW2019 are given in Appendix G.
Presented in the Figure 10.1 to Figure 10.5 are the frequencies of occurrence (in %) of mean
wave direction and wind direction for all wind speeds at 100mMSL at the analysis points
HKW2019, P1, P2, P3 and P4 presented in Section 7. These same scatter tables are provided
for all five locations and for 2m/s wind speed bins between Om/s and 36m/s in Appendix G

(G.1.8).
HKW2019 (552086.00E;5843308.00N;26.46mMSL)
Frequency of Occurrence [%] (1979-01-15 - 2019-12-31) U, o All
MWD [*N-from] - SW, o
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Total 146 87 46 26 2.2 2.1 3.1 1.9 16.3 8.4 10.4 15.0 100.0
Accum 14.6 233 28.0 30.6 32.8 349 38.0 49.9 66.2 746 85.0 100.0

Figure 10.1  Joint occurrence (in %) of wave direction and wind direction at the location HKW2019 — all wind speeds at
100mMSL. Mean wave direction on the x-axis (in degrees) and wind direction on the y-axis (in degrees)
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Figure 10.2  Joint occurrence (in %) of wave direction and wind direction at the location P1 — all wind speeds at
100mMSL. Mean wave direction on the x-axis (in degrees) and wind direction on the y-axis (in degrees)

P2 (548808.00E;5823681.00N;26.31mMSL)
Frequency of Occurrence [%] (1979-01-15 - 2019-12-31) U, All

100
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WD [°N-from] - CFSR ..

DWF2020
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Figure 10.3  Joint occurrence (in %) of wave direction and wind direction at the location P2 — all wind speeds at
100mMSL. Mean wave direction on the x-axis (in degrees) and wind direction on the y-axis (in degrees)
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P3 (539078.00E;5828154.00N;24.31mMSL)
Frequency of Occurrence [%] (1979-01-15 - 2019-12-31) U
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Figure 10.4  Joint occurrence (in %) of wave direction and wind direction at the location P3 — all wind speeds at
100mMSL. Mean wave direction on the x-axis (in degrees) and wind direction on the y-axis (in degrees)

P4 (551664.00E;5835613.00N;29.15mMSL)
Frequency of Occurrence [%)] (1979-01-15 - 2019-12-31) U
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Figure 10.5 Joint occurrence (in %) of wave direction and wind direction at the location P4 — all wind speeds at
100mMSL. Mean wave direction on the x-axis (in degrees) and wind direction on the y-axis (in degrees)

10.1.2 Wave height and wind direction

The rose plot and scatter diagram of Hmo vs. WD at HKW2019 is shown in Figure 10.6. The
corresponding occurrence table is given in Figure 10.7. The majority of the time, winds are
blowing from westerly and south westerly sectors (centred from 210°N to 270°N). These sectors
are most frequently associated with Hmo < 2m, but can attain Hmo of over 6m. The largest waves
at HKW2019 are coming from northerly sectors (centred from 330°N to 0°N). These directions
are associated with longer fetches.
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Figure 10.6  Annual rose plot (top) and scatter plot (bottom) of HmO vs. WD at HKW2019 (1979-2020)
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Figure 10.7 Annual Frequency of occurrence of Hmovs. WD at HKW2019 (1979-2020)

10.1.3 Wind speed and significant wave height

Scatter diagrams and frequency of occurrence tables of Hmo vs. wind speed (U1 and Uioo) at

HKW2019 are given in Figure 10.8 and Figure 10.9.

There are strong correlation between wind speed and Hmo at HKW2019 with the largest waves
associated with the largest wind speeds. The correlation is evident for the two dominant wind-

wave directions.

Directional occurrence tables (based on WD) are given in Appendix G along with results for wind

speeds at various altitudes (10, 60, 100, 120, 160, 200, 250 and 300m above MSL).
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Figure 10.8  Scatter plot (top) and frequency of occurrence table (bottom) of Hmo against wind speed at 10mMSL (U1o0)
at HKW2019
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Figure 10.9 Scatter plot (top) and frequency of occurrence table (bottom) of Hmo against wind speed at 100mMSL (U100)
at HKW2019

10.1.4 Persistence of combined wind and waves

Monthly persistence analyses of combined wind speed at 10mMSL (U1o) and significant wave
height (Hmo) were conducted for monthly condition with the method described in Section 8.1.4.

Weather windows were calculated for durations of 1, 2, 4, 6, 12, 24, 48 and 72 hours, and were
defined as continued times when both Uio and Hmo were below the following specified
thresholds:
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o U thresholds [m/s]: 2, 4, 6, 8, 9, 10, 11, 12, 15, 20, 25
e Hmo thresholds [m]: 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.75 3.0, 3.5, 4.0, 4.5, 5.0

Weathers windows were determined for probability levels of 20, 50 and 80%, adopting the
‘overlapping’ method (see Section 8.1.4).

Figure 10.10 provides an example of the joint persistence analysis at HKW2019, for all Uio
thresholds conditioned on Hmo < 1.5m, with a duration of 24-hours and a 50% certainty. The
results show that during a typical June, there is, on average, a 79.2% probability of a 24 hour
weather window where both Uio < 10m/s and Hmo < 1.5m. Conversely, there is a 20.8% chance
that these thresholds are exceeded over 24-hours during a typical June.

Full results for all thresholds, durations and certainty levels are provided in Appendix G.
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Figure 10.10 Persistence (weather window) of wind speed at 10mMSL (Uio) at HKW2019 for various threshold levels and conditioned on Hmo < 1.5m for a
duration of 24-hours and a 50% certainty. The plot (upper panel) and table (lower panel) show the percentage of time (in each month) that the
given conditions can be expected to cooccur, with the vertical bars in the plot and the number in parentheses in the table giving the standard

deviation
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10.1.5

Normal sea states parameters

Normal Sea State (NSS) conditions characterize the combinations of sea-state parameters that
may be used when calculating ultimate and fatigue loads. For fatigue load calculations, a series
of NSS, associated with a mean wind speed, should be considered.

From section 2.4.4.1 of DNV-GL-0437 [39], the significant wave height Hs,nss of the normal sea-
state is defined as the “expected value of the significant wave height conditioned on the 10-
minute mean wind speed”.

The significant wave height is associated with a peak wave period, Tp.Nss. The range of peak
wave periods appropriate to each significant wave height should also be considered.

The value of the JONSWAP Gamma parameter (peak enhancement factor) and the directional
standard deviation (DSD) associated with the normal sea-state parameters was also considered
as part of this analysis.

The calculation of NSS conditions was performed for wind speeds at two elevations (100mMSL
and 120mMSL) for the location at HKW2019. The methodology employed to derive the NSS
parameters was as follows:

1. The wind speed data (U1oo and U120) were discretised into bins of 1m/s (from 1 — 35m/s).

2. The expected Hswas determined as the mean value of all the significant wave heights
conditioned on the binned wind speed identified in step 1.

3. The peak wave period associated with the expected Hs from step 2 was determined. The
range TpVvalues was characterised by calculating the value corresponding to 5%, 50%, 95% of
the available data (conditioned on Uzoo or U120).

4. The JONSWAP Gamma parameter (y) associated with the expected Hs and Tp values from
step 2 and 3 was determined. The range in JONSWAP Gamma values was characterised by
calculating the value corresponding to 5%, 50%, 95% of the data.

5. The range of DSD associated with the expected Hs and Tp values from step 2 and 3 was
determined (5%, 50% and 95%).

The resulting NSS tables for conditions for HKW2019 for wind speeds at 100mMSL and
120mMSL are summarised in Table 10.1 and Table 10.2, respectively.

hkw_20201204_mds_dhi_hollandse_kust_(west) metocean_study_v0.5 / nafe -amra / 2020-12-04 283





DA

Table 10.1  Normal sea-states (NSS) parameters for HKW2019: Hsnss, Tp.nss, JONSWAP y, and DSD conditioned on

U100
Tpnss [S] JONSWAP Gamma, y DSD [°]
U100 [M/s] Hsnss [M]

5% 50% 95% 5% 50% | 95% 5% 50% | 95%
1 0.6 31 51 15.2 1.0 1.0 2.3 27.1 41.2 66.8
2 0.6 3.1 5.1 15.2 1.0 1.0 2.3 27.1 41.2 66.8
3 0.6 34 5.2 13.4 1.0 1.0 2.3 26.5 39.2 64.1
4 0.7 34 5.2 134 1.0 1.0 2.3 26.5 39.2 64.1
5 0.7 34 5.2 134 1.0 1.0 2.3 26.5 39.2 64.1
6 0.8 3.6 5.2 12.5 1.0 1.0 24 26.5 37.8 63.6
7 0.9 3.8 5.3 11.9 1.0 1.0 25 26.6 36.8 62.6
8 1.0 4.0 53 11.7 1.0 1.0 2.5 26.7 36.3 62.5
9 1.1 4.3 55 115 1.0 1.0 2.7 26.8 35.3 60.4
10 1.3 4.6 5.6 11.7 1.0 11 2.8 26.8 345 58.4
11 1.4 4.9 5.9 11.7 1.0 1.2 3.0 26.8 34.0 55.9
12 16 5.2 6.1 11.2 1.0 1.3 3.1 26.5 33.2 51.7
13 1.8 5.4 6.3 10.3 1.0 1.4 3.3 26.3 32.8 48.4
14 21 5.7 6.6 10.0 1.0 15 3.1 26.2 325 45.7
15 2.3 6.1 6.8 9.6 1.0 1.6 2.9 26.1 31.8 43.8
16 2.5 6.3 7.0 94 1.0 1.6 3.1 26.0 315 42.0
17 2.7 6.6 7.3 9.3 1.0 1.7 29 26.0 311 40.8
18 3.0 6.8 7.4 9.2 1.0 1.8 3.0 26.0 30.8 39.4
19 3.2 7.1 7.7 9.3 1.0 1.8 2.8 26.1 30.6 38.4
20 34 7.5 8.0 9.5 1.0 2.0 3.0 26.4 30.2 37.0
21 3.6 7.7 8.2 9.9 1.0 2.0 3.0 26.6 30.4 36.1
22 3.9 7.9 8.5 10.0 1.0 2.0 3.0 26.7 30.1 35.4
23 41 8.0 8.6 10.2 1.0 21 3.1 26.9 30.4 35.5
24 4.3 8.1 8.8 10.5 1.0 2.1 3.2 27.0 30.5 35.4
25 4.5 84 9.0 10.7 1.0 2.1 3.2 27.3 30.7 35.0
26 4.6 8.6 9.4 11.0 1.0 1.9 3.2 27.4 31.0 34.8
27 4.9 8.7 9.7 11.2 1.0 1.9 3.3 27.6 31.0 34.6
28 5.0 8.8 9.9 115 1.0 1.8 34 27.9 30.9 34.2
29 5.3 9.0 10.2 11.8 1.0 1.6 3.3 28.1 314 34.1
30 5.3 9.0 10.2 11.8 1.0 1.6 3.3 28.1 314 34.1
31 55 9.0 10.1 11.8 1.0 1.9 3.7 28.5 31.6 34.3
32 5.8 9.3 10.9 12.7 1.0 1.5 3.7 29.3 32.2 34.2
33 6.0 9.3 10.9 12.7 1.0 1.5 3.7 29.3 32.2 34.2
34 6.1 9.6 11.2 12.3 1.0 15 3.5 28.6 31.9 35.3
35 6.4 9.6 11.3 13.6 1.0 1.6 3.7 29.6 32.1 35.1
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Table 10.2  Normal sea-states (NSS) parameters for HKW2019: Hsnss, Tpnss, JONSWAP vy, and DSD conditioned on

U120
Tpnss [S] JONSWAP Gamma, y DSD [°]
U120 [M/s] Hsnss [m]

5% 50% 95% 5% 50% 95% 5% 50% 95%
1 0.6 31 51 15.2 1.0 1.0 2.3 27.1 41.2 66.8
2 0.6 31 51 15.2 1.0 1.0 2.3 27.1 41.2 66.8
3 0.6 34 5.2 134 1.0 1.0 2.3 265 | 39.2 64.1
4 0.7 34 5.2 134 1.0 1.0 2.3 26.5 39.2 64.1
5 0.7 34 5.2 134 1.0 1.0 2.3 26.5 39.2 64.1
6 0.8 3.6 5.2 125 1.0 1.0 24 265 | 37.8 63.6
7 0.8 3.8 5.3 11.9 1.0 1.0 25 26.6 | 36.8 62.6
8 1.0 4.0 53 11.7 1.0 1.0 25 26.7 36.3 62.5
9 1.1 4.3 55 11.5 1.0 1.0 2.7 26.8 35.3 60.4
10 1.2 4.6 5.6 11.7 1.0 11 2.8 26.8 345 58.4
11 1.4 4.9 5.9 11.7 1.0 1.2 3.0 26.8 34.0 55.9
12 1.6 4.9 5.9 11.7 1.0 1.2 3.0 26.8 34.0 55.9
13 1.8 5.4 6.3 10.3 1.0 1.4 3.3 26.3 | 328 | 484
14 2.0 5.7 6.6 10.0 1.0 1.5 3.1 26.2 325 | 457
15 2.2 6.1 6.8 9.6 1.0 1.6 29 26.1 31.8 43.8
16 25 6.3 7.0 9.4 1.0 1.6 3.1 26.0 | 315 | 420
17 2.7 6.6 7.3 9.3 1.0 1.7 2.9 26.0 | 31.1 | 408
18 2.9 6.8 7.4 9.2 1.0 1.8 3.0 26.0 | 30.8 | 394
19 3.1 7.1 7.7 9.3 1.0 1.8 2.8 26.1 30.6 38.4
20 34 7.3 7.9 9.4 1.0 1.9 2.9 26.3 | 302 | 37.6
21 3.6 7.5 8.0 9.5 1.0 2.0 3.0 26.4 30.2 37.0
22 3.8 7.7 8.2 9.9 1.0 2.0 3.0 26.6 30.4 36.1
23 4.0 7.9 8.5 10.0 1.0 2.0 3.0 26.7 30.1 | 354
24 4.2 8.1 8.8 105 1.0 2.1 3.2 27.0 | 305 | 354
25 4.4 84 9.0 10.7 1.0 2.1 3.2 27.3 30.7 35.0
26 4.6 8.6 94 11.0 1.0 1.9 3.2 274 31.0 34.8
27 4.8 8.6 9.4 11.0 1.0 1.9 3.2 274 | 31.0 | 348
28 5.0 8.7 9.7 11.2 1.0 1.9 3.3 27.6 31.0 34.6
29 5.2 8.8 9.9 11.5 1.0 1.8 34 27.9 309 | 34.2
30 5.4 9.0 10.2 11.8 1.0 1.6 3.3 28.1 314 34.1
31 5.4 9.0 10.1 11.8 1.0 1.9 3.7 28.5 31.6 34.3
32 5.6 9.0 10.1 11.8 1.0 1.9 3.7 285 | 316 | 343
33 6.1 9.6 11.2 12.3 1.0 15 3.5 28.6 31.9 35.3
34 6.1 9.6 11.2 12.3 1.0 15 3.5 28.6 31.9 35.3
35 6.3 9.6 11.3 13.6 1.0 1.6 3.7 296 | 321 | 351
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10.2.1

286

Currents and Waves

Wave height and depth-averaged total current speed

Scatter diagram and occurrence table of significant wave height Hmo vs. total depth-averaged

current speeds CS at HKW2019 is given in Figure 10.11.

The flow environment at HKWWFZ is predominantly controlled by tidal forcing. As such, total
depth-averaged current speeds are not correlated with local winds or waves conditions at
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Figure 10.11 Scatter plot (top) and frequency of occurrence table (bottom) of Hmo versus total depth-

averaged current speed CS at HKW2019
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10.2.2 Wave height and depth-averaged residual current speed

Scatter diagram and occurrence table of significant wave height Hmo vs. residual depth-averaged
current speeds (CSresidual) at HKW2019 is given in Figure 10.12.

The largest CSresiqual are somewhat associated with larger waves at HKW2019 (for example
CSresiaual > 0.5m/s are generally associated with Hmo > 3m). There is considerable scatter in the
data, however, due to the occurrence of mixed sea-states at the HKWWFZ.
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Figure 10.12 Scatter plot (top) and frequency of occurrence table (bottom) of Hmo versus residual depth-averaged
current speed CSresidual at HKW2019
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10.3 Water levels and waves

10.3.1 Wave height and total water level

Scatter diagram and occurrence table of significant wave height Hmo vs. total water level WL at
HKW2019 is given in Figure 10.13.

There is considerable scatter in the data, and no clear correlation between the parameters for
normal wave conditions. However, for larger waves heights, the mean values show some
correlation with positive water levels (for example, Hmo > 5.0m are predominantly associated
with WL > OmMSL).
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Figure 10.13 Scatter plot (top) and frequency of occurrence table (bottom) of Hmo versus total water level WL at
HKW2019
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10.3.2 Wave height and depth-averaged residual water level

Scatter diagram and occurrence table of significant wave height Hmo vs. residual water level
Wlresidual at HKW2019 is given in Figure 10.14.

For Hmo > 2.0m, there is a correlation between significant wave height and positive residual
water levels. It is clear that the most extreme wave events are associated with large positive
residual water levels.
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Figure 10.14 Scatter plot (top) and frequency of occurrence table (bottom) of Hmo versus residual water level WLResidual at
HKW2019
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10.4 Water levels and current direction

104.1 Water level and total current direction

A scatter diagram and occurrence table of total water level WL vs. total depth-averaged current
direction CD at HKW2019 is given in Figure 10.15. High total water levels can be observed to
occur when the current direction is approximately 30°N (coming from), and low total water levels
are associated with current direction from 210°N.
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Figure 10.15 Scatter plot (top) and frequency of occurrence table (bottom) of total water level WL versus total depth-
averaged current direction CD at HKW2019
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10.4.2 Water level and depth-averaged residual current speed
A scatter diagram and occurrence table of total water level WL vs. residual depth-averaged
current direction CDresidqual at HKW2019 is given in Figure 10.16. No clear relationship between
the two parameters can be discerned.
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Figure 10.16 Scatter plot (top) and frequency of occurrence table (bottom) of total water level WL versus residual depth-

averaged current direction CDResidual at HKW2019
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11 Other Metocean Variables

11.1 Snow, ice accretion and sea ice conditions

11.1.1.1 Ice accretion
According to ISO 19901-1 standard [32], ice accretion (or icing) refers to the accumulation of ice
or snow on a structure. Ice accretion can induce a loss of production and reduce the lifetime of
the wind turbine components [52]. It can also impact maintenance operations. Icing can be
categorised into two types: the atmospheric icing and the marine icing. Atmospheric icing
includes freezing rain, supercooled fog and snow, while marine icing mainly occurs by freezing
sea spray from breaking waves and/or strong winds blowing over the sea surface. In this report,
the calculation of ice accretion is based on the air temperature, the sea surface temperature and
the wind speed.

Atmospheric icing occurs when rain, fog or snow freezes upon the contact with a surface.
Required conditions for atmospheric icing are low air temperatures between -20°C and 0°C
combined with low wind speeds (less than 10m/s) ( [29] and [53]). Based on Figure 11.1 and
Table 11.1, it can be calculated that these conditions are met 0.6% of the time in the 41 years of
analysis at HKW2019.
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Figure 11.1 Density scatter of the air temperature at 2m (from CFSR) against the corrected 10m wind
speed (from CSFR) at HKW2019 between 01.01.1979 and 31.12.2019

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study v0.5 / nafe -amra / 2020-12-04 293





DA

Table 11.1  Joint assessment of the air temperature at 2m (from CFSR) and the corrected 10m wind speeds (from CFSR) at HKW2019 between 01.01.1979 and

31.12.2019
HKW2019 (3.77E;52.74N;0.00mMSL)
Frequency of Occurrence [%] (1979-01-01 - 2019-12-31) Al
T2m, [*C]- GFSR
[12-10[  [10-8[  [8-] [6-40  [4-2[ [-2-0[ [0-2[ [24[ [4-8[ [6-8 [B-10[  [0-12[  [12-14]  [14-16]  [16-18]  [18-20[  [20-22[  [22-24[  [24-26[  [26-28]  [2830]  Total  Accum
[26-28 - - - 0008  99.999
[24-26 0030  99.093
12224 0083 90.083
12022 0304  99.880
x [18-20[ 0825 89575
@ | pesf 2304 98 651
Q| aer 4600 96346
@ | (1214 8002 91746
E [o-12[ 12633 83654
2 | o 18072 71021
[6-8 20318 52949
146 - - - 17535 32630
I2-4[ . . . ; et - - 11.168 15.006
o2 - - - - . J o7es | oss2 | |[EHGIN - - - 3.927 3.927
Total - - 0.009 0074 0.207 0.702 1778 3805 8273 15040 15276 11585 11878 14618 12086 3787 0653 0147 0.012 0001 - 99998 -
Accum - - 0.009 0083 0380 1.082 2860 6.665 14 938 29978 45254 56.838 B68.717 83.335 95401 99187 99 840 99.987 99.999 99999 99.999
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Marine icing occurs when sea spray from breaking waves or strong wind blowing over the sea
surface freezes upon the contact with a surface. Required conditions for marine icing are wind
speed greater than 10m/s, air temperatures less than the freezing point of seawater, i.e. -1.86°C
and sea surface temperature smaller than 8°C. Based on these thresholds, it was calculated
that marine icing occurs 0.19% of the time between 1979 and 2020 at HKW2019.
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Figure 11.2 Density scatter of the air temperature at 2m (from CFSR) against the sea surface
temperature SST (from CSFR) for 10m-wind speeds larger than 10m/s at HKW2019
between 01.01.1979 and 31.12.2019

hkw_20201204_mds_dhi_hollandse_kust_(west)_metocean_study_v0.5 / nafe -amra / 2020-12-04 295





296

Table 11.2  Joint assessment of the air temperature at 2m (from CFSR) and the sea surface temperature SST (from CFSR) for 10m-wind speeds larger
than 10m/s at HKW2019 between 01.01.1979 and 31.12.2019
HKW2019 (3.77E;52.74N;0.00mMSL)
Frequency of Occurrence [%] (1979-01-01 - 2019-12-31) All
T2m,, [°C] - CFSR
[12-10[  [-10-8[  [-8--6[ [-6-4{ [4-2( [-2-0 0-2[ [24[ [4-6( [6-8[ (8-10[ (M012[  [(1244[ (1416  [16-18[  [18-20[  (20-22[  ([22-24[  ([24-26[  (26-28]  [28-30[ Total Accum

[22-24] - - - - . - 100.000

[20-22( 100,000

[18-20( 1.011 100.000

[18-18[ 10.278 98.989
% [14-16] 12711 88.711
B [12-14] 11.532 76.000
| noaz 13.122 64,468
E, [8-10[ 20918 51.346
';E [6-8] 22163 30.429
N [4-6( 7.798 8.265

[2-4 0.418 0.488

[0-2( 0.049 0.049

(-2:0[ - - - - - - - -

Total 0024 0135 0415 0.997 1615 3145 8.678 18 493 21173 13872 11.085 11.281 7.326 1586 0.056 0.007 0002 - - 100.000

Accum 0.024 0159 0574 1.571 3186 6332 15.010 33503 54 676 68 648 79.743 91.024 88 350 90936 999092 90 998 100.000 100.000 100.000
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11.1.1.2 Seaice

Sea ice is frozen seawater, it normally forms in the Arctic and Antarctic oceans, and more rarely
in mid-latitudes. In this study, sea ice data is provided by CFSR. The analysis of sea ice at

HKW2019 reveals that no such event occurred in the last 41 years, between 1979 and 2020
(see Figure 11.3).
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Figure 11.3 CFSR sea ice conditions at HKW2019 between 01.01.1979 and 31.12.2019

11.2

Air temperature

The air temperature is retrieved from the Harmonie dataset described in Section 3.3.1. The
analyses performed here cover the period January 1979 to April 2018. The extrapolation of the
air temperature to the levels not covered by Harmonie (i.e. 120m, 160m, 250m and 300m) and
to all grid points in the domain was based on the method described in Section 11.2 of [2].

The monthly distribution of the air temperature at 10m, 60m, 100m, 120m, 160m, 200m, 250m,
300m between 1979 and 2018 at HKW2019 is shown in Figure 11.4.
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Figure 11.4  Monthly distribution of the hourly air temperature [in °C] at 10m, 60m, 100m, 120m, 160m,
200m, 250m and 300m at HKW2019 (1979-2018)
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Table 11.3  Monthly statistics of the hourly air temperature [in °C] at 10m, 60m, 100m, 120m, 160m, 200m, 250m and
300m at HKW2019 (1979-2018)
IR | AAULEL Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
[m] mean
10 10.5 55 4.7 5.9 7.7 10.6 13.4 15.9 16.9 15.7 13.0 9.6 7.0
60 10.2 5.2 4.4 5.6 7.6 10.6 131 15.7 16.5 15.2 12.4 9.1 6.6
100 9.9 4.8 4.1 55 7.5 10.6 13.0 15.5 16.2 14.8 12.0 8.7 6.2
120 9.8 4.6 3.9 54 7.4 10.6 13.0 154 16.1 14.7 11.8 8.5 6.0
160 9.6 4.3 3.7 5.2 7.3 10.5 12.8 15.3 15.8 14.3 11.5 8.1 5.7
200 9.3 4 3.4 51 7.2 10.4 12.7 15.1 15.6 14.0 11.1 7.8 5.3
250 9.0 3.6 31 4.9 7.0 10.2 12.4 14.9 15.3 13.7 10.8 7.4 4.9
300 8.7 3.3 2.9 4.7 6.7 9.9 12.2 14.7 15.1 13.4 10.4 7.0 4.6
Total
mean 9.6 4.4 -I 53 7.3 10.4 12.8 -I 14.5 11.6 8.3 5.8
The monthly hourly minimum and maximum temperatures at 10m, 60m, 100m, 120m, 160m,
200m, 250m, 300m are provided in Table 11.3. The mean lowest temperature over all heights is
observed in January (-16.5°C), while the mean highest temperature over all heights is observed
in July (29.1°C). The minimum temperature decreases with increasing height, while the
maximum temperature increases with increasing height. It can be observed that the maximum
temperature is increasing with increasing height. An example of profile leading to maximum
hourly temperatures larger than 32°C is provided in the Section 11.2 of [2]. The values of
minimum and maximum temperatures at HKW2019 for the time range 1979-2018 are given in
Table 11.4 below.
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Table 11.4  Minimum and maximum of the hourly air temperatures [in °C] at 10m, 60m, 100m, 120m, 160m, 200m,
250m and 300m at HKW2019. Data from Harmonie for the period (1979-2018). Top table shows the results
for the months January to June, bottom table shows the results for the months July to December

Height Jan Feb Mar Apr May Jun
[m]
minT [ maxT [ minT | maxT | minT | maxT | minT [ maxT | minT | maxT | minT | maxT
10 -7.4 12.1 -6.9 11.2 -5.6 12.6 -0.1 15.7 3.2 18.1 6.7 21.3
60 -8.3 11.7 -7.9 11.7 -5.4 16.1 -04 20.8 2.6 24.2 6.8 25.1
100 -9.2 11.5 -85 13.2 -6.5 18.5 -1.0 24.0 21 275 6.4 27.6
120 -9.6 11.3 -8.8 13.8 -6.9 19.2 -1.3 25.1 1.9 28.3 6.1 28.3
160 -10.3 11.1 -9.3 14.5 -7.8 19.9 -1.9 25.9 15 28.5 5.7 28.6
200 -10.7 11.9 -9.7 15.7 -8.5 19.7 -25 24.9 1.1 27.5 54 29.1
250 -10.9 134 -10.1 17.4 9.1 21.6 -3.2 28.0 0.8 26.8 5.0 30.6
300 -10.8 18.1 -10.2 20.9 -9.5 31.9 -3.8 35.6 0.5 32.2 4.6 37.6
Height Jul Aug Sep Oct Nov Dec
minT | maxT | minT | maxT | minT | maxT [ minT | maxT | minT [ maxT | minT | maxT
10 10.5 23.8 12.3 235 101 23.0 4.2 195 -2.5 16.4 -3.2 13.7
60 9.9 26.3 11.7 271 9.5 24.9 3.9 20.5 -2.1 16.6 -4.2 13.1
100 9.5 284 11.2 29.0 9.1 25.8 3.6 21.7 -2.9 17.5 -5.1 13.2
120 9.3 29.0 11.0 29.5 8.9 26.1 3.5 22.2 -3.3 17.8 -5.5 134
160 8.9 29.1 10.6 29.5 8.6 26.2 3.3 22.7 -4.0 18.1 -6.2 13.9
200 8.5 28.8 10.2 29.0 8.2 26.0 3.1 23.1 -4.7 18.1 -6.7 14.4
250 8.0 32.9 9.8 29.9 7.8 26.7 2.6 24.1 -5.4 17.4 -7.3 15.2
300 7.6 41.0 9.4 329 7.4 29.2 2.2 26.3 -6.0 19.5 -7.8 17.2
;Oet:; 9.0 108 87 | 260 | 33 | 225 17.7 14.3
11.3 Specific humidity

The specific humidity is the ratio between the mass of water vapour and the mass of moist air
(in g/kg=unitless). In this study, the specific humidity data at 8 levels (10m, 20m, 40m, 60m,
80m, 100m, 150m and 200m) in Harmonie was used between 1979 and 2018.

The monthly distribution of the specific humidity at 2m, 10m, 60m, 100m, 120m, 160m, 200m,
250m, 300m between 1979 and 2018 at HKW2019 is shown in Figure 11.5. The specific
humidity shows a seasonal variation where the highest humidity ratio occurs in August with a
mean of 0.0090 over the considered heights. The lowest humidity ratio is observed in February
with a mean of 0.0042 over the considered heights. The numbers are presented in Table 11.
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that shows the hourly monthly values of the specific humidity at 2m, 10m, 60m, 100m, 120m,

160m, 200m, 250m and 300m. The specific humidity varies with the height too. Indeed, it

decreases with increasing heights. In addition, it can be seen that the variation of the specific

humidity between two heights is larger in summer than in winter.
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Figure 11.5 Monthly distribution of the hourly specific humidity [-] at 2m, 10m, 60m, 100m, 120m, 160m,
200m, 250m and 300m at HKW2019 (1979-2018)

Table 11. Monthly statistics of the hourly specific humidity [-] at 2m, 10m, 60m, 100m, 120m, 160m, 200m, 250m and
300m for the period 1979-2018 at HKW2019
AT | AGITE] Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
[m] mean
2 0.0065 | 0.0045 | 0.0043 | 0.0047 | 0.0053 | 0.0066 | 0.0079 | 0.0093 | 0.0095 | 0.0085 | 0.0071 | 0.0058 | 0.0049
10 0.0065 | 0.0045 | 0.0043 | 0.0047 | 0.0053 | 0.0066 | 0.0079 | 0.0093 | 0.0095 | 0.0085 | 0.0071 | 0.0058 | 0.0049
60 0.0064 | 0.0045 | 0.0042 | 0.0046 | 0.0052 | 0.0064 | 0.0077 | 0.0091 | 0.0093 | 0.0083 | 0.0070 | 0.0057 | 0.0049
100 0.0063 | 0.0044 | 0.0042 | 0.0046 | 0.0051 | 0.0063 | 0.0076 | 0.0089 | 0.0091 | 0.0082 | 0.0069 | 0.0056 | 0.0048
120 0.0063 | 0.0044 | 0.0042 | 0.0046 | 0.0051 | 0.0063 | 0.0076 | 0.0088 | 0.0090 | 0.0082 | 0.0069 | 0.0056 | 0.0048
160 0.0062 | 0.0044 | 0.0041 | 0.0045 | 0.0050 | 0.0061 | 0.0074 | 0.0087 | 0.0089 | 0.0081 | 0.0069 | 0.0056 | 0.0048
200 0.0061 | 0.0044 | 0.0041 | 0.0045 | 0.0049 | 0.0061 | 0.0073 | 0.0085 | 0.0088 | 0.0080 | 0.0069 | 0.0055 | 0.0048
250 0.0061 | 0.0044 | 0.0041 | 0.0044 | 0.0048 | 0.0059 | 0.0072 | 0.0084 | 0.0086 | 0.0080 | 0.0068 | 0.0056 | 0.0048
300 0.0060 | 0.0044 | 0.0041 | 0.0044 | 0.0048 | 0.0059 | 0.0071 | 0.0082 | 0.0085 | 0.0079 | 0.0069 | 0.0056 | 0.0048
;‘::r'] 0.0063 | 0.0044 -I 0.0046 | 0.0051 | 0.0062 | 0.0075 _ 0.0082 | 0.0070 | 0.0056 | 0.0048
11.4 Air pressure
For this study, the air pressure data is provided at mean sea level and other heights between
10m and 300m. This parameter is extracted from Harmonie that delivers outputs at 10m, 20m,
40m, 60m, 80m, 100m, 150m and 200m. The extrapolation of the pressure fields to the levels
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not covered by Harmonie (i.e. 120m, 160m, 250m and 300m) and to all grid points in the domain
was based on the method described in Section 11.4 of [2].

The monthly statistics and distribution of the air pressure at mean sea level, 10m, 60m, 100m,
120m, 160m, 200m, 250m and 300m at the point HKW2019 are shown in Figure 11.6 and in
Table 11.5. The results show that the air pressure is linearly decreasing with the height. The
mean air pressure data show a seasonal signal as well, where the highest values are reached in
summer (June) and the lowest ones in winter (November-December).

Mean Air pressure [hPa]

1020

1005

1000 |-

995"

990

985

Mean Air pressure at HKW2019
T T T T

Figure 11.6  Monthly distribution of the hourly air pressure [in hPa] at MSL, 10m, 60m, 100m, 120m,
160m, 200m, 250m and 300m. Data from Harmonie for the period (1979-2018) at HKW2019

Table 11.5  Monthly statistics of the hourly air pressure [in hPa] at MSL, 10m, 60m, 100m, 120m, 160m, 200m, 250m
and 300m for the period 1979-2018 at HKW2019
H?ir?]ht Aﬁg:,?' Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
MSL 1014.8 | 1014.7 | 1015.5 | 1014.3 | 1014.4 | 1015.4 | 1015.9 | 1015.5 | 1015.1 | 1015.5 | 1013.7 | 1013.1 | 1014.1
10 1013.6 | 1013.5 | 1014.3 | 1013.1 | 1013.2 | 1014.2 | 1014.7 | 1014.3 | 1013.9 | 1014.3 | 1012.5 | 1011.9 | 1012.9
60 1007.6 | 1007.5 | 1008.3 | 1007.1 | 1007.2 | 1008.2 | 1008.7 | 1008.3 | 1007.9 | 1008.3 | 1006.5 | 1005.9 | 1006.9
100 1002.8 | 1002.7 | 1003.5 | 1002.3 | 1002.4 | 1003.4 | 1003.9 | 1003.5 | 1003.1 | 1003.5 | 1001.7 | 1001.1 | 1002.1
120 1000.4 | 1000.3 | 1001.1 | 999.9 1000 1001 1001.5 | 1001.1 | 1000.7 | 1001.1 | 999.3 998.7 999.7
160 995.6 995.5 996.3 995.1 995.2 996.2 996.7 996.3 995.9 996.3 994.5 993.9 994.9
200 990.8 990.7 991.5 990.3 990.4 991.4 991.9 991.5 991.1 991.5 989.7 989.1 990.1
250 984.8 984.7 985.5 984.3 984.4 985.4 985.9 985.5 985.1 985.5 983.7 983.1 984.1
300 978.8 978.7 979.5 978.3 978.4 979.4 979.9 979.5 979.1 979.5 977.7 977.1 978.1
;%:J\ 998.8 998.7 999.5 998.3 998.4 999.4 i 999.5 999.1 999.5 997.7 E
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11.5 Air density

The air pressure, the air temperature and the specific humidity from the Harmonie dataset were
used to calculate the air density. The air density is calculated based on the air temperature, the
specific humidity and the air pressure as seen in Equations (11.1) and (11.2) [54].

p = 100P /
Ry(T +Tp)(1 + QoQ) (11.1)

R,
Q=""/p, -1 (11.2)

Where p is the air density in kg/m3
P is the air pressure in hPa
R, is the gas constant in dry air equal to 287.4 J/kg/K
R, is the gas constant for water vapour equal to 461.51 J/kg/K
T is the absolute air temperature in °C
Q is the specific humidity (no unit)

The air density is provided at the heights 10m, 60m, 100m, 120m, 160m, 200m, 250m and
300m using the air temperature, air pressure and specific humidity calculated in the Sections
11.2, 11.3 and 11.4. Figure 11.7 shows the monthly distribution of the air density in kg/m? at the
location HKW2019 between 1979 and 2018. The air density is inversionally proportional to the
air temperature and the specific humidity. It increases in winter with a maximum in February and
decreases in summer with a minimum in August. The air density is height dependent too and
decreases with increasing heights. The monthly statistics are provided in Table 11.6. The
minimum mean air density over the 8 considered heights (10m, 60m, 100m, 120m, 160m, 200m,
250m and 300m) is 1.18kg/m? in August, whereas the maximum mean air density over the same
heights is 1.25kg/m?® in February.

Air Density HKW2019

1.28

1.26

i
N
s

—8— 10m

N

2 —=—60m

g 100m
2> L 120m
3 1.22 —&—160m
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g 250m
< |—8—300m|

(N)
T

1.16

Figure 11.7  Monthly distribution of the hourly air density [in kg/m3] at 10m, 60m, 100m, 120m, 160m,
200m, 250m and 300m at HKW2019 (1979-2018)
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Table 11.6  Monthly statistics of the hourly air density [in kg/m3] at 10m, 60m, 100m, 120m, 160m, 200m, 250m and
300m for the period 1979-2018 at HKW2019

H[eriT?]ht Af;‘g;r?l Jan | Feb Mar Apr May Jun Jul Aug | Sep | Oct Nov Dec
10 1.23 126 | 1.26 | 1.26 | 1.25 1.23 122 1 1.20 | 1.20 | 1.21 | 1.22 | 1.24 | 1.25
60 1.23 125 (126 | 125 | 1.24 ( 123 | 121|120 | 119 | 1.20 | 1.21 | 1.23 | 1.24
100 1.22 125 | 125 | 1.24 | 1.23 1.22 121 | 119 | 119 | 1.20 | 1.21 | 1.23 | 1.24
120 1.22 125|125 | 1.24 | 1.23 1.22 120 | 1.19 | 119 | 1.20 | 1.21 | 1.22 | 1.24
160 1.22 124 | 1.25 | 1.24 | 1.23 1.21 120 | 1.19 | 118 | 119 | 1.20 | 1.22 | 1.23
200 1.21 124 | 1.24 | 1.23 | 1.22 1.21 119|118 | 118 | 119 | 1.20 | 1.22 | 1.23
250 1.20 123 (123 | 122 | 122 | 120 (119 118 | 1.17 | 1.18 | 1.19 | 1.21 | 1.22
300 1.20 122 | 1.23 | 1.22 | 1.21 1.19 118 | 1.17 | 117 | 1.18 | 1.19 | 1.20 | 1.22

r;%t:rll 1.22 1.24 ! 124 | 123 | 1.21 | 1.20 | 1.19 ! 119 | 1.20 | 1.22 | 1.23

11.6 Seawater temperature, salinity and density

Figure 11.8 shows the seasonal behaviour of the sea temperature presented by monthly means.
The top-two panels are the near-bottom and near-surface temperature from DHI’s 3D model
(see section 4.4 of [3]), while the bottom panel is the sea surface temperature from CFSR (1979
to 2016). The surface and bottom temperatures do not indicate a significant stratification. The
comparison of the 3D model data and CFSR shows the same pattern, with similar mean but
slightly larger extremes due to the longer available time series. The peak of sea temperature
occurs in August and September, while from December to April presents the lowest
temperatures.

It should be noted that the model resolution around HKW is rather coarse. For more accurate
information on sea salinity and temperature, higher resolution modelling is recommended.
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Figure 11.8 Monthly statistics of sea temperature, top panel is near-bottom temperature from 3D model.

Central panel is near surface temperature from 3D model. Bottom panel is sea surface
temperature from CFSR

Figure 11.9 shows the monthly statistics of salinity. The mean salinity values do not present a
strong seasonality; however, the surface salinity presents some on its minimums. Variations on
salinity are small, and changes in water density are mainly due to variations of water
temperature as seen in Figure 11.10.
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Figure 11.9 Monthly statistics of salinity near the bottom (top panel) and near the surface (bottom panel)
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Figure 11.10 Monthly statistics of water density near the bottom (top panel) and near the surface (bottom
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11.7  Visibility
The horizontal visibility was not provided for the Hollandse Kust (west) OWF but was available
from the KNMI at the stations EPL (2001-2018), F16 (2001-2018), F3 (2011-2018), J6 (2011-
2018), K14 (2001-2018), L9 (2011-2018), LEG (2001-2018) and P11 (2011-2018) (see location
in Figure 3.4). The mean visibility and the variations around the mean (standard deviation) on an
annual base are shown in Table 11.7 and in Figure 11.11 below.
As no direct measurements of the visibility are available at HKW2019, recommendations for this
parameter are based on the values of the neighboured stations. Values at P11 are
recommended to obtain conservative visibility values at HKW.

Table 11.7  Monthly and annual mean horizontal visibility in km at the considered stations in the study area (rounded to
first decimal)

Station A,QE::I Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
EPL 17.4 15.0 15.2 13.9 14.9 16.3 17.4 18.8 20.6 20.9 19.3 19.3 17.0
F16 18.1 18.2 17.2 13.9 15.3 16.9 18.4 19.6 20.6 20.4 20.5 19.1 17.5
F3 18.7 18.7 17.9 14.1 15.9 17.2 18.5 19.6 21.1 20.8 21.3 21.4 19.0
J6 18.8 18.9 17.9 15.0 16.3 17.1 17.9 18.9 20.7 21.4 22.0 21.1 19.3
K14 20.3 19.5 18.6 16.4 16.8 19.2 19.2 20.8 23.4 23.6 23.3 22.3 21.3
L9 18.8 16.1 17.4 15.0 16.6 18.7 19.5 20.8 22.9 22.3 20.7 18.9 16.9
LEG 18.8 16.1 15.4 15.2 17.7 18.6 19.6 21.3 23.0 22.9 20.3 18.6 16.8
P11 17.6 16.5 16.0 14.5 16.0 17.0 16.9 18.5 20.7 20.6 19.3 18.7 16.3
Total 18.6 17.4 17.0 - 16.2 17.6 18.4 19.8 - 20.8 19.9 18.0

mean
—_ EPL
_g — 16
= e 3
= J6
2 K14
< — | 9
s LEG
c P11
g mean
e | 1l s eeeensgmmsehs L iegeerssereienntmemag . | | | esasssasmsssnsss mean-std
= = = = = mean+std
0 | 1 It 1 1 1 I 1 1 1
X3 & & & & N © & R o~ Ry &
Figure 11.11 Horizontal visibility in km at the stations EPL, F16, F3, J6, K14, L9, LEG and P11. Means at
the considered stations are shown in full line, mean tstandard deviation in dotted lines
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Lightning

Based on the data described in Section 3.2.4, the averaged flash rate density at Hollandse Kust
area is 1.3fl’lkm?/year (0.0036 fl/lkm?/day). This number is based on the satellite reading from the
HRFC dataset and contains no smoothing (HRFC_COM_FR).

Figure 11.12 and Figure 11.13 show the monthly and yearly variation of flash rate based on the
HRMC and LRMTS datasets respectively. It should be noted that both HRMC and LRMTS
contain extensive smoothing [14]. Therefore, the values are different from the HRFC dataset
(discussed in the paragraph above). The results from HRMC and LRMTS presented here are
only shown to demonstrate the monthly and yearly variations. As it can be seen, the flash rate in
July is on average higher than other months. Flash rate during winter is smaller than summer
season.
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Figure 11.12 Monthly variation of flash rate at Hollandse Kust area based on HRMC data
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Figure 11.13 Yearly variation of flash rate at Hollandse Kust area based on LRMTS data

Marine growth

Marine growth is the unwanted settlement and growth of marine organisms, including algae and
animals, on submerged surfaces of ship hulls, buoys, piers and offshore platforms, etc. Other
terms for “marine growth” are “marine fouling” or “biofouling”. The composition and extent of
marine growth varies with the biogeographical region with an increase from high to low latitudes.

Numerous factors influence the amount and type of marine growth, including salinity,
temperature, depth, current speed and wave exposure, in addition to biological factors such as
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food availability, larval supply, presence of predators, and the general biology and physiology of
the fouling species. More than forty years of operation and maintenance of gas and oil platforms
have provided extensive knowledge on factors that affect the level of marine growth in the North
Sea. Fouling organisms will within days to weeks begin to colonise new hard substrate
(concrete, steel) introduced in environment. Typically, a succession in species composition will
take place as the age of the deployed substrate increases. The succession is a result of
organisms competing for space, and a quasi-steady state in fouling communities will not be
established within less than 4 to 6 years. Along with succession individual organisms grow
larger creating an increasing thickness of marine growth, but at the same time predators such as
starfish become an integral part of the fouling “ecosystem” creasing empty spaces in the mussel
cover. In the southern North Sea, some studies have shown that marine growth may reach or
exceed 25-30cm [55].

Developers and operators of offshore structures, including wind farms, are mainly concerned
about the additional weight and loads that marine growth adds to structures. Unfortunately, the
majority of quantitative studies of biofouling focuses on biodiversity on structures, and the role
as “stepping stones” for spread of invasive species. Such studies are of minor importance for
estimating additional weight and loads on structures.

Those studies that focus on estimating the thickness of marine growth typically use submersible
ROVs recording large areas with marine growth cover (and subsequently analyse extensive
footage of recordings). Alternatively, divers sample (by scraping) quadrats (typically 25 x 25cm)
of marine growth on structures and meticulous quantify species abundance and weight of hard
biofoulers (e.g. mussels) or soft foulers (e.g. seaweed and Anthozoa). Both methods have their
advantages and drawbacks.

Following sections summarise the results from extensive studies at two Dutch wind farms
(Egmond aan Zee and Princess Amalia Wind Farm) after they have been in operation in 3 to 6
years. One early study (at Egmond aan Zee) focused on quantifying %-cover and thickness of
marine growth, while three studies (at Egmond aan Zee and Princess Amalia wind farms)
quantified biomass of individual species along the monopiles from splash zone to scour
protection at seabed. The two wind farms are located within the Dutch EEZ at depths between
16 and 20m.

11.9.1 Thickness and percentage-cover of marine growth on support structures
(Egmond aan Zee)

Biofouling at two monopile support structures were quantified using a submersible ROV in
February 2008 (approximately 1.7 years after farm establishment). Marine growth was rather
similar at the two support structures; bivalves (primarily Mytilus) and the associated predator
Asterias (starfish) dominated marine growth in the upper 5m of monopole with a layer thickness
varying between 5cm and 15cm. Below 4-6m, various other biofoulers including sea-anemones,
barnacles, bryozoans and tube-building worms (polychaetes) dominated the marine growth but
at much lower layer thickness, between 1cm and 5cm (Figure 11.14).
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Figure 11.14 Percentage-cover, layer thickness and dominating organisms in with marine growth at turbine monopile 7
(left) and monopile 8 (right) (drawings from [56])

11.9.2 Biomass of marine growth on support structures (Egmond aan Zee and
Princess Amalia wind farms)

Unfortunately, in all three studies, biomass was quantified in terms of ash-free dry weight (i.e.
not taking account of shells in mussels). To obtain a realistic wet weight (including shells), ash-
free dry weight was converted to live wet weight using conversion factors for individual species
or groups of related species published by [57]. At Egmond aan Zee wind farm, wet weight of
marine growth was completely dominated by mussels from splash zone at surface to at least
10m (see Table 11.8 and Table 11.9).

Table 11.8  Wet weight (g/m?) of fouling organisms collected in February 2011 (3 years after farm establishment) on
three turbine shafts in offshore wind farm Egmond aan Zee (OWEZ). Data from [58]. Reported original data
in ash-free dry weight has been converted to wet weight (including shells) using conversion factors
reported by [57].

Depth Mytilus edulis Echinoderm. Crustacea Polychaetes Hydroids Sea
i) anemones
Lo R (o [T I ——— ] I soft fouling ---------
0-1 (splash) 4,368 * 4,540 8x11 5+8 0 0 0
2 5,304 £ 9,140 87 +20 15+13 430 + 49 0 50 + 87
5 26,947 + 22,481 417 + 314 24 £ 15 1,328 +93 0 289 + 165
10 29,380 * 36,464 116 + 145 18+ 15 52+7 0 168 + 132
15 0 54 + 93 12+12 164 + 19 267 + 462 1,859 + 3,033
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Table 11.9

Wet weight of fouling organisms collected in September 2011 (3% years after farm establishment) on three
turbine shafts in offshore wind farm Egmond aan Zee (OWEZ). Data from [58]. Reported original data in
ash-free dry weight has been converted to wet weight (including shells) using conversion factors reported
by [57].

Depth
(m)

Sea

Mytilus edulis Echinoderm. Crustacea Polychaetes Hydroids
anemones

handifeu|imgissssmsssansnsssnansamnsnsanas M s anneny soft fouling --------

0-1 (splash)

3,860 + 4,342 0 4+6 0 0 0

2

8,723 + 8,827 332 +£481 32+20 34+34 6671 365 * 385

5

9,222 +11,354 239 + 82 58 + 67 69 + 96 55+90 620 + 264

10

26,251 +£2,944 130 + 145 36 +32 93 +38 23+ 36 467 = 56

15

11,257 £ 17,356 68 = 60 20+ 14 78 110 0 2,190 + 1,041

Table 11.10

Averaged over the two assessment periods (February and September), wet biomass of hard
fouling organisms (primarily mussels) peaked at 5-10m on monopiles in Egmond aan Zee wind
farm (Table 11.10). Shell bearing biofoulers such as mussels, barnacles, tube worms and
organisms with endo-skeleton (starfish) have much higher densities (= 1.3kg/l) than soft-bodied
organisms (e.g. sea anemones; at 1.05kg/l). Hence, weight under water must be calculated
separately for hard-fouling and soft-fouling organisms. In, the last column shows the summed
weight (under water) of hard-fouling and soft-fouling organisms populating the monopiles at
Egmond aan Zee offshore wind farm.

It is notable that [59] suggests applying a uniform density at 1,325 kg/m? to all fouling organisms.
Considering that soft foulers such as sea anemones contribute with up to 70% of total ash-free
weight at certain depths (see right panel of Figure 11.15) applying a uniform density at 1,325
kg/m3would result in a grossly overestimate of weight under water.

In Table 11.10 below, the last column shows the summed weight (under water) of hard- and soft
fouling organisms populating the monopiles at Egmond aan Zee offshore windfarm. Briefly, the
added weight peaks at 4.5—-6.5kg/m?2 between 5m and 10m depth and attain much lower weight
near sea surface (0-2m) at 1-2kg/m? and near the seabed at 1.5kg/m2.

Averaged wet weight (kg/m?) of hard and soft fouling organisms collected in February and September 2011
at Egmond aan Zee (from Table 11.8 and Table 11.9). Wet weight under water calculated for hard and soft
fouling organisms assuming densities of 1.3kg/L and 1.05kg/L, respectively ( [59] and [60])

Depth
(m)

Hard fouling Soft fouling Total added weight

Weight under
water/m?

Weight under Weight under

Y ight /m?
e g water/m? water/m?

Wet weight /m?

0-1 (splash)

4,123 951 0 0 951

2

7,479 1,726 241 11 1,737

5

19,152 4,420 482 23 4,443

10

28,038 6,470 329 16 6,486

15

5,827 1,345 2,158 103 1,447
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Raw data from monitoring of biofouling at Princess Amalia Wind Farm was not available at a
detail comparable to Egmond aan Zee assessment, as the contribution of individual species to
marine growth was available in the form of stacked bar graphs and not available as exact
numbers (see right panel of Figure 11.15).
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Figure 11.15 Left: total average biomass (+ SE, Box) and range in fouling biomass collected along depth (from splash
zone to scour protection) at 4 different pylons (total 8 samples per depth) in the Princess Amalia Wind
Farm 3.5 years after establishment, Right: stacked bar graph showing approximate contribution of different
biofouling organisms to total ash-free biomass; both figure from [61]
Building on the right bar graph in Figure 11.15 (separating total biomass into species groups)
and subsequently using the same procedure to estimate wet weight from dry weight as applied
in Egmond aan Zee, the average total wet weight and weight under water was estimated for the
various depth sampled (Table 11.11). Overall, added weight was approximately 30-60% lower at
Princess Amalia Wind Farm than at Egmond aan Zee. The main reason was due to lower
dominance of mussels (except at 2m) at Princess Amalia Wind Farm.
Table 11.11 Summed (across species) ash free dry weight of fouling organisms collected on four turbine shafts 3.5
years after establishment in the offshore Princess Amalia Wind Farm
WTG1 WTG20 WTG45 WTG60 Average | 1ot added
Depth weight
m Sl T ) T i wet welzght: Welght.undtzr
g/m water; g/m
0-1 (splash) 0 311 £ 287 113 £ 17 364 £ 112 3,070 600
2 1,521 £ 437 1,619 + 1912 569 + 137 1,170 + 988 18,030 3,500
5 954 + 892 416 + 20 429 + 36 894 + 378 8,090 1,100
10 661 + 350 620 + 102 518 + 318 525 + 146 6,980 925
17 957 + 1044 1,235 £ 108 1,059 + 965 1,462 + 340 13,890 1,400
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Repeated monitoring 6 years after farm establishment showed that biomass was comparable to
the assessment carried out after 3% years, except for higher biomass caused by larger mussels
occurring at 2m and 17m and higher abundance of sea anemones at 17m [61]. Recalculated

wet weight and weight under water were comparable to figures from the first assessment period
(Table 11.12).
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Table 11.12 Average wet weight and weight under water of fouling organisms collected on four turbine
shafts 6 years after establishment in the offshore Princess Amalia Wind Farm. Each number
is the average of eight (25 x 25cm) scrape samples

Depth Average Total added weight
(m) wet weight; g/m2 weight under water; g/m?
0-1 (splash) 1,950 400
2 23,100 4,300
5 9,500 1,400
10 6,300 830
17 18,600 1,600

Conclusion on marine growth

Studies carried out in two existing offshore wind farms (Egmond aan Zee and Princess Amalia)
located at a depth range 17m to 22m within the Dutch EEZ have demonstrated that marine
growth below the splash zone (-1m to 1m) is dominated by mussels, starfish (predating on
mussels), various crustaceans (sessile and mobile), sea anemones and polychaetes (tube-
building and mobile). The marine growth will add to the weight of substructures (monopiles)
ranging between 1kg/m? and 6kg/m? depending on depth. Weight data from the two existing
wind farms (Egmond aan Zee and Princess Amalia) differs with respect to depth-distribution as
Egmond aan Zee showed increasing weight under water from 2kg/m? at 2m to 6.5kg/m? at 10m,
and decreasing to 1.5kg/m? at 15m. In contrast, marine growth in Princess Amalia wind farm
peaked at 2m with weight under water at 4.3kg/m? gradually decreasing to 1 kg/m? at 10m, to
increase again to 1.5kg/m? at 17m.

DHI suggest to apply a pragmatic - and conservative - approach by combining (not averaging)
weight-under-water data from the two wind farms (see Table 11.13).

Table 11.13 Weight-under-water data from the two wind farms

Water depth -Imto +1m 2m 5m 10m 15-17m

Weight 0.7 kg/m? 4 kg/m? 4 kg/m? 4 kg/m? 2 kg/m?

Thickness of marine growth was measured/estimated on two monopiles in the Egmond aan Zee
wind farm 1.7 years after monopile erection and probably too early to reflect a mature fouling
community. Below the splash zone, marine growth ranged between 5cm and 15cm in the upper
6-7m of a monopile. Below 6-7m, the thickness of marine growth decreased to between 1cm
and 5cm but with 100% cover.

DNV-GL [39] (Section 2.4.11) suggests to apply marine growth thickness of 15cm (from sea
surface to -10m LAT depth) to account for increased drag on mooring lines. DHI suggests to
follow DNV-GL’s recommendation which also will be in line with the observed/calculated depth
distribution of ash free and wet weight of biomass.
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Conclusions and Recommendations

In this report (as an optional task related to contract number: WOZ 2180106 — dated on
September 13", 2018 — to establish metocean conditions and provide a web-based database for
the offshore wind farm zone Hollandse Kust (noord)), dedicated modelling and analyses were
performed for Hollandse Kust (west) (HKWWFZ). This report contains the study performed for
HKWWEFZ. In addition to this report, a dedicated metocean database has been made available
on (Hollandse Kust (west) dataset).

DHI established dedicated high-resolution (~200m for the hydrodynamic model and ~300m to
400m for the wave model) state-of-the-art numerical models covering the period from 1979 to
2019 to provide metocean conditions in the Hollandse Kust (west) Offshore Wind Farm Zone.

Based on the modelling results, DHI established normal and extreme conditions across the
HKWWEFZ and provided a digital database containing all the time series, spectral, normal sea
states and extreme sea states conditions at more than 7,000 elements across the site. Here are
some of the conclusions based on the work presented in this report:

Measurements

- DHI performed a thorough quality control of the 9 months measurements provided by
RVO. Though this first set of data has not been validated and corrected by Fugro,
sanity checks with the 12-months validated measurements have been carried out by
the RVO experts to demonstrate that the measurements used in this study for
calibration and validation of the numerical hydrodynamic and wave models are of good
quality. In addition, it is worth mentioning that the validation work in this study has
been based on the official periods of the HKW measurements only.

- Because the area of interest is located further offshore than the existing wind farms in
the Dutch waters, the turbulence intensity measurements used in the Section 8.1.6
were not filtered to account for wakes.

Wind Forcing

- CFSR wind fields perform very well across the Dutch North Sea, specially at offshore
locations such as HKW. The corrections made on the nearshore cells (see Section
3.3.5) improved the quality of CFSR (closer to shore) and resulted in more accurate
sea states conditions.

- As shown in Appendix E, CFSR wind compares very well to more sophisticated
analyses based on measurements at HKW (without a need for correction).

- Compared to other global re-analyses datasets such as ERA5, CFSR is superior in
reproducing extreme wind speeds and shows lower bias (wind speed) at nearshore
locations due to slightly better horizontal resolution.

- The main shortcoming of CFSR (in relation to design of offshore wind structures and
resulting wave fields) is the quality of wind speed data at higher levels such as the hub
height. CFSR is available within 0.5° resolution at 1000 mbar which is considered
coarse and is not exactly at 100m (the heights corresponding to 1000 mbar changes
depending on weather systems). This could affect the wind-wave misalignment
corresponding to wind direction at the hub height.

Hydrodynamic
- In order to establish appropriate current profiles for both normal and extreme
conditions, at least 1 year of measurements (along the water column) is required in
order to avoid seasonality issues and have enough data.
- The existing setup of the Fugro current measurements, do not allow obtaining accurate
surface currents, which would add uncertainty to extreme current speeds on the
surface. Conservative profiles were used in this study.
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Wave Modelling

The wave model compares very well with long-term and short-term measurements all
across the Dutch North Sea. The model is able to reproduce both normal and extreme
conditions with high quality.

Although the SWbwr2020 wave model performs quite well in the overall wind farm zone, it is
noted that, depending on the incoming wave direction, there is a higher uncertainty on the
wave model performance on top of the two sand banks in the area. It is therefore advised
that designers, if they wish to design a structure on top of a sand bank in HKWWFZ, are
aware of this local effect, and take it into account if deemed necessary. For this, designers
are encouraged to assess the Fugro measurement data in HKWWFZ area, as available
from the RVO website

Using a mesh resolution between 300m and 400m has shown to be sufficient in water
depths above 15m. Using higher resolution mesh such as 100m would only change the
results by around 3% in terms of significant wave height during the largest events (which
would be most affected by water depth — See Section 5.4.1 and Figure 5.12). That would
translate to ~30cm for a 10,000-year event (assuming 9.0m across the Dutch North Sea),
which by itself, comes with uncertainty that cannot be easily established (in terms of wind
speed, boundary conditions, cap on wave growth etc.).

Bathymetry

Within HKWWFZ, the high-resolution bathymetry data from Fugro measurements [9] was
applied in the latest models. It was shown in this report, in [2] and in [3], that the local high-
resolution bathymetry data inside the wind farm zones would not influence the wave model
or hydrodynamic model results to a considerable extent. For HKWWFZ, this has been
shown by comparing the wave model using the local bathymetry and EMODnet2016 in
Section 5.5 (or Section 5.4 of [2]).

During this study, also the local bathymetry in HKNWFZ has been corrected, now including
a proper LAT to MSL conversion, which was not applied before in that area (see Section
5.5). Please note the web-based database is not (yet) updated with the new results inside
HKNWFZ.

It was found that the newly added EMODnNet2018 data (outside the HKWWFZ and
HKNWFZ areas) comes with high quality that is sufficient to ensure quality modelled sea
states in the areas outside HKWWFZ and HKNWFZ. It should be noted however that
results outside HKWWFZ (where a. 0. EMODnet2018 was used in this study) have not
been updated in the web-based database, but have been saved and are available for
purchase (see Section 6.3).

Extremal Analyses

Using advanced statistical methods such as J-EVA which incorporate non-stationary
analyses, have major benefit in producing more accurate extreme values with less
uncertainty.

Using long-term wind measurements and establishing empirical profiles together with
advanced statistical methods have helped reducing the 50-year 10-minute wind speed at
100mMSL by 3.0 m/s (see Section 9.7 of [2]) compared to earlier studies such as [3].
J-EVA has helped reducing the uncertainties and conservatism around extreme values, in
particular the directional and monthly extremes as well as 1,000-year and 10,000-year
estimates (see section 9.7 of [2] and values in [62]).
The J-EVA results outside HKWWFZ on the web-based database have not been updated
to use the latest updated model data (now covering 2019 as well). DHI considers that the
results would not change considerably and are valid.

Recommendations
Based on the experience from various projects in the Dutch North Sea in combination with very
many similar offshore wind projects across the world, here are DHI's recommendations in
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relation to future offshore wind projects in the Dutch North Sea Sector (such as IJmuiden Ver,
Ten Noorden van de Waddeneilanden):

- For design of offshore wind structures and substations at IJmuiden Ver and Ten Noorden
van de Waddeneilanden, it is recommended to use the latest model described in this
report SWobwr2o20. For design of structures on top of sand banks however, it is noted that,
depending on the incoming wave direction, there is a higher uncertainty on the wave
model performance on top of the sand bands. It is therefore recommended that designers,
if they wish to design a structure on the top of a sand bank, are aware of this local effect,
and take it into account if deemed necessary.

Reasons to use SWowrzo20 for future modelling studies are:
- The model has been validated against latest measurements across the Dutch North
Sea and shows very good performance.
- It can easily be updated to cover recent periods such 2020 or 2021.

- For future OWF projects, the below steps can be taken:
- Update the existing model (in time) to compare with local measurements (without
re-constructing the model with high resolution local bathymetry)
- Based on the comparison results, adjust the extreme values if necessary (if the
previous model shows particular over/under-estimation).
- Update the extreme value analyses (if necessary) results on the digital web
database (as the results from the previous SWowr model)

- The above approach will result in much less expensive and much faster timeline to

establish metocean condition for future Dutch offshore wind farm projects, without
compromising quality.
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A Definition of Quality Indices

To obtain an objective and quantitative measure of how well the model data compared to the
observed data, a number of statistical parameters so-called quality indices (Ql’s) are calculated.

Prior to the comparisons, the model data are synchronised to the time stamps of the
observations so that both time series had equal length and overlapping time stamps. For each
valid observation, measured at time t, the corresponding model value is found using linear
interpolation between the model time steps before and after t. Only observed values that had
model values within + the representative sampling or averaging period of the observations are
included (eg for 10-min observed wind speeds measured every 10 min compared to modelled
values every hour, only the observed value every hour is included in the comparison).

The comparisons of the synchronized observed and modelled data are illustrated in (some of)
the following figures:

« Time series plot including general statistics

e Scatter plot including quantiles, QQ-fit and QI's (dots coloured according to the density)
» Histogram of occurrence vs. magnitude or direction

» Histogram of bias vs. magnitude

o Histogram of bias vs. direction

o Dual rose plot (overlapping roses)

o Peak event plot including joint (coinciding) individual peaks

The quality indices are described below, and their definitions are listed in Table A.1. Most of the
quality indices are based on the entire dataset, and hence the quality indices should be
considered averaged measures and may not be representative of the accuracy during rare
conditions.

The MEAN represents the mean of modelled data, while the BIAS is the mean difference
between the modelled and observed data. AME is the mean of the absolute difference, and
RMSE is the root mean square of the difference. The MEAN, BIAS, AME and RMSE are given
as absolute values and relative to the average of the observed data in percent in the scatter plot.

The scatter index (SI) is a non-dimensional measure of the difference calculated as the
unbiased root-mean-square difference relative to the mean absolute value of the observations.
In open water, an Sl below 0.2 is usually considered a small difference (excellent agreement) for
significant wave heights. In confined areas or during calm conditions, where mean significant
wave heights are generally lower, a slightly higher SI may be acceptable (the definition of SI
implies that it is negatively biased (lower) for time series with high mean values compared to
time series with lower mean values (and same scatter/spreading), although it is normalised).

EV is the explained variation and measures the proportion [0 - 1] to which the model accounts
for the variation (dispersion) of the observations.

The correlation coefficient (CC) is a non-dimensional measure reflecting the degree to which the
variation of the first variable is reflected linearly in the variation of the second variable. A value
close to 0 indicates very limited or no (linear) correlation between the two datasets, while a
value close to 1 indicates a very high or perfect correlation. Typically, a CC above 0.9 is
considered a high correlation (good agreement) for wave heights. It is noted that CC is 1 (or -1)
for any two fully linearly correlated variables, even if they are not 1:1. However, the slope and
intercept of the linear relation may be different from 1 and 0, respectively, despite CC of 1 (or -
1).
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The Q-Q line slope and intercept are found from a linear fit to the data quantiles in a least-
square sense. The lower and uppermost quantiles are not included on the fit. A regression line
slope different from 1 may indicate a trend in the difference.

The peak ratio (PR) is the average of the Npeak highest model values divided by the average of
the Npeak highest observations. The peaks are found individually for each dataset through the
Peak-Over-Threshold (POT) method applying an average annual number of exceedance of 4
and an inter-event time of 36 hours. A general underestimation of the modelled peak events
results in PR below 1, while an overestimation results in a PR above 1.

An example of a peak plot is shown in Figure A.1. ‘X’ represents the observed peaks (x-axis),
while Y’ represents the modelled peaks (y-axis), based on the POT methodology, both
represented by circles (‘0’) in the plot. The joint (coinciding) peaks, defined as any X and Y
peaks within +36 hours®° of each other (ie less than or equal to the number of individual peaks),
are represented by crosses (‘x’). Hence, the joint peaks (‘x’) overlap with the individual peaks
(‘0’) only if they occur at the same time exactly. Otherwise, the joint peaks (‘X’) represent an
additional point in the plot, which may be associated with the observed and modelled individual
peaks (‘0’) by searching in the respective X and Y-axis directions, see example with red lines in
Figure A.1. Itis seen that the ‘X’ peaks are often underneath the 1:1 line, while the ‘Y’ peaks
are often above the 1:1 line.

30 T T T T T
Nt =17
_ Mean =25.12m/s
281 - 1 | BIAS  =-0.52mis
X STD  =1.80m/s
o6 X X PR =0.98
X X f X
Q) |
é 24 + Koot X 4
X,
> o
22| . o —
o0t 1 1:1 line (45°)
X peaks (24)
Y peaks (24)
x  Joint +/-36h
18 ' - - - -
X P P P P P
X (m/s)

Figure A.1  Example of peak event plot (wind speed).

30 36 hours is chosen arbitrarily as representative of an average storm duration. Often the observed and modelled
storm peaks are within 1-2 hours of each other.
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Table A.1 Definition of model quality indices (X = Observation, Y = Model).
Abbreviation Description Definition
N Number of data (synchronized) -
Mean of Y data,
MEAN Mean of X data
STD Standard deviation of Y data
Standard deviation of X data
BIAS Mean difference
AME Absolute mean difference
RMSE Root mean square difference
| | (RS - x - Bias);?
Sl Scatter index (unbiased) T
REN I
I =X - I =X - (G =D
EV Explained variance =
P N - X)2
LG -XY-Y)
cC Correlation coefficient - —
JE 06 - R B0 - 2
QQ Quantile-Quantile (line slope and intercept) Linear least square fit to quantiles
- . Z;\]:pleakYi
PR Peak ratio (of Npeak highest events) PR = ZNT
P
i=1 1
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Documentation on stability and wind drag corrections in the
wave models

Atmospheric stability

Previous studies have shown that the air-sea temperature difference can play an important role
in the growth of waves (/1/, 12/, /3/, 14/ and /5/). It was shown in /4/ that for a -8°C difference (sea
being warmer than the air), waves are in general 20% higher than for a 0°C difference, while for
a +4°C difference (air being warmer than the sea), they are 25% lower.

While performing extensive wave modelling in the Persian Gulf, /6/ showed that the effect of air-
sea temperature difference on the wave growth should be considered. This effect was mostly
observed during summer periods when the air is warmer than the sea and thus the wave growth
is lower comparing to winter periods. Figure B 1 shows time series of air-sea temperature
difference, and Figure B 2 shows monthly statistics of air-sea temperature differences at
Hollandse Kust (zuid) area for the period from 1979-01-01 to 2016-09-01. On average, very little
variation is seen in the air-sea temperature differences at the Dutch coast. Nevertheless, the
maximum difference ranged between -18°C and +12°C which could affect the wave growth quite
significantly if such incidences had occurred during a storm.

HKZ (4.064E:52 387N;+2.0mMSL) N MEAN  MIN MAX,
Time series (1979-12-01 - 2016-08-01; T, = 3h; dt = 1h) 214562 -0.48 -17.99 11.97
73 I O S N B
~ 12
O 8
< 3
0
K4
5 8
=2 -
» L L L1 I L - i CFSRAIrT-Sea T
GB'\D\(‘;,\ Up\ép\é‘g\ UQ" 9\ D‘u\ 9\ (lp'\ S)\ D‘“\(‘p\ UQ\éP\ D‘“\é‘g)\ (;Q\ (;Q\ 9\0‘0\ 09\ Qp\ D‘B\@o‘m\é.g\ n“\ 9\ (;Q\ 9\ :.‘D\ 9\ o’Q\ (P\ ::“\6(.9\
R P A T A
B E P S G GV ST o T o GV G o SV Y S N G o
OO N S I OO N N I PFPFT P FTE PR TR TR P PP PP

Figure B1  Time series of air-sea temperature difference based of CFSR data at HKZ for the period
1979-01-01 to 2016-09-01
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Figure B2  Monthly statistics of air-sea temperature difference based of CFSR data at HKZ for the
period 2009-01-01 to 2014-01-01

After acquiring the air and sea surface temperature data from CFSR, the relation between air-
sea temperature difference (§) and measured wave heights was assessed. According to the
literature (/1/, /3/ and /4/), when the air is warmer than the sea, the conditions are called stable
and when the sea is warmer than the air, it is called unstable conditions. Figure B 3 shows the
averaged wind speeds (with 0.5m/s bins) against their corresponding averaged measured
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significant wave height for stable (both for §>0° and §>2°) and unstable conditions (both for §<0°
and §<-2°) at Central North Sea from 2009 to the end of 2013 (the location could not be
mentioned because of confidentiality). From this figure, it can be seen that, for example, if the
average wind speed is around 12m/s, the average significant wave height could vary from 2.3m
during stable condition to 3.1m during unstable conditions. The changes in wave growth (and
ultimately the sea state conditions at the North Sea and the Dutch coast) are obviously a
function of wind conditions in other areas than Central North Sea. However, Figure B 3 assumes
that the wave conditions at the Central North Sea are dependent on the wind conditions at the
Central North Sea. Another noteworthy fact to consider is that the effect of atmospheric stability
is less observable for low and high wind speeds. When the air-sea temperature difference ()
increases, the difference in wave height between the stable and unstable conditions also
increases. Such differences are not reproduced by the model since all wind conditions are
treated the same way and not according to atmospheric stability issues. Therefore, it is
important to account for the atmospheric stability in the wave modelling process in order to
reduce bias and scatter of the data compared to measurements.

Mean Significant Wave Height [m] vs. Mean Wind Speed [m/s] at Central North Sea
Based on Measured and Modeled (CFSR) data covering

. the period 2009-2013
I I

e Unstable conditions §<0°

""" Stable conditions §>0°

—*— Unstable conditions §<-2°>
Stable conditions §>2°

Significant wave height (m)

Wind speed (m/s)

Figure B3  Averaged measured wind speeds against their corresponding averaged measured significant
wave height for stable and unstable conditions with different air-sea temperature differences
(2009-01-01 to 2014-01-01) at Central North Sea

In MIKE 21 SW, the growth rate, v, is calculated by the following formulation

EqB.1
Pa) (1.2
v= (;) (Fnintu) ox?

in which p, is the air density, p,, is the water density, k is the Von Karman’s constant, u is a
function of roughness (z,) and finally x is a function of friction velocity, u,, and phase speed,
¢, (x = (u,/c +z4) cos(6- By), where z, =0.11, 8 = wave direction, 6,, = wind direction)3*.
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The surface roughness, z,, and the friction velocity, u,, defined in MIKE 21 SW follow Eq B. 2.
This method has been used for a long time and is well accepted in the industry as it provides
reasonably good results, which compare well with observations (/7/ and /8/).

EqB. 2

u,?
Zo = Zcharnock 7
Ku(z)
u, =
* VA

In ;)
As seen above, the friction velocity does not contain any term to account for atmospheric
stability (air-sea temperature differences). The more correct friction velocity is defined in Eq B. 3

EqB.3

Ku(z)

u, =
In () = ¥ ()

with z = 10 (the height at which the wind speed is measured), the van Karman constant, x =

0.4, and the Monin-Obukhov stability parameter (referred to as “correction function” here)

Y, for the influence of thermal stratification of the atmospheric boundary layer depending on the

Monin-Obukhov length in Eq B. 4 /1/.

Eq B. 4

pcpTu,®
B kgH,
where T is the air temperature, c¢; is the specific heat of air for constant pressure and H, is the

surface heat flux (positive upward) /1/.

In order to calculate the friction velocity (Eq B. 3), the COARE algorithm by /2/ and /9/ (version
3.5) was used. The inputs used to the COARE algorithm are wind speed, air and sea
temperature, and humidity. Other parameters such as precipitation and downward radiations
could also be introduced to the algorithm, but initial sensitivity tests showed that they did not
have considerable influence on the results.

The only input in MIKE 21 SW that could be modified to account for stability effects is the wind
speed since Eq B. 3 is not (yet) implemented in the model. Using the COARE algorithm, the
friction velocity and the surface roughness were calculated, and by using Eq B. 2, a ‘new’ wind
speed was introduced to the wave model. Preliminarily tests showed that using the above
approach reduces the bias and scatter of the modelled sea states when compared to the
measurements.
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Scatter comparison of modelled significant wave heights against measurements at Ekofisk for 2013; left:
without taking the atmospheric stability into account; right: taking the atmospheric stability into account

Wind drag

The development of spectral wave models has also led to estimates of wind drag and sea
surface roughness based on energy balance equation source functions. For example, the
spectral wave formulation after /10/ (which is the “standard” in models like WAM 4.5 and MIKE
21 SW) considers the interaction of waves and wind to estimate a wind friction velocity (u*) and
roughness length (zo) dependent on the input source function. However, it has been argued that,
although this formulation produces good wave predictions for general operational applications, it
over-estimates the drag coefficient when compared with observations (/11/ and /11/). Similar
over-estimations were found with the WAVEWATCH Il formulation /12/. /11/ proposed the use
of a limit on the friction velocity in order to model extreme events. This limitation was in terms of
the ratio of friction velocity and wind speed (u*/uio).

A different process that can modify the waves due to the current has been considered within the
framework of X-WiWa??. This consisted in modifying the wave celerity (c) in the wind input
source function. This correction is of particular importance for small waves (low celerity) within
the wave spectrum, as wave growth can be significantly changed. For these small waves, the
surface current is more representative than a depth-averaged current. During storms, the
surface currents are dominated by wind-induced currents and therefore, it is reasonable to
approximate surface current from the wind speed, typically 2-4%. This approximation has been
confirmed by observations /15/.
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C J-EVA Statistical Model

The theory and methodology behind the J-EVA statistical model is described here.

The J-EVA Joint-Extreme Values Analysis) statistical model is a tool for making extreme value
analysis of a set of parameters with a-priori unknown joint dependence properties. Application of
J-EVA requires as input a set of independent ‘events’ with concurrent values of the parameters
being modelled. A typical example is storm peak significant wave heights, associated wave
period, storm surge, wind speed, but the tool is generic and can model any kind of stochastic
non-discrete parameters, as long as they fulfil the requirements of independence and identical
distribution (iid). The input data may come from measurements or numerical hindcast models or
a combination hereof and the usual requirements to data consistency and quality also apply
here).

Covariates may be defined if a-priori knowledge about variations in extremal properties is
suspected. Typical examples of covariates are direction and/or season. Non-parametric smooth
variations with covariate(s) are implemented using a B-spline technique (see Section C.2 of this
appendix for details) and periodicity (as is the case for both direction and season) is possible.
The use of covariates also implies that the requirement of identical distribution only applies for
random variables sharing the same covariates (as for instance waves from the same direction
occurring during the same time of year). It is not recommended to apply the model across
discontinuous (abrupt) covariate variations. Extreme value models incorporating covariates are
called non-stationary extreme value model in the statistical literature.

The statistical uncertainty due to the typically limited sample size of historical extremes is
estimated by the tool and may be propagated through to the end results. A Bayesian Markov
Chain Monte Carlo (MCMC) technique is adopted (see Section C.3 of this appendix for details).

NOMENCLATURE
Abbreviation Explanation
lid Independent Identically Distributed (random variable)
LT Lower Tail
MCMC Markov Chain Monte Carlo
uT Upper Tail

J-EVA Statistical Model C-1





Cl

Cl1

Model components

The J-EVA statistical model contains the following model components;

e  Marginal models describing the marginal distribution of each parameter (i.e. the distribution
of the parameter without considering the values of the remaining parameters)

o  Rate of occurrence describing how often a parameter (event) occurs

o  Conditional extremes model describing the distribution of other parameters conditional on a
selected parameter being extreme

Each of the components is detailed below.

Marginal models

Marginal (uni-variate) distributions are fitted to each stochastic variable in turn. A combination of
a gamma (I') distribution, modelling the bulk of the data, and Generalised Pareto (GP) tails
modelling the distribution tails above a threshold is used for the marginal distributions.
Whenever relevant, both the upper and lower tails are modelled with a GP distribution, the lower
tail basically being a GP tail fitted to the reversed data below the low threshold.

EqC.1
1
Uy —X\7¢;
[Pl"(ullanu')[(l-l'fl 7 ) } ;X < U
1
P(x) = { Pr(x|a, 1) U S x < uy
1
X — U\ &,
1- (1 - Pr(u2|6¥;.u)){(1 +¢&; Z 2) Ez] ,X > U,
2
The gamma distribution is given by:
EqC. 2

1 a
Pr(x|a,p) = mY(a,ﬁx)

where I'(a) is the complete gamma function and y (a,%x) the lower incomplete gamma function.

The model parameters defining the marginal distributions are:
a gamma distribution shape parameter

¢ gamma distribution mean parameter (gamma shape multiplied with gamma scale
parameter)33

&GP shape parameter for lower tail

{; GP scale parameter for lower tail**

33 The distribution parameters are practically uncorrelated with this formulation of the gamma distribution. This
improves mixing of the MCMC chain

34 As for the gamma distribution, an orthogonal parameterization has been used, where adjusted scale parameter, v =
J(1+ &), is sampled. For the ease of interpretation, the results are, however, presented for the scale parameter .
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&,  GP shape parameter for upper tail
{, GP scale parameter for upper tail

The thresholds, at which the GP tails take over, are set as quantiles in the gamma distribution of
the bulk data, i.e.:

EqC. 3
u; = Prt(iq)
U, = Pr_l(’fz)

where k is a constant (covariate-free) non-exceedance probability. Threshold uncertainty is
included by ensemble averaging over a range of values for k; and k,. These values are
sampled from a uniform distribution over pre-set quantile intervals.

The model parameters are estimated in a sequential way; first the gamma distribution is fitted to
all data, then the threshold is calculated from the fitted gamma distribution and sampled
threshold non-exceedance probability and finally the GP lower and upper tails fitted
independently to the data sample below u,/above u, respectively. The log-likelihood functions
are:

EqC. 4

n

tr,j(z|b) = —Z {(a —Dlnz; — %Zij —InT(a) —a(lnpu —In a)},

i=1

tor @9 == 3" fngs (112 =) )|

i: Zi]'<u1

epyr,j(z|b) = - Z {ln O+ (1 + é) In (1 +%(zij —~ u2)>}

i: Zi]'>u2

Rate of occurrence

The occurrence of events is considered a Poisson process and the Poisson annual rate of
occurrence p is required for estimation of annual non-exceedance probabilities. In the covariate-
free case, p is simply estimated by the total number of historical events divided by the length of
the historical data series in years. In the case of covariates, the covariate domain is divided into
m bins of constant area, A, and the rate the log-likelihood function of p approximated by /1/:

EqC.5
£ (21b) = > i In(p(kt) = 4 Y p(iet)
k=1 k=1

where ¢, is the number of threshold exceedances in bin k.

Conditional extremes

The conditional extremes model by /2/ simulates distributions of parameters conditional on one
parameter being extreme. This is useful for modelling for instance the distribution of spectral
peak period or wind speeds when the significant wave height is extreme
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The original conditional extremes model proposed by /2/ makes use of probability integral
transform to marginal distributions with standard Gumbel distributions. This introduces
asymmetry in the marginal distributions and makes modelling of negatively dependent variables
somewhat more complicated than positively dependent variables. /3/ propose a modification of
the model replacing the Gumbel margins by Laplace margins whereby both positive and
negative tails become exponential. This modification to the original model is applied in J-EVA.

The marginal distributions are defined over the entire range from the ‘lower’ end point of the
lower tail to the upper end point of the upper tail by the combined Gamma-GP model Eq C. 1.

Probability integral transformation to Laplace margins is given by:
EqC.6
In(2P (X)), P(X;) < 0.5
Y, =
T l-m(2(1-Pexp))  P(X;) =05

The conditional distribution for a set of variables with Laplace margins after /2/ simplifies into
one function for both positive and negative dependence (/3/):

EqC.7

(Yel; =y) = ayy +y"IW; ,jj¢ = 12,j¢ #j

with the random variable, Yjc, being conditioned on the random variable, Y;. We use notation Y to
indicate that these variables have Laplace margins. W; is a random variable from an unknown
distribution. We introduce the additional parameters, m and s and assume that Z; =

(Wj — m,-)/s,- follows a common distribution independent of covariates. Hence Eq C. 7 may be
written as:

EqC.8
(YelY; = y) = ay +y"i(m; + 5,Z)),
Ji¢=12,j#]

The negative log-likelihood for pairs of the sample {y;1,y;2} is given by:

EqC.9
b\
8; (yijc - (a,-yl-,- MYy ))
Legj = z lnsjyl.j + PG ,
x> (03,¢i4;) 2 (Sjyij])

¢ =12 #]

ucg,j is the threshold with non-exceedance probability, 4;, adopted for the conditional extremes
model, meaning that the model is fitted to pairs of variables for which the non-exceedance
probability of the conditioning variable exceeds 4;. This threshold is set independently of the
Generalised Pareto threshold u,, and may be lower than that, since the distribution below the
GP threshold u, is defined by the gamma distribution.

Conditional extremes model threshold uncertainty is included by sampling 4; from a uniform
distribution over a pre-set quantile interval followed by ensemble averaging results over a
number of different values of 4;.

Residuals, r, are calculated from the estimated model parameters as:
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Eq C. 10
1 N -bj
Ty = g ((Yijc - ajyij)yij = mj)

Multidimensional dependencies are modelled through the residuals. For each parameter, j =
2, ...,n, with n being the total number of variables modelled, the residual is calculated for each
event i leading to a vector of residuals for each event r; = [r;,, ..., 1;,]. These n vectors of
residuals are later used for simulating data in the model.

It then follows that the Laplace marginal value of parameter j conditioned on parameter 1 is
given by:

EqC. 11
1Y, =y) = a;y + y"i(m; + s;77)

The probability transform Eq C. 6 is inversed to get the non-exceedance probabilities of the
associated parameters. The magnitude of each associated parameter is then calculated from its
marginal distribution.

Co-variates

Penalised B-splines are used to model the parameter variation with covariate. The basic idea of
penalised B-splines, originally introduced by /4/ is to use B-splines with a moderately large
number of evenly-spaced knots and control the parameter smoothness by a variance penalty
factor, 72.

B-spline regression is started by dividing the domain over which to fit a curve into n’ equal
intervals by specifying the position of n’ + 1 knots. B(asis)-splines are then constructed as
sequences of polynomial functions of degree, g, connected the knots. Each B-spline is positive
in a range spanning q + 2 knots, and zero elsewhere. Curve-fitting using B-splines consists in
finding the coefficients, B;—1.n/4+4, With which to multiply the B-splines. The function value may be
expressed as the linear combination of the spline basis, B, and the coefficients.

EqC. 12

n'+q

F0) = BB

Penalized B-splines (P-splines) are an extension of B-splines in which a penalty is put on the
differences between adjacent g-coefficients. The degree of roughness is controlled by a
variance parameter, 72, and the difference penalty matrix, K. For first order differences, the
difference matrix is given by:

EqC. 13

The basis of B-splines and the effect of roughness penalty, introduced through 2, is illustrated
in Figure C 1.
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Both directional and seasonal variations are periodic. Periodic smoothing is introduced by
‘wrapping’ the spline at the ends. Specifically, the last q basis splines are merged with the first q
splines and the total number of basis functions reduced by q. The difference penalty matrix is
wrapped similarly, i.e. K is now:

EqC. 14
2 -1 w1
-1 2 -1
-1 2 -1
-1 -1 2

B-splines are extendable to higher dimensions through tensor-product B-splines (see e.g. /5/).
The multidimensional surface is now described by tensor-products of B-splines. The tensor-
product B-splines in two dimensions are illustrated in Figure C 2. The coloured shapes under-
lying the surface are the individual tensor-product B-splines scaled by the respective
coefficients. The total number of g-coefficients to estimate is now (ng + q) X (":t: + q). Different
number of knots and different penalty factors may apply for each dimension. Figure C 2 also
illustrates, large roughness penalty in one dimension may influence the smoothness in other
dimensions. This indicates that roughness penalty should be determined for all dimensions
simultaneously.

72 =1000

data
10 ’ X knots
: ® 3 coefficients

fitted curve |-

Jun  Jul
Season

72 =0.001

121

0 LRI

May Jun Jul Aug Sep Oct Nov Dec
Season

Jan Apr

Figure C1  Quantile regression analysis for some fictive seasonally varying parameter, illustrating the
components of P-splines. The coloured curves show the individual B-splines each multiplied
by its respective b-coefficient. Quadratic B-splines (¢ = 2) and first order penalty have been
used
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Figure C2  Quantile regression analysis, illustrating the components of tensor-product P-splines in 2 dimensions. The

coloured surfaces show the individual tensor-product B-splines each multiplied by its respective -
coefficient. Quadratic B-splines (q = 2) and first order penalty have been used

C.21 Generalised linear array models

The penalized B-spline approach outlined above requires evaluation x = B, where B is a
(sparse) m x n matrix where m is the total number of data points irregularly spaced within the

covariate domain, and n is the total number of knots n = n; X n,. B is a n x 1 vector of spline
coefficients.

However, if we can organise our irregularly spaced data onto a regular m; x m, grid, we may
reduce the problem size substantially through the use of Generalised Linear Array Models
(GLAM) (/6/ and /7/). These provide a computationally and memory-efficient framework for
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combining tensor product B-splines with array data and have been used in a very similar
application in the past (/8/).

In fact, the problem now reduces to evaluation of B; M (B8)B5, where M (B) is an, X n,
reordering of B. B; and B, are size m; X n, and m, X n, respectively.

Parameter estimation

Distribution parameters for the model components described in Section C.1 are defined by the
spline coefficients and parameter estimations thus consists in estimating the appropriate values

of B.

A Bayesian approach is applied to estimate the g-coefficients. The approach builds on work in
/9/, 110/ and /11/.

Priors

Spline model

The prior for § up to a constant of proportionality is given by /9/:

EqC. 15

2 1 1 T
(B < gy enp (= 728K B)
)z ‘
where rk(K) is the rank of the penalty matrix, K.

The variance parameter 72 is estimated through 10-fold cross-validation. Cross-validation is a
robust and simple technique to optimise the predictive performance of a model, i.e. its capability
of predicting the likelihood of a data sample that was not used to estimate the model. In this
way, the right complexity of the model is achieved — it is neither too simple nor is it over-fitting to
the data. In this particular case, too simple a model would be too smooth and thereby ignore co-
variate effects that were truly present, while a too complicated model would be exaggerating co-
variate effects by trying to adopt to the individual extreme events.

The 10-fold cross-validation consists in, for a given choice of 72, to fit the model to 90% of the
data (training) and then calculate the likelihood of the remaining 10% of the data(validation).
This is repeated 10 times such that all data points have been used one time for validation and
the 10 likelihoods are then summed. This whole procedure is then repeated for a new choice of
72. Estimation of all values of 72 at once is not feasible as the model has as many values of 72
as the number of model parameters times the number of covariates. Instead a sequential
procedure has been adopted:

1. Values of 72 for the I'-distribution are estimated by:
a. Estimate an appropriate global value by varying all 2 at the same time
b. Estimate a ratio between the shape a and mean u by varying these separately (but
using same value for season and direction)
c. Estimate the ratio between season ¢ and direction 6, using the relative ratio between
a and p estimated under b)
d. Repeat step a), but now using the relative ratios between «, u, ¢ and 6
2. The I'-distribution is now fitted using the most appropriate combination of 72 estimated
above and together with appropriate quantile thresholds k4, k, this provides the non-
stationary threshold above which the GP tail is assumed. For each GP tail, the steps a-d
are followed though now with the ratio of GP shape ¢ to scale ¢ estimated under step b.
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Figure C 3 show an example of the results of a cross-validation, in this case for the upper tail of
the Hppeq Variable. The rows in the plot show results of cross-validation steps a to d. Upper
and lower subplots show the summed log-likelihood score on the 10 validation sets as against
the prescribed value of 2. Row 2 and 3 show colour-scaled plots of the summed log-likelihood
score for the tested combinations of 72 (along x-axis) and ; (along y-axis). Yellow indicate
higher cross-validation score (better predictive performance). The right-hand plots show the
same results as the left-hand plots but smoothing the results across neighbouring 72
combinations. Results in left hand plots are normally used. The black dots show random
combinations sampled from the probability distribution that can be constructed from the summed
log-likelihood score. The black crosses indicate the optimum point.
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Figure C3  Example of cross-validation for the upper GP tail of the distribution of H,q 4. Se€
explanation in text for details
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Marginal distribution

In addition to the priors on the spline coefficients B, we may also specify priors for the values of
the actual distribution parameters or the support ranges. In the case of a negative GP shape
parameter, the support range for the GP distribution has an upper end point X,,,, given by (see
Section C.1.1).

EqC. 16
¢
Xmax = —E+u

The distribution tail will asymptotically approach this limit. If a physical absolute upper limit of a
parameter is known, it may be introduced in the extreme value analysis by setting the upper end
point of the GP support range to be this limit.

Proposal generation

The posterior distributions are approximated using Markov Chain Monte Carlo methods with a
Metropolis-Hastings (MH) sampling scheme. The MH scheme progresses as follows (for one
model component):

1. Define start values®, g Set iteration number i = 1

2. For each model parameter; Propose candidate coefficients, B* from a multivariate normal
distribution MVN (B(i‘l), S). Two approaches are followed to estimate the covariance
matrix S

a. Following the approach of /12/ also adopted by /13/, proposals are drawn from a MVN
-1
with covariance matrix S = (BTB + T%K)

b. Following /14/, the empirical covariance matrix is estimated and proposals drawn from
a MVN with covariance matrix:

EqC. 17

> I
S = (1-¢)22.382 7" +e2x 0.013‘1
where X, is the empirical co-variance matrix of size d x d estimated from the markov
chain. The latter term 0.011,/d is random noise and the small constant € is used to
control the degree of random noise in the proposal. /14/ use € = 0.05 and we adopt the
same value here.

The latter approach requires an estimate of the co-variance matrix, which can only be
obtained from running the MCMC. Hence, approach a. is first run for a large number of
iterations. As approach b. turns out to be computationally faster, the MCMC algorithm
has been set to switch to this approach after a number of iterations. Multivariate
normal random samples are generated from a Cholesky decomposition L of the
covariance matrix S. Hence:

EqC. 18

B =B"Y+Lxu
where u is a vector of standard normal random (uncorrelated) samples

3. Accept g* with probability:

35 Start values for spline coefficients are made by fitting constant models through (seasonally-directionally) binned
data, followed by fitting a smoothing spline through the estimated parameter values
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EqC. 19

* *(+2)(-1) 2y(i-1)
ﬂ(ﬂ(i_l),ﬂ*) = min41, L(Z.lﬂ )n(ﬁ .l(T ) )n((r " )
L(z|BED)n(BED| @D Dm (D)
4. Steps 2-3 are repeated for each model parameter after which the iteration counter i is
incremented by one

C.3.3 Full model inference

The procedure detailed above is valid for one single model component (gamma distribution bulk,
GP tail, Conditional extremes model). However, the full model requires estimation of all
components in a hierarchical order as follows;

Eq C. 20

Parameter 1. Gamma distribution bulk — GP tails

Parameter 2: Gamma distribution bulk — GP tails
—Conditional Extremes Model

Parameter n: Gamma distribution bulk — GP tails }

This is achieved as follows;

1. For each input variable (eg Hp, Ty, ..., €1C);

a. Fit the gamma distribution to all events and save a number of independent samples
from the chain. Also fit the rate of occurrence model for the primary parameters of
interest that are later used as conditioning parameters

b. At each stored sample of the gamma distribution of bulk data, sample a threshold non-
exceedance probability, compute the threshold, run a GP chain and save an
appropriate number of samples of this after burn-in. Both high and low tail are
estimated independently in this way.

c.  This procedure results in n samples (n = number of Gamma samples times number of
GP samples) of each marginal distribution

2. Fit all conditional extremes models to the marginal distribution samples. The CE models
are fitted simultaneously in order to achieve vectors of residuals emanating from the same
historical events, whereby multidimensional dependencies can be carried over into storm
simulations (see also Section C.1.3). The conditional extremes model threshold
uncertainty is accounted for by updating the threshold non-exceedance probability A for
each update of the GP tail threshold in the marginal models. The iteration procedure for
each A update is as follows:

a. Sample a threshold non-exceedance probability and identify the events above this in
the conditioning distribution

b.  Fit the CE model across all GP tail updates and to each variable in turn. The CE chain
is run for a number of iterations for each GP tail update, but only the last iteration is
stored. Also the residuals are stored for the last iteration. By running this procedure
over all variables in turn, a matrix of residuals is built for each stored CE iteration with
size number of threshold exceeding events times number of variables

The above procedure results in an equal number of samples of the marginal and conditional
models, the latter with associated residuals. A number of thresholds in both marginal tails and
conditional extremes is incorporated in this sample, thus accounting for some of the threshold
uncertainty. Equal weight is thereby given to all possible thresholds within the assumed
plausible range. It is our experience with constant models that this is a reasonably good
approximation for most data sets and definitely superior to a constant threshold approach.

J-EVA Statistical Model C-11





e

C.4

Proper implementation of the MCMC approach ensures that the final sample of model
parameters thus obtained represents a sample from the posterior distribution of the model
parameters. The uncertainty related to the extrapolation from a limited input data sample to
events with a very low exceedance probability is reflected in this posterior distribution.

An overview of the different distribution parameters to be determined for one particular marginal
and conditional extremes distribution is given in Table C. 1. The threshold quantiles are
specified as constants and do therefore not vary with co-variates. This means that a certain
threshold for example for a GP tail model is taken as a constant (across co-variate space)
quantile in the underlying Gamma distribution. But as the Gamma distribution itself is non-
stationary with respect to co-variates, the actual threshold for the GP model will also vary with
co-variates. The quantiles are sampled uniformly from specified intervals.

Table C. 1  Overview of model parameters

Description Symbol Type3®

Rate of occurrence p Tensor-Product B-spline
T distribution shape a Tensor-Product B-spline
T distribution mean U Tensor-Product B-spline
GP low tail threshold quantile K1 Constant

GP low tail shape parameter & Tensor-Product B-spline
GP low tail scale parameters 0 Tensor-Product B-spline
GP high tail threshold quantile Ko Constant

GP high tail shape parameter & Tensor-Product B-spline
GP high tail scale parameters (s Tensor-Product B-spline
CE threshold quantile A Constant

CE a parameter a Tensor-Product B-spline
CE b parameter b Tensor-Product B-spline
CE mean parameter m Tensor-Product B-spline
CE standard deviation parameter s Tensor-Product B-spline

Simulation and return value estimation

Due to the complexity of the model and the need to ensemble average over the posterior
distribution sample of the model parameters, return values are obtained by simulating events in
the model. Popular speaking, such a simulation consists in sampling a very large number of
events whereby the sought return value can be ‘read off’ as the i’th largest event in the
simulated sample. The rank i depends on the simulation length (numbers of years simulated)
and the return period in question.

Combined with an appropriate event (storm) model this procedure also allows for swift
convolution of the long-term distribution of the slowly varying parameters with a short-term
distribution of a certain type of response. The classical example in this respect is the convolution
of the long-term distribution of sea states with the short-term distribution of maximum wave crest
heights to obtain the long-term distribution of the maximum crest elevation.

The simulation procedure followed to simulate one year of events is detailed below.

36 In the case of a constant (covariate-free) model, all parameters are constant.
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Sample a particular iteration from the MCMC chain

2. Sample the number of events from a Poisson distribution with arrival rate corresponding to
the average annual number of events in the input data set

3. Sample non-exceedance probability for all events

4.  For a non-stationary model, assign co-variates to each event through the fitted non-
stationary rate function for the conditioning variable

5. Calculate the magnitude of the conditioning variable for all events from its marginal non-
stationary distribution

6. Resample events from the data set for all events with non-exceedance probability below
the conditional extreme model quantile threshold 4 as the conditional extremes model is
only applicable for conditioning events with non-exceedance probability above A. In
practice, the resampling is done by searching for the nearest event in the dataset in terms
of all co-variates and magnitude

7.  Magnitudes of conditioned parameters n,, ..., n,, above the conditional extreme model

guantile threshold A are modelled through the conditional extremes model. A vector of

residuals r; = [r;,, ..., ;] €manating from the same event in the data set is sampled for

each event from the stored residuals for the particular MCMC iteration. The Laplace

marginal values for all conditioned parameters calculated from Eq C. 11 and the marginal

distributions applied to convert the Laplace marginal values to the physical values.

Return values with long recurrence period requires a large number of years to be simulated.
Denoting the number of years n and the required return period T,., reasonably converged
estimates of return values are obtained when n > 100T,. In other words, a 100-year return value
requires simulation of around 10.000 years.

Estimation of return values with longer return periods require longer simulations. But at the
same time, only the events in the very tail of the distribution of the conditioning variable are
relevant at long return periods. The simulations are therefore split. One simulation including
events throughout the distribution is made to obtain the return values for return periods around
1 to 10 years. Progressively longer simulations are then made for the longer return periods, but
with an increasing threshold on the non-exceedance probability of the conditioning parameter,
such that only relevant events are simulated.

Return values are usually reported as quantiles in the distribution of the annual maximum. The
annual maximum distribution is constructed from the simulation by only retaining the largest
simulated value per year and the relationship between quantile and return period given by:

EqC. 21

1
w-on(-3)

T

The return values hereby obtained reflect the uncertainty in the extreme value distributions and
larger uncertainty will inflate the return values especially for return periods longer than the
duration of the historical input data sample. This is achieved by integrating across the posterior
distribution of the model parameters (effectively achieved by sampling amongst the MCMC
iterations when simulating events in step 1). This type of distribution is also known as the
posterior predictive annual maximum distribution.

Conditional distributions of associated parameters are readily obtained from the simulation of
conditioned parameters.
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D J-EVA Storm Model

The theory and methodology behind the J-EVA storm model is described here.

The J- EVA (Joint-Extreme Values Analysis) storm model is a model for the description of wave
characteristics of storm events. The model is used in conjunction with the J-EVA statistical
model to describe the long-term distribution of individual wave and crest heights and possibly
also wave-induced structural loading.

The model defines characteristic storm variables from the historical hindcast or measured record
of slowly time-varying variables such as (but not limited to) significant wave height, peak period,
mean or peak wave direction, storm surge and wind speed. These characteristic values are
suitable for statistical modelling using the J-EVA statistical model. The statistical modelling of
characteristic storm variables will allow for generation of long series of simulated storm
parameters. The J-EVA storm model can then be applied in reverse to generate intra-storm time
series of the slowly varying variables.

Numerical folding with any short-term distribution model of wave or crest height or a structural
load or load response may be carried out on the intra-storm time series to generate the long-
term distribution of the response.

NOMENCLATURE
Abbreviation Explanation
CD Current direction [°N] (flowing towards, true North, clockwise positive)
CS Current speed [m/s]
WD Wind direction [°N] (coming from, true North, clockwise positive)
WS Wind speed [m/s]
Hpo Zeroth moment significant wave height [m]
Hinop.eq Equivalent Gauss-bell shaped storm peak H,,,q [M]
H. Individual (trough-crest) wave height [m]
Hpax- Maximum (highest) individual (trough-crest) wave height [m]
Hpp - Most probable maximum individual wave height in a storm event [m]
T,. Spectral peak period [s]
To2 Second moment wave period [s]
MWD Mean Wave Direction [°N] (coming from, true North, clockwise positive)
PWD Peak Wave Direction [°N] (coming from, true North, clockwise positive)
Gug. (I:E;Culzlse]llent Gauss-bell shaped storm standard deviation [no. of wave
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D.1 Characterisation of historical storms

The J-EVA storm model is applied on a time series of slowly varying environmental variables.
This time series must include the significant wave height and a measure of the mean wave
period but can include any other environmental variable of interest. The time series must be on
an equidistant time axis with sufficiently small time step size that the time-evolution of the storm
events of interest are adequately resolved.

The steps followed to convert this continuous time series into individual storm events and then
to characterise each event are described in this section.

D.1.1 Wave height and storm duration

Storm events are identified by their significant wave height. Standard metocean techniques for
separating the continuous time series of significant wave heights into individual (storm) events
consist in defining a minimum time separation between consecutive storm peaks and moreover
often an additional requirement that the level must have dropped below a fraction of the minor of
consecutive peaks in order for those to be defined as two separate events. This additional
requirement ensures that storms with long durations are not unintentionally split into separate
events.

The time series of H,,, is de-clustered into independent events by requiring that there is a pre-
specified minimum interevent time between events. The minimum interevent time is dependent
on the meteorological events generating the storms but is typically in the order of 18-36 hours
for extra-tropical cyclones. Moreover, events are only separated if the significant wave height
has passed below 75% of the minor of two adjacent events.

The distribution of the maximum short-term response in each historical storm is then calculated.
The empirical short-term distribution of individual wave height H conditional on H,,, by /1/ is
typically applied, though the actual choice of short-term distribution model is not important, as
long as the distribution is continuous. The short-term distribution of H conditional on H,,,, P(H <
h|H,o) by /1/ is given by:

EqD.1

h 2.126
P(H < hlHpo) = 1~ exp (‘ (as17,) )
. mi

The distribution of the maximum wave in storm i, H,,,, ; is given by the following product over
the n; sea states making up storm i:

EqD.2

ng
P(Hpax: < h) = nP(H < h|Hpo )"
j=1

The number of waves in sea state j, N;, is estimated by dividing the duration of the sea state

(time step size in the input time series) by the mean zero-crossing period®” over the sea state.
The most probable storm maximum wave height, H,,,, ;, is found by solving the following
equation for h:

p,ir

87 The second moment period Ty, is used as a proxy for the zero-crossing period when spectral wave model hindcast

data is used as input
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EqD.3

~ 0.37

P(Hpaxi < h) = o (D

It is shown in the original work by /2/ that when P(H|H,,,) is of a Weibull type distribution, Eq D.
2 converges to a generalised Gumbel distribution:

EqD. 4

)
Hmp,i

where « is the shape factor of the wave height distribution (=2.126 in the Forristall distribution)
and N; is the equivalent number of waves in the storm.

P(Hmax‘i < h)~exp —exp| —InN; ((

The duration of the storm and thereby the value of N is related to the narrowness of the
distribution of the storm maximum wave. Storms with long durations and thereby many sea
states of similar magnitude will have a narrower distribution of the storm maximum wave,
compared to those storms in which the maximum wave will come within a relatively short period
in time (i.e. within very few sea states).

This property is used in the J-EVA storm model to characterise storms by peak magnitude and a
duration. A Gauss-bell shaped curve is chosen to represent the variation in time of H,,,. The
variation in time of H,,, is defined by equivalent storm peak, H,,,, hereafter termed H,, .4, and
equivalent storm duration given by the Gauss-bell standard deviation, o, as:

EqD.5

\ 9k
Hmo(t )= HmO,p,eq Xexp|— 252
eq

t* is a pseudo-time measured in number of wave cycles and can be converted to true time by
use of the slowly varying mean wave period. Thus t* = 0 at the storm peak (H,,o = Hpo p,eq) and

any t* < 0 defines the number of wave cycles that will pass before the storm peak is reached,
whereas any t* > 0 defines the number of wave cycles that have passed since the storm peak.

Best-fit values of the peak (Hp,,¢q) and standard deviation (o,,) of the Gauss-bell shaped
storm are found by mean-square error minimisation of the differences between the actual storm
maximum wave height probability density and that of the Gauss-bell shaped storm. The
minimization is carried out as follows:

Sea states with H,,,o < 0.75 X Hp,g 5, o are found to have insignificant impact on the distribution of

storm maximum wave height and can be neglectedt. From Eq D. 5, we have that the Gauss-
bell shaped storm will cross under 75% of H,,, 5, ., at a distance from the peak of 0.759a,,

waves. Hence, we create an evenly spaced vector, t;, of m points, t;, € [-0.7590,,;0.7590,,]
and evaluate H,,, along this vector for storm i:

EqD.6

. (tn)?
Hmo(tm) = Hmo,p,eq,i Xexp| — 252
eq,i
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Though sea states with less than 75% of the peak significant wave height have negligible influence on the most
probable maximum wave in the storm, sea states down to 65% of peak significant wave height have been included
in the build-up of the storm, as these typically contain some of the steepest sea states and the maximum wind
speed may also fall early in the storm trajectory.
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Each point along this vector represents a sea state of 1.520,,;/m waves. The distribution of the
maximum wave in the storm is now given by Eq D. 2, i.e.:

EqD.7

m
1.520¢4,i/m
P(Hupay; < h) = | |P(H < hlHmo(ty)))
j=1

The probability density is obtained by numerical differentiation of Eq D. 7 and the squared
difference of this probability density function and that of the actual storm is computed.
Minimization of the squared difference is carried out by changing the values of H, ¢, @and
0eq,i» Whereby best fit values of these parameters are obtained for storm i.

Two examples of storm characterisation are shown in Figure D.1. The first storm (24. Nov.

1981) is an example of a persistent storm lasting for many hours, while the second storm is
more intense in its peak but lasting only a few hours. These differences are reflected in the
relative values of Hy,g 5, .q and oeq.

Associated environmental variables

Characteristic storm values of all associated environmental variables to be included in the
subsequent joint-probability analysis are required. Examples associated variables are:

o Peak wave direction, PWD

» Peak period, T,

e Second moment period, T,

« Directional spreading, gy

e Residual water level, WL,

« Residual current speed, CS,.; and direction CD,.¢4;
e Wind speed, WS and wind direction WD

These variables vary during the storm and weighted average values are calculated to provide a
characteristic value of the variable for each storm. The weight factor, w;, for sea states j,j =
1:n; where n; is the number of sea states in storm i, are computed from the contribution of the
individual sea states to the total storm most probable maximum wave, H,,:

EqD. 8
w; = a(Hmp,l:n - Hmp,l:n,~j)

where Hy,, 1., is the most probable maximum wave height of the storm considering all sea states
in the storm and Hp,,, 1., ~; iS the most probable maximum wave height when sea state j is
omitted and « is a normalization factor. An overbar (e.g. T,) is used to denote a characteristic
(weighted average) value of an environmental variable.

The characteristic storm second moment period T,, is shown in Figure D 1 for the two
examples storms. T, takes values close to the values at the storm peak.
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12 24-Nov-1981: H o pear = 9.2m, Hyyy = 16.8m
T T T T

or Toz = 9.55 adddsadfiia,, |
YV

[ Historical storm H_ ) [m]

Equivalent storm H_, [m]

Historical storm T02 [s]

0
23-11-81 12:00 00:00 12:00 00:00 12:00

10 T T
Tos =
8 4
Hmﬂ,p,(:q - 9°2m
6 — T 1 Opg = 2333 —
4 -
- Historical storm H_ . [m]
2 Equivalent storm H_ [m]
W A Historical storm T.32 [s]
0
08-12-11 12:00 00:00 12:00

FigureD1  Two examples of hindcast historical storms and storm model parameterization. Vertical
green bars3%: Hourly values of H,,,. Blue triangles: Hourly values of T,,. Characteristic storm
variables Hy,p,eq, 0eq and T, values printed on figure

Simulation of intra-storm variation

The J-EVA storm model is also used to simulate intra-storm variation of the environmental
variables model. The intra-storm variation refers to the hourly variation of the variables during a
storm event exemplified by for instance the build-up and subsequent decay of wind speed and
significant wave height, the rotation of the mean wave direction and the increase in wave age
from steep young wind waves during build-up to swell waves during storm decay.

The simulation of intra-storm variation consists in matching up simulated storms with similar
historical storms followed by a scaling of the similar historical storm time series.

Similarity and storm resampling

A methodology developed to identify the historical storms most similar to the simulated storm is
described in this section. The method builds on a flexible concept of storm dissimilarity. The

39 The filled bars mark the sea states which are retained from each storm for subsequent intra-storm simulation, see
section D.1.2

J-EVA Storm Model D-5





D.3

smaller the dissimilarity, the more representative the historical storm is assumed to be of the
simulated storm.

The dissimilarity criteria are established in order to select a historical storm to represent the
storm modelled through the J-EVA statistical model. The dissimilarity criteria are inspired by /3/.

In the following Q is used to denote any characteristic storm variable (e.9. Hppeq OF T_p) and w
to denote the corresponding intra-storm variable (H,,, or T,).

Dissimilarity is first calculated for each variable listed below as follows for historical storm, i, and
simulated storm, k:

EqD.9
dn,i,k = |‘QHIST,L' - QSIM,k| / 0q

with o *° being the standard deviation of this variable through all included historical storms. This
weight factor is found to provide a reasonable balance between the various variables, but it is
possible to apply weight factors in addition to this, in order to better match for instance
significant wave height between historical and simulated storms.

Dissimilarities are calculated for the relevant variable which may be considered important in
terms of describing the storm evolution.

Overall storm dissimilarity for simulated storm k, d,, is calculated by summing up the square of
the individual dissimilarities, for each historical storm, i.e.:

EqD. 10

v

n
2 _ 2
di= ) ) diu

i=1 Q=1

where Q = 1: v represent the v different environmental variables included in the dissimilarity
criterion. After having ranked the historical storms in terms of (dis)similarity, one of the most
similar historical storms is picked randomly amongst the least dissimilar ones. The randomly
selected storm is then used to represent the intra-storm variability of the modelled storm, after
appropriate scaling (see next section) is conducted.

Typically, the representative storm is selected amongst the 20 most similar storms, but the end
results are not very sensitive to this number because of the applied scaling.

Historical storm scaling

Having sampled a historical storm amongst the most similar ones, the intra-storm variation of
the historical storm is scaled such that the characteristic storm variables of the scaled storm
matches those of the simulated storm.

The proposed scaling methodology assumes that a constant scaling factor applies for the entire
storm. As water levels vary around zero, a reference level of 10 meters below the sea surface is
used in order to avoid division by zero.

Scaling of the selected historical storm variables to generate the time series of simulated storms
is conducted as follows:

40 oywp and dg.qs0n COrrespond to half of the standard deviation of the corresponding parameters, to account for their
periodicity.
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1. Establish a scaling or correction factor based on the characteristic storm variables of the
simulated (subscript SIM) and selected historical storm (subscript HIST) using the generic

formulation:
EqD. 11
aq = Qsim / Quist
2. Caorrect the historical storm time series of parameter wy; ¢y to obtain the intra-storm
variability of the simulated storm, wg,y, ;, as follows (for time step j):
EqD. 12

Wgry,j = QAq " WyisT,j

Specifically, for directional variables (wind, wave and current directions, here generalised
by the notation 6) a rotation rather than scaling is applied:

EqD. 13
ag = Osim — Ouist
The intra-storm variability of the directional variable is then obtained as (at time step j):
EqD. 14

Ok = ag + Oyisrj

Typically, peak (or mean) wave direction is used as a covariate (distributions vary with wave
direction) and wind and current directions are not simulated in the J-EVA statistical model. In
this case, the wave direction rotation factor, apyp, is also used to rotate the current and wind
direction time series such that wind-wave and current-wave misalignment from the historical
storm is maintained in the simulated storm

For residual water levels, that can also take negative values, the scaling is done relative to a
minimum level, WL,.f, that is never surpassed:

EqD. 15

WLSIM + WLref

WL = WLHIST,' + WLR _
g ( / ef) WLyst + Wlpey

- WLRef

The reference water level could be taken as the water depth at the site, which in practice would
mean that the water level in the simulated storm would be the water level in the historical storm
shifted by the difference WiLg;, — Wlysr. Typically, we use Wig., = 10 m, which implies a
moderate scaling of the water levels beyond the scaling that is coming from the simulated value
from the long-term model, W Lg,.

In addition to the adjustment of the time series values, the time is also scaled in order to
maintain the number of waves in the storm, and therefore keep H,,,, and C,,,, estimates the
same. The time scaling is performed as follows:

EqD. 16

TimeSIM = TimeHIST * aToz " ao-eq

with ar, and Agyy being the scaling factors applicable for T, and storm duration o,
respectively.
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It follows from this scaling method that an exact recovery of the historical storm is obtained in
the case of an exact match between the simulated and historical characteristic storm variables.

Storms are defined to begin at the last up-crossing of 60% of peak H,,, prior to the peak and
end at the first down-crossing of 75% of peak H,,, after the storm peak. Sea states with H,,, >
75% of peak H,,, are contributing to the distribution of the maximum wave within a storm. The
extension down to 60% of peak H,,, at the storm build-up is introduced to ensure that the peak
wind speed is included in the storm. The sea states thus included are marked as filled bars in
Figure D.1. Storm peaks must as a minimum be separated by the specified inter-event time,
typically between 18 and 36 hours for extra-tropical cyclones, to be treated as separate events.
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E.1l

WRA Alignment

WRA Alignment

This appendix presents the results of the comparison between Tractebel's Wind Resource
Assessment and DHI's metocean desk study results (in terms of wind data).

DHI was commissioned by RVO to conduct a metocean desk study while in parallel Tractebel
conducted a wind resource assessment (WRA) for the Hollandse Kust (west) offshore wind farm
zone (HKWWFZ). To ensure the alignment and the quality of the wind models implemented for
the HKWWFZ, a joint comparison between the results provided by Tractebel and DHI was
conducted. Tractebel and DHI communicated on a regular basis discussing and exchanging
datasets for the preparation of this comparison.

Datasets

Two separate datasets were used in the two studies. The first dataset, produced by Tractebel, is
based on Lidar measurements from the HKWWFZ buoys A, B and C, and mast measurements
from the Ijmuiden and OWEZ met masts that were long-term corrected using ERAS reanalysis
data, and extrapolated over the HKWWFZ using the Dutch Offshore Wind Atlas (DOWA)
mesoscale model.

The second dataset, produced by DHI, is based on the CFSR reanalysis data (see Section 3.3
describing the wind fields in the HKW metocean desk study report). Both datasets are
considered independent from each other as they are based on two different atmospheric models
and serve different purpose.

The Tractebel dataset is herein referred as HKWBC+IJM+OWEZ+ERA5 when the 9-months
dataset is implemented, and as HKWABC+ IIM+OWEZ+ERAS for the 12-months dataset, while
the naming CFSR is adopted for DHI’'s dataset.

The comparison of the mean wind speed was performed on the 100m above mean sea level
(mMSL) wind data at six (6) locations (herein referred as nodes) shown in Figure E 1 for a
period of 20 years between 01.11.1999 and 31.10.2019.

Please note that an update of the comparison has been carried out at the location HKW LiDAR
after reception of the 12-months wind observations at HKWA, HKWB and HKWC.

The coordinates of the nodes are given in Table E 1 below. Main alignment items such as the

metrics, agreed level of difference and details on the considered time period are summarised in
Table E 2.
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TableE 1 Naming and coordinates EPSG 25831 and WGS84 of the six nodes used in this comparison

study
Node name Easting [m] Northing [m] Ifgggri:é:? [:thr:g:]
EPSG 25831 EPSG 25831 WGS84 WGS84
HKW LiDAR 549250 5824678 3.7266708 52.5699251
S30 540612 5830154 3.5998997 52.6198654
S2 548886 5840067 3.7235796 52.7082938
S22 558354 5851409 3.8657222 52.8093065
S23 559589 5849713 3.8837328 52.7939267
S24 556675 5834446 3.8378874 52.6570073

HKW/LIDAR

Hollandse Kust West

Position of nodes for
Long-term Time Serie

o 2 4 km
-_—
[ HkwwFz

HKWWFS Coore naze sysem : ETRS 1289
@ Selected Node

) O
TRACTEBEL
CNGie

Date: 04-05-2020

Archive: WINDDEV4NT0696285/000/01
Thiz docutimntié e EPSIIY OF Tactecel Evl Aesiile] 5.8 6 15 CUDICETN of LEsIc A 10 B0 aries

Figure E1  Location of the six nodes (yellow circles) selected by Tractebel for comparison with the DHI
metocean desk study
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Table E 2 Alignment table using 9- and 12-months measurements at HKW in the reference dataset

Description Value

Agreed metric Mean wind speed

Agreed level 0.1m/s

Reference dataset Measurements from HKW Buoys A+B+C, ljmuiden and

OWEZ masts long-term corrected using ERA-5

DHI dataset CFSR corrected along the coasts

Length of reference time series 20 years for the 9-months dataset
[1/11/1999-31/10/2019]

20 years for the 12-months dataset
[1/11/1999-31/10/2019]

Length of DHI time series dataset 20 years
[1/11/1999-31/10/2019]

Start/End time comparison 1/11/1999 to 31/10/2019 for the 9-months dataset (all
six nodes)

1/11/1999 to 31/10/2019 for the 12-months dataset
(only at the node HKW LiDAR)

Alignment height 100m above Mean Sea Level

Time step 1h

As described in the metocean desk study, CFSR tends to underestimate the wind speeds along
the shoreline of the Hollandse Kust Offshore Wind Farm zone domain as a result of the coarse
resolution (0.3° and 0.2°). DHI corrected the CFSR data directionally, using the measured data
at OWEZ (the full measurement period from 01.07.2005 to 31.12.2010 was considered). In order
to account for the influence of neighboured offshore wind farms, the OWEZ met mast data was
filtered to keep only undisturbed periods (/1/). The wind speeds were corrected for 12 directions
between 0° and 360° applying scaling coefficients obtained from the comparisons at the OWEZ
met mast. Additionally, the shift of cells from offshore to nearshore applied during the Hollandse
Kust (noord) study that aimed avoiding sharp changes of wind speed due to land/sea mask
effects is not affecting the CFSR cells over HKWWFZ as this OWF area is located more
offshore. The 10m CFSR wind fields were then extrapolated to 100mMSL using the empirical
wind profile described in metocean desk study report (Section 3.3.5). The values and figures
presented in the current alignment note are based on discrete extractions within the CFSR
original grid (0.3 for the period prior to 2011 and 0.2° after 2011). However, the wind data
provided on the web-based database*! in Hollandse Kust (west) are interpolated values of
CFSR onto the grid of the numerical wave model. The interpolation has led to slightly different
numbers (within 0.1m/s). The mean wind speed and bias values corresponding to the
interpolated CFSR dataset are provided in Table E 3 below as well. The difference is due to the
fact that the interpolation is done between grid cells offshore and those closer to shore (east).
The latter has on average lower wind speeds and thus result in slight differences between the
centre of the grid cell which is located further offshore.

41 https://www

WRA Alignment

.metocean-on-demand.com/
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HKW LIDAR (549250.00E,;5824678.00N;100.00mMSL)

40

WS [m/s] - HKWBCHJIM+OWEZ+ERAS
S s SRR W

As described in the wind resource assessment study, Tractebel combined three sources of
measurements in order to reduce uncertainties on the predicted wind climate over the
HKWWFZ. These three main sources were selected among all available datasets in the vicinity
of the HKWWFZ for their combined uncertainty to minimise the overall uncertainty on the wind
climate. This resulted in the selection of the IJmuiden and OWEZ met mast measurements in
addition to the Lidars measurements at the HKWWFZ. These three datasets were extrapolated
to 100mMSL (where needed) before being long-term corrected using a neural network approach
and 20 years ERAS reanalysis time series ranging from the 01.11.1999 to the 31.10.2019 at the
time where the 9-months Lidars measurements were delivered. These time series have been
reprocessed after delivery of the 12-months Lidars measurements at HKWWFZ though the
same time range was used to enable to align with the metocean desk study (01.11.1999 to the
31.10.2019). The choice of MCP parameters (reanalysis dataset, long-term extrapolation
method, long-term range) is further justified in this report. Long-term time series at the three
reference locations were then extrapolated horizontally using the DOWA mesoscale model,
which was selected among several other available wind flow models through an extensive
comparison involving the most relevant measurements available in the vicinity of the HKWWFZ.
This led to three long-term time series at each node location which were finally combined, using
weights based on relative uncertainties of the three main sources of measurements, to yield a
single long-term time-series at each node location.

Analysis

The figures presented below (Figure E 2 to Figure E 8) are generated by DHI and are shown in
the form of scatter plots, where CFSR wind speeds are given on the x-axis and the Tractebels’
time series of wind speed (based on HKWBC+IJM+OWEZ+ERAS for the 9-months dataset and
based on HKWABC+IJM+OWEZ+ERAS for the 12-months dataset) on the y-axis. When not
mentioned in the legend, the comparisons are based on the 9-months dataset. Wind roses are
further presented. All statistics are based on hourly data.

HKW LiDAR (549250.00E;5824678.00N:100.00mMSL)
Dual rose plot (19%6%H1 - 2019-11-01: 1h)
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Figure E 2

Comparison between CFSR and HKWBC+IJM+OWEZ+ERAS5 based on 9-months measurements hourly
mean wind speeds at 100mMSL at HKW LiDAR: scatter plot (left) and wind rose (right) [11.1999-11.2019]
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HKW LIDAR (549250.00E;5824678.00N;100.00mMSL)
Scatter plot (1999-11-01 - 2019-11-01; 1h)
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Figure E 3

HKW LiDAR (549250.00E;5824678.00N;100.00mMSL)
Dual rose plot (1999-11-01 - 2019-11-01; 1h)
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Comparison between CFSR and HKWABC+IJIM+OWEZ+ERAS based on 12-months measurements

hourly mean wind speeds at 100mMSL at HKW LiDAR: scatter plot (left) and wind rose (right) [11.1999-

11.2019]
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Comparison between CFSR and HKWBC+IJIM+OWEZ+ERAS based on 9-months measurements hourly

mean wind speeds at 100mMSL at S30: scatter plot (left) and wind rose (right) [11.1999-11.2019]
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Comparison between CFSR and HKWBC+IJIM+OWEZ+ERAS based on 9-months measurements hourly

mean wind speeds at 100mMSL at S2: scatter plot (left) and wind rose (right) [11.1999-11.2019]
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The mean wind speeds and statistics of the two datasets are summarised in Table E 3 below.

Table E 3 Summary of the 20-years mean wind speeds of CFSR and HKW(A)BC+IJM+OWEZ+ERA5

WRA Alignment

datasets (rounded to two decimals, period 01.11.1999 to 31.10.2019) at the six nodes for the
9-months dataset and at the node HKW LiDAR for the 12-months dataset. Numbers are
given for both, discrete and interpolated values of CFSR

Parameters Node HKW
LiDAR S30 S2 S22 S23 S24
Height [MMSL] 100 100 100 100 100 100

Mean wind speed
HKWBC+IJM+OWEZ+ERAS5
[m/s]

9-months dataset

9.72 9.76 9.76 9.76 9.75 9.72

Mean wind speed
HKWABC+IJM+OWEZ+ERA5
[m/s]

12-months dataset

9.73 - - - - -

Mean wind speed [m/s]

CESR - discrete values 9.73 9.73 9.73 9.73 9.71 9.61

Mean wind speed [m/s]

CFSR —interpolated values 9.63 9.75 9.70 9.69 9.67 9.61

Bias [m/s]
9-months dataset -0.01 0.03 0.03 0.05 0.04 0.11
CFSR - discrete values

Bias [m/s]
12-months dataset -0.01 - - - - -
CFSR - discrete values

Bias [m/s]
9-months dataset 0.11 0.02 0.06 0.07 0.08 0.11
CFSR - interpolated values

Bias [m/s]
12-months dataset 0.10 - - - - -
CFSR - interpolated values

Disclaimer

Please note that the numbers presented in the table above for CFSR are based on two
extraction methods. The wind data used for the present alignment are discrete extracts from the
CFSR original grid (0.3° for the period prior to 2011 and 0.2° after 2011) while the wind data
available in the web-based database are interpolated values of the CFSR original grid onto the
grid of the numerical wave model used in the Metocean Desk Study (around 300m to 400m
resolution).

E-7





E.4

E-8

Conclusions

The comparison between the HK(A)WBC+IJM+OWEZ+ERAS5 and the CFSR mean wind speeds
at 100m shows that the wind climate at Hollandse Kust (west) wind farm zone from Tractebel's
wind resource assessment and DHI's metocean desk study (discrete extractions from CFSR)
are in good agreement. The mean wind speed of both studies is within 0.1m/s of each other at
100m above mean sea level. The update of the HKWBC+IJM+OWEZ+ERAS5 based on 9 months
to 12 months wind observations at the HKWA, HKWB and HKWC did not increase the bias with
the DHI dataset. Based on the updated dataset and considering the period 1.11.1999-
30.10.2019, following mean wind speed at 100mMSL have been calculated: Tractebel=9.73m/s
and DHI=9.73m/s (against Tractebel=9.72m/s and DHI=9.73m/s for the previous version using
9-months wind observations) at the node representative of HKW, i.e. HKW LIiDAR.

A mean wind speed of 9.63m/s is obtained using the interpolated values of CFSR. Though the
bias between Tractebel's and DHI’s datasets is slightly increased, a bias value of 0.11m/s at
HKW LiDAR is considered to be acceptable for alignment,

Both reports provide additional wind climate information beyond the average wind conditions.
Each study is determined by its scope which is clearly defined by RVO.

The report by Tractebel describes the mean wind climate at 100mMSL. This information is
intended for wind farm modelling, yield assessment and business case calculation.

On the other side, the report by DHI described the normal and extreme wind conditions. This
includes wind speed turbulence intensity, extreme wind speeds and wind shear, all of which are
intended for wind farm design.

References
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1 EXECUTIVE SUMMARY

The Hollandse Kust (west) Wind Farm Zone is located in the Dutch Sector of the North Sea,
approximately 51 km from the coastline. As part of the tender preparations, the Netherlands Enterprise
Agency (Rijksdienst voor Ondernemend Nederland, RVO) requested a metocean investigation of the
Hollandse Kust (west) Wind Farm Zone.

DNV GL was assigned to validate the metocean study and the associated database related to use within
a Design Basis for Offshore Wind Turbine Structures in accordance with DNVGL-ST-0437 and DNVGL-ST-
0126.

2 CERTIFICATION SCHEME

Document No. Title
DNVGL-SE-0190:2020-09 Project certification of wind power plants

The metocean study has been evaluated based on Section 2.3.2 Site Assessment of DNVGL-SE-0190.

3 LIST OF REPORTS

The appendix to this report comprises the detailed DNV GL certification reports which normally include
reference standards/documents, list of design documentation as well as summary and conclusion of the
DNV GL evaluation.

APPENDIX Revision Subject

A 0 Metocean Investigations

4 CONDITIONS

The following condition is to be considered for site conditions assessment:

DNV GL concur with the findings of the DHI report regarding the uncertainties in the SWDWF2020 wave
model for predicting the wave roses on top of the two sand banks. For future development on top of the
two banks the local effects of the sand banks with regards to the wave directional distribution shall be
accounted for.

5 OUTSTANDING ISSUES

No outstanding issues have been identified.
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6 CONCLUSION

DNV GL finds that the Metocean study is complete, is plausible and is carried out according to ‘state of
the art” methods, and that

e the Normal Metocean Conditions
e the Extreme Metocean Conditions

as defined in the documents listed in Appendix A are derived in line with the requirements following

Section 2.3.2 of the DNVGL-SE-0190 and are suitable as design input for Hollandse Kust (west) Wind
Farm Zone.

Furthermore, DNV GL finds that the Metocean database performs well and is suitable for establishing the
Metocean design conditions for the Wind Farm Zone Hollandse Kust (west) with due consideration of the
condition listed.
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APPENDIX A
Metocean Investigations

Evaluation of metocean investigations for Hollandse Kust (west)
Wind Farm Zone

Al Description of verified component, system or item

Within the wind farm area a metocean study has been performed. The results and the resulting
metocean site conditions are documented by the customer and build the basis for the verification
described in the current report. The metocean data is made available through a metocean database.

A2 Interface to other systems/components

Currently, no interfaces to other systems/components are present.

A3 Basis for the evaluation

Applied codes and standards:

Document No. Revision Title
DNVGL-ST-0437 2016-11 Loads and site conditions for wind turbines
IEC 61400-3 2009-02 Wind Turbines - Part 3: Design requirements for offshore wind turbines

A4 Documentation from customer

List of reviewed reports and database:

Ref. Document Revision Title
No.

/1/ Proj. ID: Final 0.5 DHI report:

11822658 Dated 2020-12-04  MetOcean Study and database for Dutch Wind Farm Zones

Hollandse Kust (west), incl.

/2/ APPENDIX_F1_NormalConditions_wind_links2STOR2
/3/ APPENDIX_F2_NormalConditions_currents_links2STOR2
/4/ APPENDIX_F3_NormalConditions_waves_links2STOR2
/5/ APPENDIX_G_JointProbabilityParameters_links2STOR2
/6/ MOOD database - https//:www.metocean-on-demand.com

datasets for

a) Dutch Offshore Wind farms, meteorologicial Parameters
(except wind), Harmonie, KNMI/DHI

b) Hollandse Kust (west), Water Level and Current (2D),
MIKE21 Hydrodynamic Model (HD), DHI

c) Hollandse Kust (west), Wave Parameters (integrated), Mike
21 Spectral Wave Model (SW), DHI

d) Hollandse Kust (west), Wave Spectra (Directonal-Frequency),
MIKE 21 Spectral Wave Model (SW), DHI

e) Hollandse Kust (west), Wind Data, CFSR corrected,
NOAA/DHI
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List of reports taken for information only:

Ref. Document No. Revision Title
/A/ HKWRA/4NT/070 03 Wind Resource Assessment for Hollandse Kust (west) Wind Farm
4126/000/03 Issued 2020-10-30 Zone.

A5 Evaluation work

/1/ presents the Metocean assessment for the planned Hollandse Kust (west) Wind Farm Zone and
contains information for Normal and Extreme Conditions regarding:

e Wind
e Waves
e Current

e Water Levels
e Joint probabilities between the above.
e Other parameters like salt, temperatures, marine growth etc.

The data shall serve as input for the design, installation and maintenance of wind turbines, inter-array
cables and substations.

The Metocean conditions are established by hindcast modelling covering the period 1979-2019 (41
years). The hindcast models were forced by wind/pressure field data from the Climate Forecast System
Reanalysis (CFSR) dataset established by the National Centers for Environmental Prediction (NCEP). DNV
GL considers this wind data set to be state of the art as input for hindcast models and has seen several
studies where the wind data set has been successfully applied.

Bathymetry

The bathymetry data for the Hollandse Kust areas used in the hindcast models was based on data
collected by Fugro in 2019. For other areas than Hollandse Kust (west), the bathymetric data was
obtained from the Digital Terrain Model (DTM) adopted from the EMODnet Bathymetry portal (initiated
by the European Commission as part of developing the European Marine Observation and Data Network
(EMODnet)). DNV GL considers that both the Fugro data as well as the EMODnet give a correct
description of the seabed and can be used as input for hindcast models.

Wind

The CFSR wind used to force the wave model and the HD (water level and current) model has been
validated against the following measured data:

Europlatform 1996-2020
K14 2006-2020
K13a 1996-2020
LEG 1981-2020
F16 2009-2020
F3 1994-2020
J6 2009-2020
L9 2006-2020
P11 2009-2020
HKNA April 2017 - April 2019
HKNB April 2017 - April 2019
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HKWA February 2019 -November 2019
HKWB February 2019 -November 2019
HKWC August 2019 -November 2019
Hoorn 1994-2020

DNV GL has reviewed the validation of the wind and has found it documented that the CFSR wind model
can be used as input for hindcast models.

DHI (/1/) and Tractebel (/A/) have independently of each other calculated the wind speed 100m above
the sea-level for the Hollandse Kust (west) and found excellent correlation. DNV GL therefore considers
that the wind at around 100m above sea-level can be used to establish the design wind conditions at
Hollandse Kust (west) Wind Farm Zone.

Waves Validation/Calibration
The wave hindcast model has been calibrated by varying:
o ‘Bottom friction’
o ‘The effect of wind-induced currents’ and
o ‘Cap to the ratio of friction velocity (u*) / wind speed (u10)’

DNV GL has reviewed the calibration and found that the final values used as input for the hindcast
models are within the normal applied parameter ranges.

The wave hindcast model has been validated against the following measured data:

HKWA February 2019 -November 2019
HKWB February 2019 -November 2019
HKWC August 2019 -November 2019
HKNA April 2017 - April 2019
HKNB April 2017 - April 2019
Europlatform 1983-2020
F16 2009-2020
F3 2013-2020
J6 2009 - 2020
K13a 1979 - 2020
K14 2012-2020
L9 2012-2020
LEG 1983-2020
Q1 2007-2020
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DNV GL has reviewed the validation of the waves and has found it documented for the zone not located
on the banks, that the hindcast model can be used to establish the design wave conditions at Hollandse
Kust (west) Wind Farm Zone. It should be noted that the validation of wave directions (wave roses) on
top of one of the banks showed an underprediction of waves from the north. This is considered to be a

local effect of the model.

DNV GL concur with the findings of the DHI report regarding the uncertainties in the SWDWF2020 wave
model for predicting the wave roses on top of the two sand banks. For future development on top of the
two banks the local effects of the sand banks with regards to the wave directional distribution shall be
accounted for.

HD (water level and current) Validation/Calibration

The HD hindcast model has been validated/calibrated against the following measured data:

Water Level Current
HKWA February 2019 - February 2019 -
November 2019 November 2019
HKWB February 2019 - February 2019 -
November 2019 November 2019
HKWC September 2019 - | September 2019 -
November 2019 November 2019
HKNA 2017-2019 2017-2019
HKNB 2017-2019 2017-2019
Brouwershavensche 1979-2020 NA
Gat 2
Europlatform 1983-2020 NA
F16 2009-2020 NA
J6 2009-2020 NA
K13a 1979-2020 NA
K14 2012-2020 NA
L9 2012-2020 NA
LEG 1983-2020 NA
Q1 2007-2020 NA
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The hydrodynamic model has been calibrated by varying:
o The Manning number (bottom friction)
o Wind friction

DNV GL has reviewed the validation of the water level and current and has found it documented that the
HD (water level and current) hindcast results can be used the establish the design water level and
current conditions at Hollandse Kust (west) Wind Farm Zone.

MetOcean Database

The overall goal of the database is to support the establishment of MetOcean conditions for design,
installation and maintenance of wind turbines, inter-array cables and substations for the project Wind
Farm Zone Hollandse Kust (west). The database is based on the hindcast model results described above
and covers meteorology (wind) and hydrodynamics (water levels, currents and waves) for a period of 41
years (1979-2020). The database also includes results from extreme value analysis and correlations (for
example correlations between extreme significant wave height and wind-speed, current and water level
respectively, and wave periods associated with the extreme individual wave heights).

DNV GL has checked the meteorology (wind) and hydrodynamics (water levels, currents and waves)
data available in the database, both for normal conditions (i.e. roses and distributions) and extreme
conditions (including associated values), for the positions presented in /1/, and has found that the
database is consistent with /1/.

Furthermore, DNV GL has made spot checks of the data output for other positions than presented in /1/
and found that data are plausible and in agreement with the overview maps covering the site (for
example highest and lowest astronomical tide, mean significant wave height, extreme wind speed,
extreme significant wave height and maximum extreme individual wave height with return period of 100
years), and has confidence that the data included in the database are consistent with the data presented
in/1/.
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Statement of Compliance for Wind Farm Zone Hollandse Kust

The main metocean site conditions approved and to be presented in the Statement of Compliance for

Wind Farm Zone Hollandse Kust (west) are

'Wind conditions General

Air density at 100 m

Approx. 1.22 kg/m3
(temperature and pressure

dependent)
Minimum - Maximum air temperature -16.5°C to 29.1°C (40 years)
Air humidity <100 %
\Wind conditions — Normal (based on WRA study)
Annual average wind speed (at 100 m MSL) 9.72 m/s
Weibull A-parameter (at 100 m MSL) 11.11 m/s
Weibull k-parameter (at 100 m MSL) 2.283
Wind conditions — Extreme
Wind speed 50 year recurrence period, 10 min. (at 100 m MSL) 41.4 m/s

(max. within the area)

Wind speed 1 year recurrence period, 10 min. (at 100 m MSL) 33.4 m/s

(max. within the area)

Marine conditions

Highest astronomical tide (HAT) 1.7 m (LAT)
Lowest astronomical tide (LAT) 0 m (LAT)
Tidal variation HAT/LAT 1.7 m (LAT)
Significant wave height for 50 year recurrence period, Hs,s0-yr 7.5m
Significant wave height for 1 year recurrence period, Hs i-yr 5.6 m
Peak wave period T, for extreme for 50 year recurrence wave Hs,so-yr 12.2s
Peak wave period T, for extreme for 1 year recurrence wave Hs i-yr 10.3 s
Extreme deterministic wave height for 50 year recurrence period, 14.1m
Hmax,SO-yr

Extreme deterministic wave height for 1 year recurrence period, 10.5m
Hmax,l—yr

Interval of wave periods Thmax,s50-yr, @associated with Hmax,50-yr 8.7s-13.1s
Interval of wave periods Thmax,1-yr, @ssociated with Hmax,1-yr 7.6s-11.0s
Extreme wave crest height for 50 year recurrence period 11.8 m (LAT)
Extreme wave crest height for 1 year recurrence period 8.6 m (LAT)
Extreme high water level with recurrence period of 50 year 3.5 m (LAT)
Extreme high water level with recurrence period of 1 year 2.8 m (LAT)
Extreme low water level with recurrence period of 50 year -0.9 m (LAT)
Extreme low water level with recurrence period of 1 year -0.3 m (LAT)
Extreme current for 50 year recurrence period (depth averaged) 1.1 m/s
Extreme current for 1 year recurrence period (depth averaged) 1.0 m/s
Water level rise to year 2050 due to climate change 0.3 m

Water density

Approx. 1025 kg/m3

Minimum - Maximum sea temperature

1.7 to 19.19°C (monthly)
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A6 Conditions to be considered in other certification phases

The following condition is to be considered for site conditions assessment:

DNV GL concur with the findings of the DHI report regarding the uncertainties in the SWDWF2020 wave
model for predicting the wave roses on top of the two sand banks. For future development on top of the
two banks the local effects of the sand banks with regards to the wave directional distribution shall be
accounted for.

A7 Outstanding issues

There are no outstanding issues.

A8 Conclusion

DNV GL has found the presented methods to be in line with industry practice. DNV GL finds that the
Metocean study is complete, is plausible and is carried out according to ‘state of the art’ methods, and
that

e the Normal Metocean Conditions
e the Extreme Metocean Conditions

as defined in the documents listed in Section A4 are derived in line with the requirements following
Section 2.3.2 of the DNVGL-SE-0190 and are suitable as design input for Hollandse Kust (west) Wind
Farm Zone.

Furthermore, DNV GL finds that the Metocean database performs well and is suitable for establishing the
Metocean design conditions for the Wind Farm Zone Hollandse Kust (west) with due consideration of the
condition listed above
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About DNV GL

Driven by our purpose of safeguarding life, property and the environment, DNV GL enables organizations
to advance the safety and sustainability of their business. We provide classification and technical
assurance along with software and independent expert advisory services to the maritime, oil & gas and
energy industries. We also provide certification services to customers across a wide range of industries.
Operating in more than 100 countries, our professionals are dedicated to helping our customers make
the world safer, smarter and greener.
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